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ABSTRACT OF DISSERTATION 

CRYOGENIC BURNISHING OF Co-Cr-Mo BIOMEDICAL ALLOY  

FOR ENHANCED SURFACE INTEGRITY AND  

IMPROVED WEAR PERFORMANCE 

The functional performance of joint implants is largely determined by the surface 

layer properties in contact. Wear/debris-induced osteolysis and aseptic loosening has 

been identified as the major cause of failure of metal-on-metal joint implants. A crucial 

requirement for the long-term stability of the artificial joint is to minimize the release of 

debris particles. 

Severe plastic deformation (SPD) processes have been used to modify the surface 

integrity properties by generating ultrafine, or even nano-sized grains and grain size 

gradients in the surface region of many materials. These fine grained materials often 

exhibit enhanced surface integrity properties and improved functional performance (wear 

resistance, corrosion resistance, fatigue life, etc.) compared with their conventional 

coarse grained counterparts.  

The aim of the present work is to investigate the effect of a SPD process, 

cryogenic burnishing, on the surface integrity modifications of a Co-Cr-Mo alloy, and the 

resulting wear performance of this alloy due to the burnishing-induced surface integrity 

properties. A systematic experimental study was conducted to investigate the influence of 

different burnishing parameters on distribution of grain size, phase structure and residual 

stresses of the processed material. The wear performance of the processed Co-Cr-Mo 

alloy was tested via pin-on-disk wear tests. The results from this work show that the 

cryogenic burnishing can significant improve the surface integrity of the Co-Cr-Mo alloy 

which would finally lead to advanced wear performance due to refined microstructure, 

high hardness, compressive residual stresses and favorable phase structure on the surface 

layer. A finite element model (FEM) was developed for predicting the grain size changes 

during burnishing of Co-Cr-Mo alloy under both dry and cryogenic conditions. A new 

material model was used for incorporating flow stress softening and associated grain size 

refinement caused by the dynamic recrystallization (DRX). The new material model was 

implemented in a commercial FEM software as a customized user subroutine. Good 

agreement between predictions and experimental observations was achieved. 

Encouraging trends are revealed with great potential for application in industry. 



 

KEYWORDS: Cryogenic Burnishing, Co-Cr-Mo Alloys,  

Surface Integrity, Wear, FEM Simulation 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction  

Metal-on-metal bearings have a long history in total hip replacement. In the past, 

total hip replacements (THR) involved the use of metal-metal cast Co-Cr-Mo alloys as 

the implant material, largely due to the relatively high strength, bio-compatabilty and 

corrosion resistance of this alloy. However, limitations in the manufacturing methods 

adversely affected the performance of these joints. The cast material contained a 

relatively coarse microstructure, including element segregation leading to the formation 

of coarse carbide formation in certain areas of the microstructure. As a result, there 

existed inconsistencies in the mechanical (and wear) properties between various implants 

produced by the same methods. In addition, high frictional torques between the 

articulating surfaces resulted in seizing of the implant at the joint equator due to small 

deformations of the poorly designed and machined acetabular cups and poorly machined 

femoral heads. It was found that the utilization of ultra-high molecular weight 

polyethylene as the bearing surface of the acetabular cup reduced the overall friction of 

the joint. This resolved the problem of high frictional torques, but unfortunately, resulted 

in the formation of fine polyethylene wear debris between the articulating surfaces, due to 

metal-plastic abrasion. The accumulation of this wear debris around the joint area was 

found to cause inflammation of the surrounding tissue and bone osteolysis (i.e. the 

resorption of bone) at the bone-implant interface, resulting in the subsequent loosening of 

the implant. The actual number of patients requiring revision surgery (called a bearing 

exchange) for a worn plastic cup liner has been on the order of 5% at 10 to 15 years. This 
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means that 95% of hip replacements continue to function well 15 years after surgery. The 

risk of wearing out a plastic liner is higher in younger (less than 60 years old) and more 

active patients. Because of this potential for wear, doctors and implant manufacturers 

have looked for different types of bearings beyond polyethylene which may be more 

resistant to wear. The search for a longer wearing bearing has led to the development of 

metal on metal hip implants. These devices are commonly used today in patients less than 

60 years of age (Fisher 2011). Retrievals of cast Co-Cr-Mo metal-on-metal hip implants 

which did not experience seizing (some serviced in patients over 25 years) revealed little 

to no wear of the articulating surfaces. As a result, there is renewed interest on the 

optimization of the wear performance of Co-Cr-Mo metal-on-metal implants used in 

THR. Currently, more and more hip implants are machined from wrought Co-Cr-Mo 

alloys. The wrought state of these alloys is achieved through thermo-mechanical 

processing of the cast material in order to improve the mechanical properties by altering 

the microstructure (i.e., through grain refinement and the elimination of macrodefects).  

Improved manufacturing methods led to the reintroduction of metal-on-metal 

bearings and increased the interest in these implants, especially for young and active 

patients (Heisel et al. 2003). Volumetric wear rates and osteolytic potential of metal-on-

metal bearings are lower than those of metal-on-polyethylene bearings (Greenwald et al. 

2001). However, metallic particles have a greater potential for cytotoxicity, and their 

number is greater (Germain et al. 2003). A reduction in metal-on-metal wear will reduce 

biological reactivity and thus increase the long-term implant survivorship (Ingham and 

Fisher 2000). 
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Among the options available for evaluating the performance of a biomaterial, the 

enhancement of the surface integrity holds the key. In practical applications, the surface 

of a material is subjected to the influence of various external stimuli. Corrosion, 

oxidation, wear and fatigue are a few such material degradation phenomena, which all 

initiate at the surface. Every year, a large number of revision operations are performed to 

restore the implant material into the system (Park and Kim 2003). As the population ages, 

this problem becomes a matter of greater importance. Implant loosening due to poor 

adhesion wear over a period of time, leakage of ions, and corrosion are some of the 

reasons attributed to the failure of implants inside the biological environment (Heisel et al. 

2003). Often the revision operations are complex and costly. Thus, it has been a constant 

need by engineers and scientists to improve the surface properties of biomaterial 

components. Surface modifications seem to offer solutions for improved functionality 

and biocompatibility of implants. 

Severe plastic deformation (SPD) processes have been extensively reported for 

modifying surface region properties of many materials (Sato et al. 2004; Valiev et al. 

2010). Much evidence has shown that SPD induced fine-grained materials possess 

unusually appealing surface integrity properties and functional performance compared 

with their coarse-grained counterparts (Qi et al. 2009; Shi and Han 2008; Wang et al. 

2003a). However, there is still a large gap between SPD processes on the laboratory scale 

for fundamental research and its application in large scale production. The possibility of 

using SPD processes as a surface enhancement tool to improve the functional 

performance of materials through enhanced surface integrity while avoiding expensive 

and time-consuming post-treatment processes has not yet been well investigated.  
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A literature survey suggests that traditional manufacturing processes involving 

SPD such as burnishing may be used to improve the wear performance of Co-Cr-Mo 

alloys by tailoring the surface integrity properties, such as grain refinement, compressive 

residual stresses, high hardness, etc.. The major objectives of the research are: a) 

Investigating the influence of processing conditions, especially the use of cryogenic 

cooling during processing, on surface integrity changes such as microstructure, phase 

transformation, residual stresses, etc., generated by burnishing; b) Evaluating the 

resulting pin-on-disk wear performance of burnished samples in terms of wear volume, 

wear appearance and wear debris, as well as the surface integrity changes of the Co-Cr-

Mo samples before and after wear tests in order to identify the major wear mechanism(s) 

of this Co-Cr-Mo alloy and the key influencing surface integrity factors for wear 

performance; and 3) Developing a finite element (FE) model to predict the surface and 

sub-surface grain size changes of the Co-Cr-Mo alloy due to the burnishing-induced 

dynamic recrystallization (DRX).  

1.2 Overview of the dissertation  

In Chapter two, a literature review is presented. It covers the current problems in 

metal-on-metal joint implants and recent findings from studies on Co-Cr-Mo biomedical 

alloys. The major experimental and numerical studies on surface integrity in burnishing 

and the influence on components functional performance are discussed. The significant 

process and product sustainability factors in cryogenic burnishing are also presented. 

The experimental results on the surface integrity resulting from burnishing 

experiments under different conditions including cooling method (dry and cryogenic), 
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depth of penetration and burnishing speed are reported in Chapters three and four. The 

surface integrity factors investigated are microstructure (grain size and processing 

influenced layer), phase transformation, residual stresses, hardness and surface roughness. 

The use of the liquid nitrogen cooling while burnishing of biomedical alloys is believed 

to be novel and new. 

In Chapter five, the effect of burnishing-induced surface integrity modifications 

on the wear performance of this Co-Cr-Mo alloy is investigated via pin-on-disk wear 

testing experiments. The wear volume, wear appearance and wear debris, as well as the 

surface integrity changes of the Co-Cr-Mo samples before and after wear tests were 

studied. The major wear mechanism of this material was identified and the key 

influencing surface integrity factors were found. The results from this study provide 

valuable information for establishing the relationships among burnishing conditions, 

surface integrity properties and the wear performance of this Co-Cr-Mo alloy. 

Chapter six presents a numerical study for simulating and predicting the grain size 

changes of Co-Cr-Mo alloys induced by burnishing. A new material model was 

developed for incorporating flow stress softening and associated grain size refinement 

caused by DRX. Good agreement between predictions and experimental observations 

was achieved by using a customized user subroutine built in commercial FEM software. 

In Chapter seven, the findings and results of the current work are summarized 

with final remarks and conclusions. The directions and recommendations of the future 

work are discussed briefly based on the results and observations presented in this 

dissertation.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Hip implant  

The human hip joint is composed of two main parts: the femoral head and the 

acetabular cup (see Figure 2.1). These two parts are naturally composed of bone, 

separated by a thin layer of cartilage; the cartilage acts as a lubricating film between the 

two surfaces. If this layer deteriorates due to disease, such as osteoarthritis and 

rheumatoid arthritis, the friction between the articulating surfaces increases, causing 

severe pain to the individual. Total hip replacement involves the surgical replacement of 

damaged or diseased hip joints with that of an artificial hip.  

 

Figure 2.1: Human hip joint illustration (Medina 2012) 

Mimicking the natural ball-in-socket hip joint, metal-on-metal hip replacement 

systems consist of a metal ball (femoral head), a metal femoral stem in the thighbone, and 

a metal cup in the hip bone (acetabular component) (Figure 2.2). Metal-on-metal hip 
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implants are usually recommended for younger and more active patients, mainly because 

they are more durable and last longer than other materials, i.e., plastic or ceramic. Most 

of the current metal-on-metal hip implants are made from cobalt-chromium alloys. A hip 

implant must fulfill certain physical requirements in order to function successfully within 

the human body. Development of such a device involves careful structural design of the 

joint components and appropriate materials selection having the required properties. The 

goal of hip replacement is to minimize pain, while providing full range of motion and 

ease of mobility for the patient.  

 

Figure 2.2: Metal-on-metal total hip replacement (NIAMS 2011) 

Over 600,000 total joint replacements are performed in the United States each 

year. Due to improved quality, the current generation of metal-on-metal joints has been 

increasingly accepted by orthopedic surgeons; about one-third of the joint replacements 

performed annually in this country are metal-on-metal implants. Although factors such as 

structural design, biocompatibility, strength and even friction have been addressed in the 
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overall design of hip implants due to the improved manufacturing techniques, one 

important issue which has not been solved is wear. The debris/particles emitted from a 

metal-on-metal articulation (with an average size far below 1 µm) is up to 10
14

 each year, 

and these particles subsequently migrate into the surrounding tissue (Doorn et al. 1998). 

The activity of certain cells in the body, in particular macrophage cells, is increased in 

response to the accumulation of wear debris in the surrounding tissue. These cells 

envelope the particulate debris and generate biochemical factors such as prostaglandins 

and interleukins that, when released into surrounding tissues, stimulate osteoclast cell 

activity that results in peri-implant bone destruction (Wright and Goodman 1996). This 

can affect implant fixation leading to implant loosening, or necessitate a revision 

procedure to exchange the bearing surfaces and repair the bone damage. Debris-induced 

immune reactivity, aseptic inflammation, and subsequent early failure have been reported 

as high as 4% to 5% at 6 to 7 years post-implantation for current generation metal-on-

metal total hip replacements (Hallab and Jacobs 2009). The generation of wear debris at 

the articulating surfaces and resulting macrophage mediated peri-implant osteolysis and 

aseptic loosening are the major complications in total hip replacements (Chan and Villar 

1996). According to 2005 data from the Nationwide Inpatient Sample, in which 

approximately 1,000 hospitals evaluating the causes for revision of total hip replacements, 

up to 50% of revisions are consequences of wear-induced osteolysis and aseptic 

loosening (Marshall et al. 2008). Thus, methods of reducing wear debris formation have 

become increasingly important. The need of minimizing wear is essentially a materials 

issue, which is largely determined by the properties of the material.  
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A detailed review of key publications which emphasizes on studying the wear 

characteristics of Co-Cr-Mo hip implants based on laboratory as well as clinical 

experiences is carried out below.  

Campbell et al. (1999) described the cellular response observed for clinically 

retrieved metal-on-metal hip components with Co-Cr-Mo bearing surfaces. Co-Cr 

particles that originated from the wear-in phase were responsible for tissue darkening 

(metallosis) reactions and included macrophages filled with black metallic particles in the 

nanometer size range. The wear debris was not associated with granuloma formation or 

necrotic tissue, but the authors stated that the long-term biological effects of in vivo wear 

products are not well defined.  

Hallab et al. (1999) analyzed serum protein fractions from patients with cobalt-

base total joint arthroplasty components. The distribution of serum Cr and Co 

concentrations implied that specific metal-protein complexes were formed from the 

implant degradation products. The physiological and clinical significance of high metal 

serum content is unknown according to the researchers.  

Buscher et al. (2005) studied the relationship between the subsurface 

microstructure of metal-on-metal hip joints and wear particle generation in cobalt based 

alloys. These authors investigated the wear mechanisms on the surface using scanning 

electron microscopy (SEM) while the microstructure of the subsurface was observed 

using a transmission electron microscope (TEM). The authors observed a network of 

stacking faults at some distance from the surface with a change of nanocrystalline 

microstructure. The wear particles still adhered to the surfaces, and the globular debris 
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was found in grooves on the articulating surfaces of the cups. The authors then compared 

the in vivo debris size with the grain size of the surface of the alloy and concluded that 

the globular wear results from torn nanocrystals while the needle shaped wear is being 

formed by broken martensite. The crack formation through the nanocrystalline layer led 

the authors to conclude that the dominating mechanism of debris generation in metal-on-

metal joints is surface fatigue within the nanocrystalline layer formed close to the surface 

during use.  

In another study, Buscher and Fischer (2005) investigated the metal-on-metal 

McKee-Farrar prostheses of the first generation using TEM. The authors used specimens 

from a conventional disk-on-pin wear test for comparison in order to investigate the 

impact of mechanically dominated wear mechanisms on the subsurface microstructure. 

The authors conducted microstructural investigations on laboratory wear specimens and 

on retrievals. The authors conclude that a gradual decrease in grain size due to the applied 

tribological loads occurs in the near-surface microstructure of cobalt alloys, which the 

authors attribute to dynamic recrystallization. The dynamic recrystallization is achieved 

by two mechanisms, one acting at the top surface by rotating clusters of atoms within a 

―mechanically mixed‖ zone and the second acting within the bulk by shearing of cells 

generated by stacking faults and martensite needles moving towards the surface with 

increasing strain gradient. The authors also observe, near the surface at a depth of less 

than about 1 µm, a distinct microstructure of very fine granular crystals in the nm range. 

This microstructure is very different than the virgin one. The authors attribute the low 

clinical wear rates to the low tacking fault energy of Co-Cr-Mo alloys along with the bio-

tribo-chemical reactions on the worn surfaces.  
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Wimmer et al. (2001) investigated the acting wear mechanism in metal-on-metal 

hip bearings in vitro using commercially available Co-Cr-Mo balls under reciprocating 

sliding wear. The authors observed the wear appearances to define the active wear 

mechanisms and evaluate their contributions to the wear behavior occurring in metal-on-

metal hip bearings. The authors observed initial surface fatigue in the bearings which 

they attribute to the high local contact stresses. This led to the fracture of Cr- and Mo- 

carbides which are torn off from the surfaces resulting in additional surface fatigue by 

indentations and abrasion. The authors claim that the lack of adhesion wear is due to the 

formation of oxide layers or other features which have a beneficial influence on wear due 

to their strong influence on contact chemistry. Oxidized metal matrix wear debris is 

found after in vivo as well as in vitro tests. Hence the authors conclude that the wear 

behavior is mainly influenced by the alternating balance between surface fatigue and 

abrasion on the one side and by tribochemical reactions on the other side. 

In their later work, Wimmer et al. (2003) studied the tribochemical reaction on 

metal-on-metal hip joint bearings in-vitro and in-vivo. They studied forty two retrieved 

metal-on-metal prostheses from 13 male and 29 female patients.  The authors found 

indications for abrasion, surface fatigue, and tribochemical reactions in an in-vitro set-up 

of reciprocating sliding wear with metal-on-metal components. However no signs of 

adhesion were observed in the metal-on-metal contact system which was attributed to no 

direct metal–metal contact due to the tribochemical reactions in the oxide layers on the 

metal surfaces. Tribochemical layers for retrieved metal-on-metal hip bearings and in-

vitro test samples were characterized optically using SEM, and chemically using XPS 

which showed the layers to be predominantly made of organic proteins and constituents 
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of salts. The authors’ findings are in agreement with previous findings of wear due to 

abrasion because of particle being torn off from the surface due to surface fatigue. 

St. John et al. (1999) investigated the wear properties of hip heads and cups 

fabricated from high and low carbon-wrought Co-26Cr-6Mo alloy. It was found from 

pin-on-disk testing that the alloy with the higher (0.25%) carbon content was more wear 

resistant. The authors also compared the results of metal-on-polyethylene samples to 

metal-on-metal samples after 5,000,000 cycles, and found that the wear in metal-on-

polyethylene was 110-180 times that for the all metal bearing couple. The authors 

characterized polyethylene and metal particles retrieved from either the lubricant for pin-

on-disk testing or hip simulator testing and compared them with particles retrieved from 

periprosthetic tissues by other researchers and found them to be of a similar nature. The 

authors suggest based on these results that metal-on-metal hip prostheses manufactured 

from the high carbon cobalt/chromium alloy can be used for low wear applications as 

compared to conventional metal-on-polyethylene implants.  

Dowson et al. (2004) investigated the role of materials in metal-on-metal hip 

implants through the testing of twenty-six pairs of low- and high-carbon components in 

wrought or cast form over a 5 million test cycles in a 10-station hip joint simulator. The 

authors observed that low-carbon cast material exhibited higher wear than the high-

carbon wrought material at similar diametric clearances. The authors also observed no 

significant differences between the wear volumes of the wrought and cast high carbon 

materials. The observations led the authors to conclude that implants of similar 

geometrical form when tested in a hip joint simulator, but having alternative 

combinations of the currently adopted high carbon Co-Cr-Mo alloys do not exert a major 
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influence on the magnitude of the running in wear volume. The authors however believed 

that design characteristics can optimize the load relief offered by lubrication to the 

articulating surfaces. 

Howie et al. (2005) investigated twenty-four cobalt-chrome alloy McKee-Farrar 

matching acetabular and femoral components after 16 years in situ for wear and loss of 

sphericity. They classified the wear on the components into four parts: polishing wear 

which resulted in a surface roughness almost the same as that of an unworn implant; fine 

abrasive wear resulting in fine surface scratches which were randomly oriented and 

resulted in a loss of original surface finish; multidirectional dull abrasive wear which 

resulted in slight increase in surface roughness and many multidirectional shallow wear 

tracks consistent with abrasive wear; and unidirectional dull abrasive wear, with an 

obvious loss of the reflective surface and  approximately 10-fold increase in surface 

roughness. The wear tracks in this type of wear were deep and oriented in a common 

direction. The authors conclude that there is no association between the duration and the 

type or distribution of wear, and no single pattern of wear.  

Nevelos et al. (2004) tried to address the main metallurgical design issues in 

metal-on-metal bearing design. These authors also show that the difference in wear 

performance when bi-axial motion was used for pin-on-disk test is much less pronounced 

than uniaxial tests, which introduces a degree of polishing into the wear mechanism as 

compared to a hip simulator. Processing methods used for the manufacture of both the 

femoral head and acetabular cups included casting and forging. The authors conclude that 

with the exception of low carbon wrought couples against themselves, wear of metal-on-
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metal bearings is not dependant on carbide morphology which is influenced by 

processing method when making the components. 

Wang et al. (1999) characterized metallurgical and tribological events occurring 

at the articulating surfaces of metal-on-metal implants which were tested in a hip 

simulator, to understand the wear characteristics of Co-Cr-Mo alloys. Three of the heads 

were examined as manufactured, three heads after three million cycles and six heads after 

six million cycles in the hip simulator which subjected the articulating surfaces to a 

biaxial rocking motion. The authors found that the wear tracks were caused on the 

articulating surfaces by full or partial carbide pull-out due to surface fatigue. The authors 

conclude that carbides in the intermetallics structure are instrumental in maintaining the 

structural integrity of the matrix. As these carbides fracture or wear away during surface 

fatigue the matrix support may be reduced resulting in additional material loss by 

delamination. The authors however do not offer evidence of matrix wear through 

delamination, after examination of the wear surface.  

Affatato et al. (2006) investigated the effect of surface profile parameters on 

amount of wear in metal artificial hip joints. Twelve Co-Cr-Mo ball heads were 

intentionally damaged in order to reproduce a wide spectrum of surface conditioning and 

were then subjected to a wear test against a polyethylene cup using a hip joint wear 

simulator. The surface roughness of the metallic ball heads was qualified in terms of 

average surface roughness Ra, total surface roughness Rt and skewness Rsk. The authors 

used a linear regression analysis to correlate the wear and the surface profile parameters. 

The authors observed that all three parameters Ra, Rt and Rsk were capable of predicting 

the observed variability of the weight loss in a statistically significant way (p < 0.01). The 
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authors conclude that that the surface roughness of retrieved specimens and of 

components tested in vitro under severe conditions such as third-body wear should be 

qualified by reporting not only the average roughness Ra but also the skewness Rsk based 

on the strong correlation coefficient with Rsk of with wear. However the correlation 

coefficient obtained by the authors uses a linear regression analysis which is a simplistic 

assumption and fails to account for the interaction among the parameters. 

Buford and Goswami (2004) conducted a review of the various wear mechanisms 

occurring in hip implants (metal-on-polyethylene and metal-on-metal). The primary wear 

mechanisms in hip implants were found to be abrasion, adhesion and fatigue. The authors 

classified the wear mechanism into four modes: articulation between the primary contact 

areas of the prosthesis bearing, surface abrasion resulting from excessive wear and 

penetration of primary contact areas, particulate or third body wear caused by suspended 

wear particles in the articulating zone and surface rubbing of not bearing surfaces such as 

fixation devices causing fretting. The authors also attribute increased wear to increased 

surface roughness. The authors correlate the wear generation in the hip implants to be a 

function of type of materials, contact stresses, lubricants and clearance, surface hardness, 

roughness, type of articulating motion, number of cycles and solution particle count. 

2.2 Co-Cr-Mo biomedical alloy  

Cobalt alloys are widely used in many heat resistant and wear resistant 

applications. The heat resistant alloys are used in the fabrication of turbochargers, gas 

turbines and aircraft jet engines, while the wear resistant alloys are used for cutting tools 
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in machinery and for medical applications, such as knee and hip prosthetics. This section 

of review concentrates on the latter application area. 

A fully functional total hip replacement involves materials selection according to 

the required mechanical properties. In the case of metals, alloy design is the initial step in 

producing a material with all the desired properties. Co-Cr-Mo alloys which are used in 

total hip replacement can be fabricated by various methods. The ASTM F75-87 alloy is a 

cast Co-Cr-Mo alloy. However, limitations in the casting process impose some 

microstructural features that may alter the mechanical properties. The material 

specification ASTM F1537-94 is a wrought version of this alloy and the forging process 

used in its fabrication aids in eliminating void defects and in refining the microstructure, 

thus improving the mechanical properties (see Table 2.1). A comparison of the properties 

of the cast and forged Co-Cr-Mo alloys shows a definite increase in both the yield and 

fatigue strengths of the material as a result of the processing methods. 

Table 2.1: Mechanical properties of implant metals (Ratner et al. 1996) 

Material 
Young's 

Modulus (GPa) 

Yield Strength 

(MPa) 

Fatigue Strength 

(MPA) 

Cast Co-Cr-Mo Alloy 210 448-517 207-310 

Forged Co-Cr-Mo Alloy 210 896-1200 600-896 

Cobalt can be alloyed with significant quantities of elements to create useful 

engineering materials. Cobalt imparts to its alloys some extremely important properties, 

such as resistance to several forms of wear, creep and fatigue at high temperatures. The 

resistance to wear of cobalt alloys derives partly from the fact that they undergo structural 
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transformation during mechanical deformation. Cobalt alloys also benefit from 

mechanical twinning and planar slip propensities (Martin 2006). 

The corrosion and high temperature oxidation of the metal are improved through 

the addition of Cr (Fontana and Greene 1978). Chromium is also a carbide former and 

usually forms M23C6 type carbides (Sims 1968). This is beneficial for strengthening but 

detrimental because the formation of carbides removes valuable amounts of Cr required 

in solid solution. Since these carbides have a high Cr to C ratio, high Cr contents in the 

alloy (of up to 30 wt%) are required to establish enough Cr in solid-solution to attain 

good corrosion resistance. In addition, Cr acts as a solid solution strengthener and hcp 

stabilizer. 

Molybdenum is added because of its carbide forming tendency and its solid-

solution strengthening effect. When Mo is added in quantities of 3-4 wt% in stainless 

steels (e.g., 316L stainless steel), the alloy exhibits better resistance to pitting, sulfuric 

acid and hot organic acids (Fontana and Greene 1978). The same features can be applied 

to Co alloys, making it a more attractive material for biomedical applications. Similar to 

Cr, Mo is also a solid solution strengthener and an hcp stabilizing element. 

The addition of C strengthens the alloy by forming a solid solution with Co and 

through carbide precipitation. In fact, the effect of C as a solid solution strengthener is 

100 times that of Ni when used in stainless steels. However, the solubility is low. Carbon 

is also an fcc stabilizer (like Ni), but is 30 times more effective than Ni in austenitic 

stainless steels (Pickering 1978). 
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Modified Co-Cr-Mo compositions and processing methods for enhanced thermal 

and mechanical properties brought significant advantages for medical device 

manufacturers. The influence of grain size, secondary phases, and interstitial levels on 

mechanical properties has been better defined for wrought low- and high-carbon alloys. 

Numerous studies have evaluated the effect of surface modifications that influence wear 

resistance, and test protocols have been established to characterize the corresponding 

tribological properties. Berry et al. (1999) provided important manufacturing information 

related to the production of a wrought high carbon analysis. Thermo-mechanical 

processing studies were aimed at optimizing the metallurgical structure in order to 

provide well-defined mechanical properties and improved wear resistance. The work by 

Berlin et al. (1999) highlighted the importance of post processing on the mechanical 

properties of investment cast and wrought alloy versions. Post processing operations such 

as abrasive blasting had no effect on fatigue, but sintering of porous coatings and laser 

marking reduced the fatigue strength of investment cast and wrought alloys. The post 

sinter fatigue strength of low carbon wrought alloy was dramatically reduced and was 

lower than the hot isostatically pressed ASTM F75 castings. Another study by Mishra et 

al. (1999) included extensive metallographic examination, tensile testing, and axial 

tension-tension fatigue testing to compare investment grade cast versus high-carbon-

wrought compositions with porous coatings. They concluded that the decreased chemical 

segregation and finer grain size may have been responsible for the improved fatigue 

strength observed for the wrought high-carbon analysis. Lippard and Kennedy (1999) 

reviewed the manufacturing operations for the production of wrought bar product 

intended for a variety of biomedical applications. Important technical information was 
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documented for primary melting, remelting, hot rolling, annealing, and cold-working 

processes utilized for commercially available Co-Cr-Mo compositions. The effects of 

thermo-mechanical processing on the microstructure and tensile properties were 

presented for wrought low-carbon and high-carbon Co-Cr-Mo material.  

One of the causes of friction in metals is deformation process, where the metal 

surfaces are deformed both elastically and plastically. In general, when metals are 

plastically deformed, atomic planes are sheared in response to an external force. This 

shearing of atoms is referred to as slip, which is an anisotropic process; it only occurs on 

specific atom planes or close packed planes in a crystal. Therefore, the response to 

deformation will depend on the crystal structure of the material and crystal orientation. 

For example, hexagonal close packed (hcp) metals exhibit a lower friction (about 30%) 

than face centered cubic (fcc) metals (Rabinowicz 1995). If the crystal lattice of the 

contact surfaces are oriented in such a way that slip may easily occur, then one should 

also expect the coefficient of friction to drop (Sarkar 1976).  

The tribological behavior of Co-Cr-Mo alloys used as hip implant materials was 

examined through the pin-on-disk wear test by Saldivar-Garcia and Lopez (2005). Fully 

fcc and hcp Co-based alloys were tested versus alloys with various volume fractions of 

hcp phase (0.05 to 1.0 volume fractions). It is found that the set composed by both disks 

and pins having hcp (hcp-hcp) microstructures exhibited the lowest volume losses, 

whereas the one corresponding to both having fcc microstructures (fcc-fcc) gave the 

highest volume losses. The set with intermediate wear performance consisted of an hcp 

disk and biphasic pins. The results indicated that the hcp structure contributed to improve 

the wear performance of Co-Cr-Mo alloys in metal-on-metal wear tests, and the pairs 
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both possessing an hcp microstructure tend to exhibit outstanding wear properties. The 

study by Chiba et al. (2007) demonstrated that the forged no-carbon Co-Cr alloy which is 

more prone to strain-induced fcc-hcp transformation exhibited excellent like-on-like wear 

performance, mostly against surface fatigue wear, compared to the carbide-hardened cast 

Co-Cr alloy. 

Fundamental research into cobalt-based phase transformations has provided the 

opportunity to improve the thermo-mechanical processing response. Due to the sluggish 

fcc-hcp transformation of the cobalt alloys made by pure thermal processing methods, the 

easiest way to generate the hcp structure (at least partially) is by cold working (Martin 

2006). The formation of so-called ―hcp platelets‖ is believed to progress through stacking 

fault coalescence. Salinas-Rodrfguez (1999) described fundamental research on the role 

of fcc to hcp phase transformation during plastic deformation of Co-Cr-Mo compositions 

containing low- and high-carbon content. High-carbon content and slow cooling after 

thermal treatment inhibited the metastable fcc-hcp phase transformation. In contrast, a 

fast cooling rate after solution annealing and a controlled grain size range promoted 

phase transformation during deformation. The strain-induced phase transformation 

predominated when the carbon content was <0.05%, while the size, morphology, and 

distribution of secondary carbide particles controlled the ductility and fracture behavior at 

higher carbon levels. Another study on the allotropic transformation of cobalt also found 

that, as shown in Figure 2.3, the onset temperature for fcc to hcp transformation (Ms) 

decreased significantly with increasing cooling rate (Ray et al. 1991), which indicated 

that the application of different cooling methods during processing would play an 

important role on this fcc to hcp transformation. 
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Figure 2.3: Effect of heating and cooling rates on the onset temperatures of As (hcp to fcc) 

and Ms (fcc to hcp) transformations (Ray et al. 1991). 

Our prior research on machining of Co-Cr-Mo alloys for improved wear 

performance proved that controlled machining processes could greatly improve wear 

resistance. Pin-on-disk wear tests were conducted for evaluating the wear performance of 

machined Co-Cr-Mo pins. The influence of different machining conditions used in 

making the pin specimens including cutting speed, depth of cut, feed and nose radius of 

the tool, on the wear rate of Co-Cr-Mo was investigated. A genetic algorithm-based 

procedure was developed and used to determine the optimal cutting parameters for 

minimized wear/debris generation while satisfying the optimization constraints of surface 

roughness, surface microhardness and surface residual stress. The results from this study 

can help researchers select the right cutting parameters for achieving the most desired 

process characteristics (Deshpande et al. 2012). 
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2.3 Investigations on process, surface integrity and functional performance  

Most of the biological activities are happening on implant surface regions, 

especially for joint implants, the bearing surfaces moving relative to each other is a 

phenomenon that mainly concerns the surface region structure and properties, particularly 

respect to wear and fatigue performance of the material.  

Surface integrity is a measure of the quality of a machined surface and is 

interpreted as elements which describe the actual structure of both surface and subsurface 

(Jang et al. 1996). Surface integrity is generally defined by its mechanical, metallurgical 

and chemical states of surface properties such as surface roughness, hardness variation, 

structural changes and residual stress, etc. (Table 2.2). Among those elements, residual 

stresses and microstructure in the surface layers as well as surface roughness play critical 

roles in determining the performance of biomaterials due to the rigorous requirements on 

the biomedical devices. Improving the surface integrity properties of materials has long 

been the objective of many researchers, and a thorough review of surface integrity 

property impacts on material functional performances can be found in a recent study by 

M'Saoubi et al. (2008).  
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Table 2.2: Different Levels of Surface Integrity (SI) Data Set (M'Saoubi et al. 2008) 

Minimum SI data set Standard SI data set Extended SI data set 

1. Surface finish 

2. Macrostructure (10X or 

less) 

 Macrocracks 

 Macroetch indications 

3. Microstructure 

 Grain size 

 Microcracks 

 Plastic deformation 

 Phase transformation 

 Intergranular attack 

 Pits, tears, 

laps,protrusions 

 Built-up edge 

 Melted and redeposited 

layers 

 Selective etching 

4. Microhardness 

1. Minimum SI data set 

2. Fatigue tests 

(screening) 

3. Stress corrosion tests 

4. Residual stress and 

distortion 

1. Standard SI data set 

2. Fatigue tests (extended 

to    obtain design data) 

3. Additional mechanical 

tests 

 Tensile 

 Stress rupture 

 Creep 

 Other specific tests 

(e.g., bearing 

performance, sliding 

friction evaluation, 

sealing properties of 

surfaces) 

Severe plastic deformation (SPD) processes have been extensively reported for 

modifying surface region properties by introducing refined grains and grain size gradients 

into the surface region of many materials. Langford and Cohen (1969) imposed large 

plastic strains in iron by repeated passes of wire drawing and found the microstructure of 

the deformed iron wire to be composed of grains with sizes in the sub-micrometer range.  
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Yamanaka et al. (2009) conducted hot-compression processing on Co-29Cr-6Mo 

alloy under different temperatures, strains and strain-rates conditions, their results 

showed that an ultrafine-grained microstructure with a grain size of approximately 0.6 

μm was obtained from an initial grain size of 40 μm, and grain refinement due to 

dynamic recrystallization (DRX) was identified under all deformation conditions. Figure 

2.4 shows the effects of strain-rate on microstructure evolution of Co-29Cr-6Mo alloy; 

microstructure refinement was clearly visible with increasing strain-rates. The results 

from this work indicated that temperature, strain and strain-rate have substantial influence 

on the microstructure evolution of the material during processing.  

 

Figure 2.4: Effect of strain-rate on microstructure evolution of Co-29Cr-6Mo alloy 

deformed to true strain of 0.92 at 1150 degree C at (a) 10
-3

 s
-1

, (b) 10
-2

 s
-1

, (c) 0.1 s
-1

, (d) 

1.0, and (e) 10 s
-1 

(Yamanaka et al. 2009) 

The group of machining researchers led by Chandrasekar at Purdue University, in 

a series of their publications, showed that severe plastic deformation involving large 
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strains of 3-15 imposed on the chips can strongly influence the refinement of grains in the 

chip and the machined work surface and subsurface (Brown et al. 2002; Swaminathan et 

al. 2007a; Swaminathan et al. 2007b). Their work showed that for materials such as 

copper and its alloys, precipitation-hardenable aluminium alloys, high temperature/high 

strength materials such as titanium, Inconel 718, AISI 52100 hardened steel and 

amorphous alloys, average grain sizes in the range of 60 nm~1 μm can be created by just 

varying the parameters of the machining process. 

The use of similar SPD approaches to achieve microstructure refinement has 

received an impetus in recent years. More and more evidences show that SPD induced 

nano-sized/ultrafine grained materials possess appealing properties compared with their 

coarse-grained counterparts. Wang et al. (2003b) fabricated a nanocrystalline surface 

layer on a low carbon steel plate via SPD process; improvements of wear resistance with 

the nanocrystalline surface layer were demonstrated. A study by Iglesias et al. (2007) also 

showed that wear rates of nanostructured copper and titanium created by large strain 

extrusion machining were significantly lower than that of their coarse-grained 

counterparts. Karimpoor et al. (2003) also found that nanocrystalline cobalt exhibited 

unusual mechanical properties such as remarkable work hardening and ductility 

comparable to those in coarse-grained cobalt. 

Nanocrystalline surface layers were generated by SPD process on Cu, steels and 

Mg alloy with emphasis on reciprocating sliding wear behaviors (Shi and Han 2008). The 

wear resistances of the treated alloys were improved compared to the untreated alloys. 

Figure 2.5 gives the representative results of microstructure and wear performance of 

SMAT treated copper sample. As shown in Figure 2.5 (a) and (b), the grain size 
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distribution of the top surface layer was in the range of 5~30 nm. The corresponding 

sliding wear results (Figure 2.5 (c)) and fretting wear (Figure 2.5 (d)) showed significant 

improvements comparing to the coarse-grained copper sample. 

 

Figure 2.5: (a) A bright-field TEM image and a corresponding selected area diffraction 

pattern; (b) grain size distribution  of the top surface layer of the SMAT Cu for 30 

minutes; (c) variations of wear rate with the applied load for the 30 minutes SMAT Cu 

and the coarse-grained Cu at a sliding velocity of 0.01 m/s; (d) variation of the wear 

volume with the applied load for the SMAT Cu and the coarse-grained Cu samples 

against a WC-Co ball in mineral oil (Shi and Han 2008) 

In an earlier work, Han et al. (2006) also compared the dry sliding tribological 

behavior of an electrodeposited nanocrystalline Cu and a conventional microcrystalline 

(c) (d) 



27 

Cu. Experimental results showed that the wear resistance of nanocrystalline Cu was 

enhanced. The steady-state friction coefficient of the nanocrystalline Cu was obviously 

lower than that of the microcrystalline Cu when the load was below 20 N. The wear 

volume of the nanocrystalline Cu was always lower than that of the microcrystalline Cu 

for the applied load ranging from 5 to 40 N. The difference in wear resistance between 

the nanocrystalline and the microcrystalline Cu decreased with increasing load. The 

enhancement of the wear properties of the nanocrystalline Cu was associated with the 

high hardness and the low work-hardening rate of the nanocrystalline structure, and easy 

oxidation of wear debris, which are all related to grain refinement.  

Dao et al. (2007) conducted a complete review on the tribological properties of 

nanocrystalline materials. It is claimed that the best choice for wear resistance is to 

synthesize a nanocomposite material where nanocrystalline hard-metallic or nonmetallic 

particles are embedded in a relatively compliant metallic matrix; this is due to the fact 

that a nanocomposite material contains a high density of interphase interfaces which may 

assist in crack deflection and termination of crack growth (Cavaleiro and De Hosson 

2006; Galvan et al. 2005). Moreover, other mechanisms, like interface diffusion (Karch et 

al. 1987) and sliding (Nieh et al. 1991; Sherby and Wadsworth 1989), are also suggested 

to further improve ductility in nanocrystalline multiphase structures. These findings could 

be expanded to the field of hard wear resistant coatings to introduce ductility and prevent 

fracture under a high contact load, leading to super toughness (Voevodin and Zabinski 

2000).  

In addition to the microstructure refinement, the mechanical properties are 

significantly influenced by the process induced residual stresses at the surface region as 
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well. It is reported that residual stresses in the machined surface considerably affect the 

service quality of the component including fatigue life and tribological properties, plus, 

compressive residual stresses were more favorable for improving rolling contact fatigue 

life than tensile ones (Thiele et al. 2000). As shown in Figure 2.6, the fatigue strength of 

Co-Cr alloys manufactured by hot isostatic pressing (HIP) was more than 50% larger 

than that of the cast alloys, which was attributed to the compressive residual stresses 

generated from processing. Compressive residual stresses induced by forging almost 

doubled the fatigue strengths of cast 316L stainless steel and cast Co-Cr alloys (Teoh 

2000).  

 

Figure 2.6: Fatigue strength of some common implant alloys (Teoh 2000). 

Sasahara (2005) also showed that surface hardness and residual stress had 

substantial influence on fatigue life (Figure 2.7). As a general trend, it was obvious that 

the fatigue life around the region A in Figure 2.7, where the axial residual stress was 

tensile, was short. On the other hand, the fatigue life around the region B and C in the 
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same figure was very long, where the axial residual stress was from neutral to 

compressive. In fact, the residual stress distributions along the surface as well as 

subsurface region were considered to be decisive in determining fatigue life. However, it 

can be seen that the surface residual stresses alone were enough to affect the fatigue life 

of the machined parts. In addition, the impacts of tool nose radius, feed rate and shape of 

cutting edge on residual stresses and hardness changes indicated the essential 

significances of processing conditions. 

 

Figure 2.7: Interaction of axial residual stress and hardness on fatigue life (Sasahara 2005) 

A large number of studies have been undertaken to evaluate the machining 

condition effects on surface integrity properties. However, their results show that the 

residual stresses from machining tend to be tensile by nature; compressive residual 

stresses can be generated only under certain processing ranges. Leskovar and Peklenik 

(1981) investigated the influence of cutting process parameters on surface and subsurface 

conditions in turning, and showed that tensile stresses are dominant after turning and that 

higher speed tends to produce higher residual stresses. Jang et al. (1996) found that hoop 
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residual stresses in the cutting direction were predominantly tensile in the machined 304 

stainless steel components. Fattouh and Elkhabeery (1989) also showed that machining 

induces tensile residual stresses to the surface layers in general (Figure 2.8 (a)).  

2.4 Surface integrity in burnishing  

Many studies have shown that burnishing is an effective and economic way of 

improving the fatigue life of components in terms of inducing large amount of 

compressive residual stresses to the surface region along with refined microstructure and 

excellent surface quality. Using burnishing in medical device manufacturing applications 

is new and there are not many research results available in the literature, however, its 

applications in automotive and aerospace fields have been initiated for a much longer 

time with more published research results. 

Fattouh and Elkhabeery (1989) studied the residual stress distribution in the 

surface region of solution treated and aged 7075 aluminum alloy workpieces that were 

orthogonally burnished under lubricated conditions. Their results showed that machined 

surfaces having tensile residual stresses became compressive after burnishing. Moreover, 

the maximum residual stress and depth of the stressed region increased with an increase 

in burnishing speed, force and burnishing time, as shown in Figure 2.8.  



31 

 

Figure 2.8: (a) Residual stress distribution in surface region due to machining and 

burnishing, and the influence of burnishing time on residual stress; (b) the influence of 

burnishing force on residual stress (Fattouh and Elkhabeery 1989) 

Studies by Hassan and AlBsharat (1996) and Zhuang and Halford (2001) also 

reveal that burnishing process imparted compressive residual stresses in the surface 

region that could mitigate fatigue cracks that usually initiate at the surface. Zhang and 

Lindemann (2005) have shown that the roller burnishing improved the high cycle fatigue 

strength of AZ80 alloy by about 110% and an increase of 60% was demonstrated by 

(a) 

(b) 
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Maximov et al. (2009). Compressive residual stresses and hardened surface layer were 

generated on aluminum 7075-T651 alloy by using a machining-burnishing tool (Segawa 

et al. 2004). Majzoobia et al. (2009) also found that an increase of about 700% was 

achieved on fretting fatigue resistance of Aluminum 7075-T6 alloy by deep rolling.  

Radziejewska and Skrzypek (2009) conducted hot and cold burnishing processes 

on carbon steels alloyed with cobalt stellite. Their results showed that the burnishing 

process had caused deformation of grains up to 20-30 μm thick zone and increased 

microhardness of the surface zone material. Generation of compressive stresses in surface 

layer of the alloyed material was also achieved from burnishing. As shown in Figure 2.9, 

tensile stresses were recognized only in the case of the laser alloyed sample (line 2); 

compressive residual stresses were generated in surface layer after burnishing (line 1 and 

3); especially for the sample which was cold burnished, high compressive stresses were 

recognized in the analyzed region (line 3), which indicated that processing temperature 

has a substantial effect on residual stress generation as well.  
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Figure 2.9: Changes in residual stress values (a) σx and (b) σy in function of distance from 

surface in vicinity of the sample after multiple-path alloying (line 2) and alloying 

combined with cold (line 3) and hot burnishing (line 1)  

(Radziejewska and Skrzypek 2009). 

In a recent work (Rodriguez et al. 2012), a deep ball-burnishing process was 

conducted on AISI 1045 turned parts for improving productivity and quality of rotating 

shafts. When this technique was combined with and applied after conventional turning, 

the resulting process was rapid, simple and cost-effective, directly applicable in lathes 

and turning centers of production lines. Good surface finish, high compressive residual 

stresses, and hardness increment of the surface layer were achieved after this process. 

These characteristics are the key for the fatigue life improvement of the component, and 
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for wear resistance due to the higher hardness. Prevéy and his co-workers (Prevéy 2000; 

Prevéy et al. 2001; Prevéy et al. 2000) have shown that by using low plasticity burnishing, 

a compressive residual stress surface layer with sufficient depth can be created on many 

materials. These finally led to significant enhancements to the fatigue life of the 

components. By using a similar low plasticity burnishing method, surfaces with high 

hardness and large compressive residual stresses were generated on MgCa alloys 

(Salahshoor and Guo 2011). Findings from literature survey indicate that burnishing 

process tends to introduce compressive residual stresses to the surface region. Moreover, 

the substantial influences of burnishing conditions on residual stress distribution suggest 

that an optimal residual stress distribution could be generated under proper burnishing 

conditions.  

In addition to residual stresses, burnishing induced microstructure refinement is 

demonstrated by many investigators. Altenberger et al. (1999) created nanocrystalline 

surface layers with compressive residual stresses on AISI 304 stainless steel from deep 

rolling. Their results showed that this nanocrystalline surface region remain stable against 

cyclic loading, even at high stress amplitudes, and impede dislocation movement and slip 

band formation. Nalla et al. (2003) conducted deep rolling on Ti-6Al-4V alloy; it was 

found that deep rolling is quite effective in improving the fatigue properties at elevated 

temperatures up to ~ 450  , they also observed that the near-surface microstructures 

consisted of a layer of work hardened nanoscale grains, which were believed to play a 

critical role in the enhancement of fatigue life. Later on, (Palka et al. (2006) found that 

burnishing of X5CrNi 18-9 stainless steel led to an increase in number of slip bands, 

density of dislocations and twinning deformations in the burnished surfaces, resulting in 
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an increase in the yield stress from 230 to 450 MPa. These surface properties are 

generally advantageous. The effect of ball burnishing process on AISI 1010 steel was 

investigated by Gharbi et al. (2011), it is found that good surface quality with refined 

microstructure on the surface layer can be created when proper burnishing conditions 

were selected. However, they also found that excessive burnishing can lead to subsurface 

cracks which cause flaking of the burnished surfaces. An ultrafine-grained surface layer 

was produced on Mg-Al-Zn alloy by cryogenic burnishing (Pu et al. 2011b). The total 

burnishing-influenced zone was found to be over 3.4 mm thick. A large increase in 

hardness from 0.86 to 1.35 GPa was obtained near the topmost surface, where grains 

were refined from 12 μm down to 260 nm. The corrosion resistance of the burnished 

material was significantly enhanced, which was attributed to the combined effects of 

grain refinement and strong basal texture appearing in the surface. 

Moreover, many researchers have pointed out that the burnished surface quality 

has many advantages over machined ones, which directly or indirectly lead to advanced 

functional performance of these components. It was revealed that burnishing process 

helps to reduce friction up to a critical depth due to better surface finish (El-Tayeb 1994). 

In another study by El-Tayeb (1993), burnishing process was found to reduce wear rate 

by 38% for copper and 44% for St-37 steel under proper processing conditions. After 

roller burnishing of structural Rb40 steel, Hamadache et al. (2006) observed 89% wear 

improvement and up to 9% hardness improvement compared to the sample from turning. 

El-Tayeb et al. (2008) also found that the roller burnishing is capable of decreasing the 

surface roughness up to 40% in comparison with turning. A 40% reduction of surface 
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roughness was presented from burnishing after laser alloying of carbon steels with cobalt 

stellite (Radziejewska et al. 2005).  

Compared with grinding, significant improvements in surface roughness, surface 

microhardness and compressive residual stresses were achieved after sliding burnishing 

of 42CrMo4 alloy steel shafts with a diamond cylindrical-ended tool (Korzynski et al. 

2011). The effect of burnishing parameters on surface roughness and oscillatory bending 

strength was investigated. Fatigue strength was increased by 18% compared to that of the 

ground workpiece. 

The ease of implementation in standard CNC machining centers offers the 

possibility of employing burnishing as an effective means of mitigating corrosion fatigue 

and pitting fatigue initiated failures in aircraft components without altering either 

material or design (Jayaraman et al. 2007). Applied locally to high stress fatigue prone 

locations in aging aircraft, burnishing could extend the service life of aircraft structural 

components, reduce the total cost of fleet ownership, and improve fleet readiness.  

Tsuji et al. (2008) used deep rolling to induce compressive residual stress in 

plasma-carburized Ti-6Al-4V alloy sample. The fatigue properties and wear resistance of 

Ti-6Al-4V alloy modified by a combination of low temperature plasma-carburizing and 

deep rolling were significantly improved in comparison with those of the unmodified Ti-

6Al-4V alloy. Knowing that fatigue fracture is normally affected by stress concentrators 

such as holes, grooves and fillets, and also the fact that most engineering designs have 

notch-like features, in another study, Tsuji et al. conducted plasma-carburizing and 

subsequently deep-rolling processes on Ti-6Al-4V alloys (Tsuji et al. 2009). It was found 
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that the notch fatigue property of the Ti-6Al-4V alloy was remarkably enhanced by after 

deep rolling process. 

Denkena and Lucas (2007) developed combined tools which could cut material 

and do surface modification simultaneously. The ultimate goal was a selective surface 

enhancement of structural components through controlled manipulation of subsurface 

properties. They targeted several millimeters as an in-depth affected zone. Deep rolling 

was one of the main processes they used to combine with machining processes such as 

turning and milling to achieve these improvements. 

More recently, Grzesik and Zak (2012) compared the surface roughness of 41Cr4 

low-alloy steel from conventional cutting, Wiper tool cutting and multipass burnishing 

operations, the results showed that the improvement of the surface roughness through the 

burnishing process is about 94% over the one from conventional cutting and 40% over 

Wiper tool cutting. It is also reported that after burnishing of a hardened steel component 

(64 HRC) with a ball of 6.35 mm diameter, a target roughness Ra = 0.5 μm was obtained. 

In particular, when the surface which was turned with a tool of 0.8 mm nose and feed rate 

of 0.1 mm/rev and subsequently burnished with a pressure of 38 MPa, surface roughness 

Ra reduced to about 0.2 μm (Luca et al. 2005). The roughness improvement ranged 

between 40% and 90% was obtained after burnishing processes (Shiou and Hsu 2008). 

Burnishing is also reported to be a cost effective method to prevent corrosion and stress 

corrosion cracking, and to enhance the wear resistance and fatigue life of the workpiece 

(Hassan and AlBsharat 1996; Hassan and Momani 2000). 
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2.5 Effect of cryogenic cooling in manufacturing processes  

Excessive heat and consequently tool-wear and sometimes poor surface quality 

are the most important factors affecting performance and productivity of metal 

processing operations. The cooling applications in machining operations play a very 

important role and many operations cannot be carried out efficiently without some 

cooling. Application of a coolant in a cutting process can increase tool-life and 

dimensional accuracy, decrease cutting temperatures, surface roughness and the amount 

of power consumed in a process and thus improve the productivity.  

The major roles cryogenic cooling plays in machining were defined by Hong and 

Zhao (1999) as removing heat effectively from the cutting zone, lowering cutting 

temperatures, modifying the frictional characteristics at the tool/workpiece interfaces, and 

changing the properties of the workpiece and the tool material. 

Exceptional tool-life and surface roughness improvements were achieved with 

cryogenic cooling over those obtained from using dry and emulsion cooling. In 

machining of some materials, reductions in tool flank wears up to five fold were obtained 

with cryogenic cooling (Wang and Rajurkar 1997). Similarly, in machining of AISI 304 

stainless steel using cryogenic cooling, tool-life was increased more than four times 

(Khan and Ahmed 2008). Another study showed similar results that the Al2O3 ceramic 

inserts cooled by cryogenic cooling method significantly outperformed conventional dry 

PCBN operations (Ghosh 2005). Wang et al. (2003) employed a hybrid cryogenic 

machining method with plasma heating enhanced during machining of Inconel 718 and 

their results indicated an improvement of 156% in tool-life and a 250% improvement in 
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surface roughness when compared with conventional machining. Zurecki et al. (2003) 

made a tool-life comparison between cryogenic nitrogen cooled Al2O3-based cutting tools 

and conventionally cooled CBN tools in machining of hardened steel. They applied 

cryogenic coolant by spraying with a nozzle to the rake surface of the tool and found that 

cryogenic cooled Al2O3-based cutting tools endured longer than the conventionally 

cooled CBN tools. Kumar and Choudhury (2008) investigated dry cutting conditions and 

cryogenic liquid nitrogen spraying by a nozzle in machining of stainless steel 202 with a 

carbide insert in terms of tool-wear. They observed about 37.39% advantage in the flank 

wear with cryogenic machining over the dry cutting. In application of indirect cryogenic 

cooling, the surface roughness of materials machined with liquid nitrogen cooling was 

found to be much better than the surface roughness of materials machined without liquid 

nitrogen cooling. The large differences were attributed to the variation in the tool-wear. 

Since, the tool-wear increased with the length of cut and the surface roughness increased 

with tool-wear (Wang and Rajurkar 2000). In the study by Bhattacharyya et al. (1993), 

better surface finish was obtained with continual flooding of liquid nitrogen onto the 

workpiece. 

In addition to the beneficial contributions of cryogenic cooling on tool-wear and 

surface finish, the effect of cryogenic cooling process on the resulting workpiece 

properties (e.g. microstrucutre, residual stresses, etc.) are of more critical significance to 

the interests of the current work. Due to the large amount of heat generated during 

processing, refined grains from SPD are often subjected to growth under high 

temperature. The cryogenic process has been reported to successfully introduce thicker 

surface layers consisting of ultrafine/nano-grain structures. By using surface mechanical 
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grinding treatment at cryogenic temperatures, Li et al. (2008) synthesized a gradient 

nano-micro-structure in the surface layer of bulk pure copper. The average grain size 

varied from about 22 nm in the topmost surface to sub-micrometers at about 200 μm deep 

(Figure 2.10), corresponding to a gradient change in hardness from 2.1 to 1.1 GPa in the 

coarse-grained matrix. The results proved that severe plastic deformation under cryogenic 

conditions can successfully introduce nanocrystalline grain structures to the surface and 

sub-surface layers. 

 

Figure 2.10: (a) Cross-sectional observation of the Cu sample processed by means of 

SMGT; TEM observations and grain size distributions of the top surface layer: (b) bright 

field image, (c) transverse axis grain size (dt), (d) longitudinal axis grain size (dl). 

 (Li et al. 2008) 

a b 
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Ni et al. (2004) also reported that by use of cooling fluid during machining, grain 

growth occurred in the secondary deformation zone (SDZ) resulting in large equiaxed 

grains of 1.2 μm in diameter was effectively restricted by limiting the grain size to 360 

nm (Figure 2.11). More recently, it is found that with the application of liquid nitrogen 

during burnishing of AZ31 Mg alloy, an average grain size of 523 ± 131 nm was achieved, 

in comparison with the 1.4 μm grain size from dry burnishing, the grain size was reduced 

by a factor of 3 by using cryogenic cooling (Pu et al. 2012b). 

 

Figure 2.11: (a) Schematic illustration of the main steps of microstructural evolution in 

1100 Al subjected to orthogonal cutting. (b) The sequence of grain refinement events 

shown on the cross-section of the material ahead of the tool tip (Ni et al. 2004) 
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Along with the benefits on grain refinement, cryogenic SPD is also expected to 

introduce compressive residual stresses on the surface and sub-surface layers. Few 

studies have examined effect of cryogenic cooling on residual stresses. It has been 

reported that the residual stress distribution in AISI 52100 steel was improved under 

cryogenic machining conditions (Zurecki et al. 2003). Another study on machining of 

Inconel 718 showed that the cryogenic machining generated larger compressive residual 

stresses, and prevailed at deeper levels beneath the machined surface (Kenda et al. 2011). 

In a recent work, the effect of cryogenic treatment on the residual stresses of 4140 steel 

was studied by Senthilkumar et al. (2011). Two kinds of cryogenic treatment, shallow (-

80 
o
C × 5 h) and deep cryogenic treatment (-196 

o
C × 24 h) were carried out between 

quenching and tempering in conventional heat treatment process. The results showed that 

the increases in the compressive residual stress in steel were subjected to cryogenic 

treatment before tempering. In addition, conventional heat treatment and shallow 

cryogenic treatment promoted a tensile state of residual stress, while deep cryogenic 

treatment generated a compressive residual stress.  

In summary, the processing-induced surface integrity modifications in terms of 

fine microstructure, compressive residual stresses, desirable crystal structure and low 

surface roughness together collectively contribute to the improvements in the mechanical 

properties of the material (Jawahir et al. 2011), which finally lead to improvement in 

wear performance of the processed material (Abbas and West 1991; Jawahir et al. 2011). 

However, very few studies have been devoted to quantify these simultaneous changes in 

surface integrity during processing, especially under cryogenic conditions.  
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The major purpose of this project is to study and better understand the surface 

integrity changes that occur during the burnishing of Co-Cr-Mo biomaterial, especially 

when cryogenic cooling is applied in conjunction with appropriate burnishing conditions 

to obtain implants with excellent mechanical properties, and the resulting enhanced wear 

performance during service. 

2.6 Significant process and product sustainability factors  

"Sustainable Manufacturing" is defined as the creation of manufactured products 

that use processes that minimize negative environmental impacts, conserve energy and 

natural resources, are safe for employees, communities, and consumers and are 

economically sound (US Department of Commerce 2009). It is also stated that 

sustainable manufacturing includes both the manufacturing of sustainable products as 

well as the sustainable manufacturing of all products (National Council for Advanced 

Manufacturing 2009). 

Machining is a major manufacturing process in the industry which constitutes the 

largest among all manufacturing processes, in terms of volume of production and the 

economic returns. Numerous attempts have been made over the last several decades to 

develop quantitative understandings of the effects of the process parameters on the 

resulting machining performance such as the machining power consumption, tool-wear 

rates, surface integrity, chip-forms/chip breakability, etc. Among these, the way the 

machining processes use coolant/lubricant applications has always been an area of 

significant research interest because it is critical to surface and sub-surface integrity of 

the machined components and to the environmental and personnel health impacts. It is 

also a major production cost. Analysis carried out by German Automotive industry show 
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that workpiece related manufacturing costs, incurred with the deployment of cutting 

fluids, range from 7-17% of the total machined workpiece cost (Weinert et al. 2004). In 

comparison to this, the tooling costs can account for approximately 2-4% (Byrne et al. 

2003). 

Conventional cutting fluid is an environmental contaminant and the government 

has issued strict regulations limiting the dumping of cutting fluid waste. Although the 

cutting fluid can be recycled, recycling services in the United States charge twice the 

purchasing price for disposal and the cost is four times as much in Europe. Conventional 

cutting fluids are considered as one of the top five health hazards in the workplace 

(Dudzinski et al. 2004). In addition to the growing environmental/health concerns, the 

machining industry continues to investigate methods to enhance the machining process 

performance and decrease production costs. Although dry machining eliminates the use 

of cutting fluid, it has negative impact on tool-life, tends to reduce material removal rates 

and increase power consumption, and often leads to unfavorable machined product 

quality (Klocke and Krieg 1999; Kustas et al. 1997). To identify ways to simultaneously 

improve machining technology and address environmental and health risks requires 

technological innovation.  

Cryogenic machining with liquid nitrogen as the coolant is an environmentally 

safe alternative to conventional machining. Nitrogen fluid is liquefied by cooling to -

196°C, which is a safe, noncombustible, and noncorrosive gas. It is the most abundant 

gas, composes about four-fifths (78.03%) by volume of the atmosphere. Colorless, 

odorless, and tasteless, nitrogen is often used as an ―inert‖ gas due to its nonreactive 

nature with many materials. The liquid nitrogen in cryogenic machining system quickly 
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evaporates and goes back into the atmosphere, leaving no residue to contaminate the 

workpiece, chips, machine tool, or operator, and eliminating disposal costs. 

Some major benefits of cryogenic processing are summarized below (Pusavec et al.): 

 Sustainable processing methods (cleaner, safer, environmentally-friendly, more 

health acceptable method, etc.) aiming to eliminate numerous costs associated 

with conventional cutting fluids and clean-up operations. 

 Increased material removal rate with no increase in tool-wear and with reduced 

tool change over costs resulting in higher productivity. 

 Increase of tool-life due to lower abrasion and chemical wear. 

 Possibility of hard to machine alloys processing, which in the past, could have 

been produced only via expensive grinding operations. 

In addition to the benefits drawn from the process point of view, improved 

functional performance and longer service life of products offer great societal and 

environmental benefits. Surface integrity plays a crucial role in the functional 

performance of products; enhanced product performance through process-induced surface 

integrity modifications demonstrates significant sustainability contributions. Due to the 

numerous types of existing products, this concept is focused here on biomedical joint-

implants. 

Increasingly, patients are receiving more hip and knee replacement surgeries, with 

about 600,000 hip replacement procedures alone performed in the US annually. 

Combined with a growing and worrisome number of hip and knee replacements in 

younger people, both medical and legal experts predict that the amount of hip and knee 
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failures may cost US taxpayers, insurers and employers billions of dollars in the coming 

years, according to The International Herald Tribune (Lawsuits & Legal News 2012). 

Because hip and knee replacements represent an entire class of products rather than 

simply one device or one manufacturer, the financial repercussions stemming from hip 

and knee implants that are alleged to be defective will likely be enormous, especially 

when revision surgery is taken into account. Thus, reducing wear debris generation has 

become increasingly a significant sustainability issue. 

The major product sustainability sub-elements identified, and shown in Figure 

2.12, consider the innovation based 6R (reduce, reuse, recycle, recover, redesign, and 

remanufacture) approach which allows for a significant transformation from a cradle-to-

grave concept to multiple life-cycle consideration for a specific product (Jawahir et al. 

2006). Based on the well-recognized sub-elements of the product sustainability wheel, 

key product sustainability contributions of current study to the joint-implant field can be 

summarized as: 

 Energy Efficiency/Power Consumption: Cost effective manufacturing methods 

compared to traditional post-processing treatments. 

 Purchase/Market Value: Reduced cost for making implants through eliminating 

post-processing treatments. 

 Manufacturing Methods: More economic and effective methods for 

manufacturing implants. 

 Health and Wellness Effect: Increased implants lifetime and functionality; 

reduced burden of revision or resurgery. 

 Service Life/Durability: Increased lifetime of implants. 
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 Ease of Use: Better functionality due to improved surface integrity; reduced 

revision due to reduced wear debris generation. 

 Functional Effectiveness: Reduced pain and better functionality; longer lifetime 

of implants. 

 Recyclability/reusability: Replacing additional surface coatings with enhanced 

natural surface layers, reduced cost for coating-separation process.  

 

Figure 2.12: Product sustainability wheel (Jawahir et al. 2006) 

2.7 Modeling of burnishing process  

In the last decade, there have been no remarkable achievements or novelties 

within the scope of the theoretical burnishing process modeling. Most research on 

burnishing in the past focused on experimental studies and used simplified analytical 
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approaches. Only a few analytical and numerical models for burnishing processes were 

presented. As mentioned earlier, burnishing is commonly used as a finishing process for 

the purpose of achieving desired surface finish, and more importantly, introducing 

compressive residual stresses in the material surface. Due to this reason, most of the 

burnishing models developed in the past were focused on investigating the interactions 

between the burnishing conditions and the resulting surface finish and/or residual stresses 

of the workpiece. Very few studies incorporated the microstructural changes into the 

burnishing model.  

Black et al. (1997) studied the process mechanics of burnishing using slip-line 

field theory. They proposed a simplified 2-D plane-strain model by assuming a rigid-

perfectly plastic workpiece and considering a wedge-shaped tool sliding over the surface. 

Physically their model represents the pushing of a wave of a plastically deformed 

material ahead of the wedge. Through their model, the equations for estimating the 

burnishing force, depth of the burnished layer, and surface plastic strain were derived. 

However, the effect of strain rate and temperature were not taken into account.  

The model of material deformation with a ball rolling on the machined surface is 

assumed as the initial model for deriving the formulae used to select the burnishing force. 

Due to its similarities with sliding burnishing, it can also be used to calculate the tool 

force in the sliding burnishing process (Torbilo 1974). However, the predicted force 

values for sliding burnishing were often overestimated by this model compared to the 

experimental data (Papsev 1978; Przybylski 1987). 

A model of material deformation with a ball sliding on the machined surface has 

been discussed extensively and the representative formulas for calculating the radial force 
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were shown in Figure 2.13 (Korzynski 2007; Torbilo 1974). The predicted results were 

also different from the data from sliding burnishing experiments. As shown in those 

formulas, the interrelationships among the plastic strain distribution, the burnishing force 

and the properties of the processed materials were highly empirical, which also limited 

the predictability of the models only within the used range of the experimental conditions.  

 

Figure 2.13: Model of sliding burnishing and pressure force calculated from the model 

(Korzynski 2009) 

In a follow-up study by Korzynski (2009), the analytical model of sliding 

burnishing which included the mechanical properties of the workpiece, the geometry of 

the workpiece-tool contact area as well as the stereometry of the machined surface was 

further developed. It allowed the determination of the dependence of the tip displacement 

of the machined surface asperities on the burnishing tool pressure. The predicted results 

were in good agreement with the experimental results during burnishing of low-hardness 

steels; however, the applicability of the model on high-hardness materials was unknown. 

Bouzid et al. (2004) established an analytical model to analyze the surface 

roughness after burnishing. This analytical model depended on the tool geometry, the 
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initial surface roughness and the burnishing parameters (feed rate and penetration depth). 

The penetration depth of the burnishing tool was estimated by Hertz theory where the 

tool and the workpiece were supposed to have purely elastic behavior. These authors 

studied only the case for which the penetration depth was smaller than the initial surface 

roughness which was obtained by turning or by grinding after turning.  

An analytical model and a finite element model were developed to provide a 

fundamental understanding on the burnishing of an AISI 1042 material (Bougharriou et al. 

2010). The analytical results were concentrated on the surface roughness and on some 

burnishing parameter effects. The simulations were devoted to the study of the surface 

profile, the residual stresses and the influence of burnishing parameters (penetration 

depth, feed rates, diameter of the ball of burnishing tool and initial surface quality) on 

surface roughness and the residual stress distribution. However, none of the authors take 

into account the initial residual stresses generated by the turning or grinding which led to 

imprecise prediction of the roughness and residual stresses by the 2D FE model.  

Skalski et al. (1995) developed a 2-D quasi-static burnishing model to 

numerically analyze the relations between the tool force, penetration depth, radius of the 

contact area, and depth of plastic deformation in the burnished surface under different 

tool radii and workpiece yield strengths. The result from Skalski’s study showed that the 

tool force was more influenced by the tool size than by the material yield strength. In 

addition, a nearly linear relationship exists between the width and depth of the plastic 

deformation zone. 
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Röttger developed a 2-D FEM model for roller burnishing using the commercial 

FEM software ―DEFORM-2D‖ (Röttger 2002). In his model, a rigid ball is gradually 

pressed down the rough workpiece surface until the normal force reached a value equal to 

the applied burnishing force. Then the ball was lifted up from the surface and moved 

horizontally by the distance equal to the burnishing feed. However, this burnishing force-

control model led to an underestimated ball penetration depth due to the line-contact 

condition assumed by the 2-D plane strain model. In addition, the contact time intervals 

defined for the loading (i.e., pressing) and unloading (i.e., lifting) stages in the load-

control curve were not based on the burnishing speed and an unrealistically large value 

(2.2 seconds) was used for the contact time. Nevertheless, the predicted surface finish (Rz) 

and residual stresses agreed reasonably with the experiments. However, the comparisons 

of residual stress were made based on the effective stress and detailed information on the 

six stress components (3 normal & 3 shear) was incomplete. 

Based on the model by Röttger, Yen et al. (2005) further established 2-D and 3-D 

FEM models of roller burnishing using DEFORM software. Their refined 2-D model 

predicted the residual stresses better than the 3-D model, in contrast, the 3-D model 

showed more realistic surface deformation and material flow, whereas the simplified 2-D 

model represents a series of "indenting" cycles. 

However, to date, none of the models have incorporated the microstructural 

changes that occur during burnishing, which is known to be an important influencing 

factor to the product quality. Due to the wide application of burnishing operations in 

industrial fields, there is an emerging need for a reliable predictive model that provides a 

fundamental understanding of the process mechanics as well as good predictions on the 
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most critical properties, which can help the industrial users effectively and efficiently 

select the most suitable burnishing conditions for the specific service environments. 
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CHAPTER 3: SURFACE INTEGRITY MODIFICATIONS OF Co-Cr-Mo 

BIOMEDICAL ALLOY THROUGH CRYOGENIC BURNISHING 

3.1. Introduction  

The surface integrity of processed components has a critical impact on their 

performance. Much research has been done to investigate the influence of different 

aspects of surface integrity on the functional performance in a wide range of applications 

(e.g., automotive, aerospace, and biomedical) and materials (Jawahir et al. 2011; 

M'Saoubi et al. 2008). Severe plastic deformation (SPD) processes have been extensively 

reported for modifying surface region properties by creating ultrafine or nanometer-sized 

grains and grain size gradients in the surface layer of many materials (Sato et al. 2004; 

Valiev et al. 2010). These nano-/ultrafine-grained materials are partially due to the high 

strain/strain-rate involved in the processing.  

Much evidence has shown that SPD induced nano-sized/ultrafine grained 

materials possess appealing surface integrity properties compared with their coarse-

grained counterparts (Qi et al. 2009; Shi and Han 2008; Wang et al. 2003a). However, 

there is still a large gap between SPD processes on the laboratory scale for fundamental 

research and its application in large scale production. The possibility of using SPD 

processes as a surface enhancement tool to improve the functional performance of 

materials through enhanced surface integrity while avoiding expensive and time-

consuming post-treatment processes has not yet been well investigated.  

Among different kinds of SPD methods, burnishing has stood out as one of the 

most practical SPD techniques that can effectively modify the material surface integrity 

properties. Significant grain refinement has been reported in the processed surface layers 
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of various metals and alloys (Nikitin et al. 2005; Pu et al. 2012b). Burnishing is also an 

effective method on introducing beneficial compressive residual stresses to the surface 

region which subsequently improves the fatigue life of components (Prevey et al. 2001; 

Prevey et al. 2000). Burnishing is also found to improve the wear performance of many 

metals and alloys (Hamadache et al. 2006; Radziejewska et al. 2005). 

The aim of the present work is to investigate the effect of cryogenic burnishing on 

the surface integrity changes of Co-Cr-Mo alloys. Unlike many other materials for 

aerospace and automotive applications, there are very few studies on using manufacturing 

processes to improve the surface integrity as well as the functional performance 

(especially wear performance) of this alloy. In this study, the influence of cryogenic 

burnishing on the surface integrity modifications, in terms of surface roughness, 

microstructure, hardness, etc., of Co-Cr-Mo alloy was studied. Better surface finish, high 

hardness value and significant grain refinement were simultaneously achieved with the 

application of cryogenic cooling. A further aim of this study is to establish the 

relationships among burnishing conditions, surface integrity properties and the wear 

performance of this Co-Cr-Mo alloy. 

3.2. Experimental work  

3.2.1. Work material 

The material used in the present investigation was BioDur CCM alloy, which is a 

low carbon wrought version of ASTM F75 Cast Co-Cr-Mo Alloy. In order to fully 

investigate the effects of burnishing, the as-received material was annealed at 1100 
o
C for 

1 hour followed by air cooling. The basic chemical composition of this Co-Cr-Mo alloy 
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is shown in Table 3.1. A Co-Cr-Mo alloy bar (50.8 mm diameter) was used to prepare 

disc samples which have a diameter of 50.8 mm and a thickness of 3 mm.  

Table 3.1: Chemical composition in wt.% of BioDur CCM alloy 

C Mn Si Cr Mo Ni N Fe Co 

<0.1 

% 

<1 

% 

<1 

% 

26-

30 % 

5-7 

% 

<1 

% 

<0.2

5 % 

<0.7

5 % 

bala

nce 

Many metal orthopedic bearings are made from either high carbon wrought alloy 

(Alghamdi et al. 2012) or cast alloy (Table 3.1). The presence of carbides throughout the 

matrix increases the difficulty of dislocation motion through the crystallattice (during 

plastic deformation), thus increasing the strength but reducing the ductility. In addition, it 

is reported that hard phases like carbides protrude from the surfaces under sliding wear, 

the real area of contact changes steadily during the wear process. The local 

carbide/carbide contact stress can be up to 22 GPa theoretically, which will cause Cr- and 

Mo-carbides fracture and tear off from the surfaces bringing about additional surface 

fatigue by indentations and initiating abrasion (Wimmer et al. 2001). It is generally 

recognized that wrought alloys are better than cast material because of their superior 

mechanical properties (Sury and Semlitsch 1978). The forging process promotes plastic 

deformation (Immarigeon et al. 1984) as a route to generate a structure with finer grains, 

which relates to the enhancement in the properties (Brown 2001). 

In general, alloying elements affect the crystallographic characteristics of Co. For 

example, different alloying elements can serve to lower or raise the fcc and hcp 

transformation temperature, but the kinetics of the transformation remain relatively 

unchanged for a given driving force. Certainly, the microstructure, morphology and 
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volume fraction of carbides strongly influence the wear rate. Thus, this work will not 

compare the wear performance and generalize the results for the various alloy types but 

will focus on the basic microstructural changes of low carbon cobalt base alloys induced 

during burnishing process. 

3.2.2. Burnishing experiments 

Burnishing experiments were conducted on a Mazak Quick Turn-10 Turning 

Center equipped with an Air Products and Chemicals ICEFLY
®
 liquid nitrogen delivery 

system. Liquid nitrogen as a cryogenic coolant was applied to the workpiece on the flank 

side of the tool-workpiece contact. The experimental setup and the specially designed and 

fabricated burnishing tool with a fixed burnishing roller are shown in Figure 3.1. Roller 

burnishing is a manufacturing process commonly used in industry to reduce surface 

roughness, increase hardness and introduce beneficial compressive residual stresses 

(Gardin et al. 2007; Zhang and Lindemann 2005). In this study, the roller used was fixed 

for the purpose of introducing large shear stress and shear strain into the workpiece 

surface during burnishing and therefore was slightly different from traditional roller 

burnishing arrangements where the roller was allowed to rotate. The effect of shear strain 

on grain refinement has been systematically studied by Lee et al. (2002) and Kamikawa 

et al. (2007). Their results showed that shear strain can greatly affect the grain refinement 

during accumulative roll-bonding (ARB) process. The role of shear strain in grain 

refinement was considered from the viewpoints of equivalent strain, strain gradient and 

strain path. In addition, equal-channel angular pressing (ECAP) is also a SPD technique 

whereby very large plastic deformations are developed by forcing a rod through a die 
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which results in a sudden change in the die axis angle without a change in the cross-

sectional area (producing shear deformation) (Furukawa et al. 1996; Valiev et al. 1991). 

Another technique utilized SPD is high-pressure torsion (HPT) where small disk-shaped 

samples are subjected to combined high-pressure and severe torsional deformations 

resulting in very large shear strains in the samples (Zhilyaev and Langdon 2008; Zhilyaev 

et al. 2003). Recently, it is reported that, after cryogenic burnishing of AZ31 Mg alloy by 

using this process, the grain size near the surface was reduced to about 500 nm from 12 

µm. Significant improvement of corrosion performance in AZ31B Mg alloy was found on 

samples after cryogenic burnishing (Pu et al. 2011b).  
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Figure 3.1: Experimental setup for cryogenic burnishing of Co-Cr-Mo discs: (a) Mazak 

CNC machine equipped with ICEFLY
®
 cryogenic equipment, (b) setup details. 

The burnishing conditions used are listed in Table 3.2. For each condition, one 

Co-Cr-Mo disc sample was used. For dry burnishing, no cooling method was used; for 

cryogenic burnishing, liquid nitrogen was sprayed to the tool-workpiece interface at 0.6 

kg/min. A schematic of the cryogenic burnishing process is shown in Figure 3.2. A 

machining clearance cut using an uncoated carbide insert was conducted at a feed rate of 

0.1 mm/rev and a cutting speed of 100 m/min in order to standardize initial burnishing 

Nozzle for 

liquid nitrogen  

Fixed roller 

(a) 

(b) 

Liquid nitrogen 

delivery system 

Co-Cr-Mo disc 

(workpiece) 

Dynamometer  
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conditions. The fixed roller tool was then pressed into the discs at a constant feed rate of 

0.025 mm/rev. Simultaneously, the disc was rotating at a burnishing speed (i.e., the linear 

speed at the contact area between the fixed roller and the disc) of 100 m/min. The feed-in 

process was stopped when the preselected depth of penetration (DoP) was reached. The 

burnishing roller then stayed at this position (i.e., for the burnishing dwell time) for 10 

seconds. The forces generated during processing were collected by a KISTLER 3-

Component Tool Dynamometer which was located just beneath the burnishing tool. An 

uncoated carbide roller with a diameter of 14.3 mm was chosen as the burnishing tool for 

the current study. The hardness and surface roughness of the roller was measured to be 

1000 HV and 0.01 μm (Ra), respectively.  

Table 3.2: Matrix for the burnishing experimental conditions 

Cooling method 
Depth of penetration 

(mm) 

Burnishing speed 

(m/min) 

Burnishing dwell 

time (sec) 

Dry 0.127 100 10 

Cryogenic 0.127 100 10 

Dry 0.254 100 10 

Cryogenic 0.254 100 10 

 



60 

 

Figure 3.2: Schematic of the cryogenic burnishing process 

3.2.3. Infrared thermal-camera setup and calibration 

A FLIR ThermaCAM PM695 infrared thermo-camera was used during the 

experiments to record the whole disc thermal field and temperature history during 

processing. As shown in Figure 3.3, the infrared camera was mounted on the machine 

and did not move during burnishing. The distance between the workpiece and the camera 

was 0.4 m.  

Rotation direction  

Co-Cr-Mo disc 

Nozzle for liquid 

nitrogen 

Fixed burnishing tool 
Ft 

Fr 

  Burnished surface 

Lateral surface 
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Figure 3.3: Thermo-camera setup illustration for burnishing process 

When using the infrared camera, the emissivity of the material is a critical 

parameter, and its choice will greatly influence the accuracy of the measurements. It was 

reported that linear relationships between the temperature measured by the infrared 

camera and the one measured by thermocouple (considered to be the actual temperature) 

could be found when using the right emissivity (Liang and Yuan 2008). Also, good 

temperature measurement results were obtained on Co-Cr-Mo alloy when the emissivity 

was set to be 0.27 (Vandamme and Topoleski 2005). Therefore, an emissivity of 0.27 was 

used for this study. To calibrate the infrared camera, a hotplate was used to heat a Co-Cr-

Mo disc from room temperature up to 500 ºC. The infrared camera and a thermocouple 

were used to measure the same spot on a Co-Cr-Mo disc at the same time. As shown in 

Figure 3.4, a linear relationship was found between the temperatures measured by 

infrared camera and thermocouple as: 

                                          Tthermal = 0.5257·Tinfrared – 3.5046 (
o
C)                                 (3.1) 

Mandrel for holding 

workpiece 

Co-Cr-Mo disc 

Infrared 

camera 

Burnishing tool 
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where Tthermal is the temperature measured by thermocouple (actual temperature) and 

Tinfrared is the temperature measured by the infrared camera. This equation can then be 

used to calculate the actual temperature of the machined surface using the data obtained 

from the infrared camera.  

 

Figure 3.4: The temperature relationship of the investigated Co-Cr-Mo disc between the 

infrared camera and the thermocouple measurement values 

3.2.4. Characterization of surface integrity 

Surface roughness before and after burnishing under different conditions was 

measured using a Zygo NewView 7300 white light interferometer system. The hardness 

variation with depths from the surface was measured using a Vickers indenter on a CSM 

Micro-Combi Tester. The load used was 100 mN and the duration time was 10s. 

Metallurgical Co-Cr-Mo discs were cleaned and cut along the cross section using 

a diamond saw and a very low feed rate to prevent alterations in the microstructure due to 

heating during the cutting process with the diamond saw (Figure 3.5). The samples were 

then hot mounted using a Struers Mounting Press (Prontopress-20) machine. Struers 
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grinding and polishing machine (Rotoforce-3, Multi Doser, Rotopol-25) was then used 

for polishing and grinding the specimens. Table 3.3 outlines the procedure for polishing 

and grinding of the specimens for analyzing the microstructure. 

 

Figure 3.5: Metallurgical sample illustration 

Table 3.3: Procedure for polishing the specimens for analysis of microstructure 

Step Surface Abrasive Type 
Speed 

(rpm) 

Force 

(N) 

Planar 

grinding 

SiC-Paper 

#500 
 300 150 

Fine 

grinding 

MD-

Allegro 

DiaPro Allegro, water based diamond 

suspension, diamond grain size 6 µm 
150 120 

Rough 

polishing 
MD-Dac 

DiaPro Dac, water based diamond 

suspension, diamond grain size 3 µm 
150 110 

Final 

polishing 
MD-Nap 

DiaPro Nap, water based diamond 

suspension, diamond grain size 1 µm 
150 90 

Final 

polishing 
MD-Chem 

Colloidal Silica suspension for final 

polishing 
150 60 

Co-Cr-Mo disc

Sample piece

Studied area  
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After polishing, the samples were placed on a hot plate for approximately 20 

minutes at 130 
o
C, and then swabbed with a cotton swab dipping with the etchant for 

approximately 8 seconds. The etchant used for revealing microstructures was a solution 

made of 120 ml 37% hydrochloric acid, 12 g cupric chloride dehydrate crystalline and 10 

ml R.O. Water, which is commonly used for etching implant grade material. The sample 

specimens were then carefully transferred to the sink and rinsed thoroughly with R.O. 

water for 1 minute. Compressed air was then used to dry the samples totally. 

Measurements of the cross-sectional microstructure in the surface region were conducted 

on the samples before and after burnishing. Metallurgical analysis was conducted by 

using a Nikon EPIPHOT 300 microscope along with a Leica DFC425 optical microscope 

and an S-4300 Hitachi scanning electron microscope (SEM). Chemical compositions of 

the materials were determined from a Princeton Gamma-Tech energy dispersive 

spectroscopy microanalysis system (EDS). 

Phase structures and identification of second phase precipitates on the surfaces 

were analyzed using a X-ray equipment Bruker AXS D8 Discover (Figure 3.6). The X-

ray diffraction (XRD) patterns were measured using CuKα radiation (λ= 1.54184Å, 

Kα1/Kα2 = 0.5) from a source operated at 40 kV, and 40 mA. Samples with the same 

measuring areas were positioned at the center of the plate into the X-ray goniometric in 

order to ensure a correct beam irradiation.  
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Figure 3.6: X-ray equipment for phase structure analysis 

3.3. Results and discussion  

3.3.1. Burnishing force  

Burnishing force components in radial and tangential directions (see Figure 3.2) 

were measured by using a KISTLER 3-Component Tool Dynamometer, which was 

attached right beneath the burnishing tool. The measured results are shown in Figure 3.7 

Due to the fact that the force during burnishing was not constant; the forces shown were 

the average values of the last 4 s among the 10 s burnishing dwell time. It can be 

observed that, with lower DoP (0.127 mm), the cryogenic burnishing approach had 

higher radial and tangential forces when compared to those generated in dry burnishing. 

Generally, lowering the temperature results in reduction of wear rate and increase of tool-

life (Khan and Ahmed 2008; Wang et al. 2003b). However, a reduction in the 

temperature of the workpiece can increase its shear stress, thus, the cutting force may be 
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increased and this may negatively affect the tool-life (Carter 1956). In the current study, 

liquid nitrogen was applied on the tool flank side towards the workpiece surface; it had a 

high tendency to precool the workpiece and therefore to increase the hardness and 

strength of the workpiece material. As described for cryogenic machining, when the 

temperature was lower, the workpiece material became stronger and harder, and in turn, 

the burnishing forces increased (Zhao and Hong 1992). The increased ploughing effect 

(i.e., larger radial and tangential forces) should be desirable for the occurrence of strain-

induced grain refinement in Co-Cr-Mo alloys (Yamanaka et al. 2009) since more severe 

plastic deformation will be introduced to the burnished surface and sub-surface. 

However, when the DoP increased to 0.254 mm, the forces measured during dry 

burnishing were very close to the ones from cryogenic conditions. It is also noted the 

burnishing forces under dry condition with 0.254 mm DoP gave larger error values 

compared to the other three conditions. This is due to an increase of burnishing forces 

during the later part of the dry burnishing process, which is likely caused by the greater 

tool-wear under larger DoP. When the DoP increased, a higher processing temperature 

(will be discussed in the following section) was introduced from the more severe plastic 

deformation. Compared to the precooling effect which made the material stronger under 

cryogenic conditions, during dry burnishing, the greater tool-wear resulting from the 

higher processing temperature led to increased burnishing force, which made the 

burnishing forces under both dry and cryogenic burnishing with higher DoP similar as 

shown in Figure 3.7.  
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Figure 3.7: Force measurement results under different burnishing conditions 

3.3.2. Temperature analysis 

Grain refinement due to SPD induced DRX is determined by the combined effects 

of strain, strain rate and temperature during processing (Li et al. 2008; Xiao et al. 2008). 

In addition to grain size changes, the processing temperature is known to be a critical 

factor for the residual stress generation (Outeiro et al. 2008; Radziejewska BN and Kalita 

2005), and the occurrence of phase transformation of the processed materials (Umbrello 

et al. 2012).  

The most critical temperature for the SPD induced DRX is the temperature within 

the tool-workpiece contact zone. As illustrated in Figure 3.8, the burnishing roller was 

pressed into the workpiece as the disc specimen was rotating which resulted in sliding 

between the tool and the specimen. The mechanism for this process is very similar to 

machining with large edge radius tool and large negative rake angle (chipless machining). 

During burnishing, the tool-workpiece contact zone was under the most severe plastic 

deformation conditions, and the DRX process will be triggered within this zone when the 
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critical strain for DRX was exceeded (Yanagimoto et al. 1998). Right after the material 

left this zone, the temperature effect became the dominating factor.  

Burnishing roller

Workpiece

Tool-workpiece 
contact region

Depth of penetration

Burnishing speed
Liquid nitrogen

Cryogenic 
cooling zonePoint O

 

Figure 3.8: Simplified cryogenic burnishing illustration 

Figure 3.9 shows overviews of the temperature fields captured by the infrared 

camera during dry and cryogenic burnishing with 0.254 mm DoP. Due to the design of 

the burnishing tool, the exact tool-workpiece contact zone temperature cannot be 

captured. Thus, the first point where the material appeared in the image is defined as the 

exit point O in Figure 3.9, which was within the cryogenic cooling zone and was 

considered to be the most representative value for the cooling zone temperature. In this 

study, in order to have a more complete understanding of the processing temperature, two 

temperature profiles were taken from this point. As shown in Figure 3.9 (a) and (b), the 

depth profile was taken from exit point O towards the center of the disc, which provided 

the information on the process induced temperature changes along the disc radial 

direction; the perimeter profile was obtained along the burnished surface, which enabled 

one to study the same spot temperature changes within and outside of the cryogenic 

cooling zone. 
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Figure 3.10 (a) shows the data obtained from the two depth profiles. For dry 

burnishing, the temperature at point O gave the highest value (710 °C), which then 

decreased with increasing distance toward the center. This behavior is commonly 

observed in both dry machining and burnishing. The maximum temperature is within the 

deformation zone where the tool and workpiece make contact (O'Sullivan and Cotterell 

2002), which cannot be measured here. Thus, it can be claimed that the actual 

temperature within the tool and workpiece contact zone was higher than the temperature 

at point O (710 °C). The depth profile from cryogenic burnishing showed a ∩ shaped 

curve. The temperature at point O was 290 °C and increased to 450 °C at a distance of 

1.8 mm from point O. The lower temperature at point O should be caused by the effective 

cooling due to the location of the nozzle where liquid nitrogen was sprayed onto the 

burnished surface within the cooling zone. By using cryogenic cooling, a 510 °C 

temperature reduction was achieved within the cooling zone located just after the tool-

workpiece contact zone. Beyond 1.8 mm, the temperature gradually decreased again. The 

in-depth temperatures from dry and cryogenic burnishing still showed a 70 °C difference 

at depth of 15 mm from point O, which indicated that the temperature layer influenced by 

cryogenic cooling is more than 15 mm thick. This claim was also supported by the data 

obtained in the perimeter profile (Figure 3.10 (b)). Instead of decreasing with increasing 

distance from the point O as in the dry burnishing profile, the temperature from cryogenic 

burnishing increased from 290 °C to 500 °C at about 40 mm away from the point O. The 

depth and perimeter profiles for cryogenic burnishing both had a ∩ shaped curve (first 

increasing then decreasing) starting from point O. Studies on machining showed that the 

maximum temperatures during processing were always in the tool-workpiece contact 
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zone with and without cryogenic cooling. However, it is also reported that compared to 

dry machining, the tool-workpiece temperature was largely reduced with the application 

of cryogenic cooling (Pu et al. 2011a; Umbrello et al. 2012). Since the temperature within 

the tool-workpiece contact zone was not obtained, it is expected that the tool-workpiece 

contact temperatures for both dry and cryogenic burnishing should be higher than the 

measured point O temperatures. Moreover, the tool-workpiece contact temperature for 

cryogenic burnishing should be lower than the one from dry burnishing. 

It should be noticed that for both dry and cryogenic conditions, the temperatures 

almost stabilized at a distance of 20 mm from point O with a small decreasing slope. It 

can also be observed from the thermal images shown in Figure 3.9 that the disc surfaces 

for both conditions showed a very bright color around the whole perimeter; as indicated 

in the scale bars, the bright color corresponded to the highest temperature range. This is 

most likely due to the high spindle speed of 730 RPM (i.e., 100 m/min surface speed) 

used for the burnishing experiments. The heat generated during burnishing was 

conducted into the cooler disc center and accumulates during multi-passes, which finally 

led the surface into a nearly static temperature state. Another finding from Figure 3.10 (b) 

is the temperature difference (~ 200 
o
C) between dry and cryogenic burnishing outside of 

the cooling zone, where the material left the tool-workpiece contact zone and was no 

longer subjected to plastic deformation. The higher surface temperature prompted the 

dynamic recovery of the microstructure and compromised the SPD effect within the 

process-influenced layer. The influence of the perimeter surface temperature difference 

on the surface integrity, especially on the hardness and grain size changes, will be 

discussed in later sections.  
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Figure 3.9: Infrared camera images of temperature field during (a) dry and (b) cryogenic 

burnishing 
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Figure 3.10: (a) Depth profile of temperature from point O, and (b) perimeter profile of 

temperature from point O 

Figure 3.11 summarizes the obtained temperatures at point O (one temperature 

reading for each condition) for the different burnishing experiments. It is evident that the 

cryogenic cooling showed a reduction of the temperatures at point O for all conditions. 

(b) 

(a) 
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Figure 3.11: Measured temperature at point O from different burnishing conditions 

3.3.3. Microstructure 

The microstructure near the surface before burnishing is shown in Figure 3.12. 

The grain boundaries were clearly visible near the surface with an average grain size of 

80 ± 30 µm. 

 

Figure 3.12: Microstructure near the surface before burnishing 

200 µm 
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Figure 3.13 shows the microstructures of the surface regions produced using 

different burnishing conditions. It can be observed that adjacent to the burnished surface; 

a layer existed where the grain boundaries were not discernable under the current 

observation method. By using similar scales and measuring techniques, this featureless 

layer with indiscernible grain boundaries was also reported in other materials after 

burnishing (Li et al. 2008; Nalla et al. 2003). The burnishing-influenced layer is defined 

as a layer where the microstructure shows the features of recrystallized grains, elongated 

subgrains, and/or grains with heavy twinnings and stacking-faults (Wu et al. 2005). The 

line where those features end and the bulk microstructure appears is considered as the end 

of the burnishing-influenced layer. The measured burnishing-influenced layer thicknesses 

were marked on Figure 3.13. Two specimens were cut from each disc sample for 

microstructure analysis. On each specimen, five thickness measurements at different 

locations were taken and the total 10 readings were averaged to yield the layer thickness 

values shown in Figure 3.13. As a general trend, cryogenic burnished samples (Figure 

3.13 (b) and (d)) had thicker burnishing-influenced layers than those burnished using dry 

conditions (Figure 3.13 (a) and (c)). Comparing Figure 3.13 (c) and (d), it is clearly 

visible that the depth of the process-influenced layer from cryogenic burnishing (138 ± 

47 µm) was much greater than the one from dry burnishing (43 ± 9 µm). Moreover, the 

results also indicate that increasing the DoP from 0.127 mm to 0.254 mm under dry 

conditions did not lead to a significantly thicker process-influenced layer (compared to 

the equivalent comparison for cryogenic burnishing); this is likely due to the accelerated 

dynamic recovery of the microstructure and the compromised SPD effect within the 

process-influenced layer from the higher surface temperature. 
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(b) 

42 ± 7 μm 200 µm Cryogenic, 0.127 mm DoP 

(a) 

30 ± 5 μm 200 µm Dry, 0.127 mm DoP 
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Figure 3.13: Microstructure of the surface after burnishing under different conditons: (a) 

dry burnishing, DoP = 0.127 mm; (b) cryogenic burnishing, DoP = 0.127 mm, (c) dry 

burnishing, DoP = 0.254 mm and (d) cryogenic burnishing, DoP = 0.254 mm.  

Other conditions are given in Table 3.2 

(d) 

138 ± 47 µm 200 µm Cryogenic, 0.254 mm DoP 

(c) 

43 ± 9 μm 
200 µm Dry, 0.254 mm DoP 
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Similar fine-grained surface layers were reported during processing of different 

materials. Significant grain refinement to the nanocrystalline level was found in 

machined AISI 52100 steel due to SPD induced DRX (Jayal et al. 2010). Surface 

mechanical attrition treatment (SMAT) was also reported to create such surface layers on 

pure Ti and Cu, with grain sizes in the range of 50-250 nm (Li et al. 2008; Zhu et al. 

2004). The microstructural evolution of this Co-Cr-Mo alloy after burnishing with 0.254 

mm DoP was further studied. As shown in Figure 3.14 (a), a clear transition from the 

initial microstructure to the featureless layer on the top can be observed; the 

microstructure from cryogenic burnishing can be categorized into three layers. Above the 

transitional line 1, there was a featureless layer where no grain structure and grain 

boundaries can be identified under the current observation method. This disappearance of 

grain boundaries was likely caused by the formation of nano/ultrafined grains through 

DRX. Nano/ultrafined grain structures have been reported frequently on Co-Cr-Mo alloys 

through SPD induced DRX in various processes, such as hot compression deformation 

(Kurosu et al. 2010a) and combustion synthesis (Li et al. 2003). Between transitional line 

1 and 2, grain boundaries gradually became visible as the depth increased. The grains in 

this layer also showed heavy twinnings and stacking-faults. It was reported that the 

volume fraction of dynamically recrystallized grains increased with strain in a sigmoidal 

scheme (Fatemi-Varzaneh et al. 2007). Since the strain induced by burnishing decreases 

with distance from the surface to the bulk material, it is expected that the amount of 

ultrafine grains decreases with increasing depth. Below transitional line 2, the grain 

boundaries were clearly visible; this layer already showed the same microstructure as the 

bulk material. Similar findings were reported by Wu et al. (2005). After SMAT 
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processing of cobalt, a microstructural evolution in the deformed surface layer was 

observed. Recrystallized nano-grains, elongated subgrains, grains with heavy twinnings, 

and equiaxed bulk grains with stacking-faults were observed sequentially, from the depth 

of 15 μm to 180 μm. This is very similar to the present investigation.  

Figure 3.14 (b) gives the detailed microstructural changes for dry burnished 

sample. The only difference between the two samples in this figure was the cooling 

method used during burnishing. As shown in Figure 3.10 (b), the surface layer 

temperature outside the cooling zone was almost constant for both dry and cryogenic 

burnishing; however, cryogenic cooling during the burnishing process gave a temperature 

which is 200 
o
C lower than dry burnishing. It is expected that, except for the very short 

tool-workpiece contacting time where temperature and SPD effects were both prominent, 

the microstructural evolution after plastic deformation was heavily influenced by this 

temperature difference. This claim is proved by the microstructure observation between 

the two samples shown in Figure 3.14. Compared to the gradual in-depth evolution of 

microstructure from cryogenic burnishing, dry burnished sample showed a much more 

rapid microstructure change from surface to the bulk material (Figure 3.14 (b)); the 

transitional layer in Figure 3.14 (a) showed the microstructural evolution with the 

appearance of recrystallized featureless layer, while heavy twinnings and stacking-faults 

(an obviously darker microstrucutre compared to the bulk materials) cannot be observed. 

The microstructure seemed to be directly changed from recrystallized grains into bulk 

grains. This is likely caused by the higher temperature within the tool-workpiece contact 

zone which reduced the SPD effect as well as the higher temperature outside the tool-

workpiece contact zone which prompted the dynamic recovery process. 
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Figure 3.14: Transitional lines show the gradual changes from the burnishing influenced 

microstructure to the bulk microstructure (0.254 mm DoP): (a) cryogenic, (b) dry 

Scanning electron microscopy (SEM) pictures of the typical microstructures near 

the topmost surface obtained from dry and cryogenic burnishing with 0.254 mm DoP are 

shown in Figure 3.15. The same samples used for optical microscopy were examined 

under SEM, the very top surface of the lateral side of the sample showed a white oxide 
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layer with less than 1 µm thickness, the SEM images were taken just beneath that layer 

and defined as the ―near topmost surface microstructures‖. This oxide layer was 

confirmed by the EDS results. While the average longitudinal axis grain size was 80 ± 30 

µm for the initial material, the grain size near the topmost surface (shown in Figure 3.15 

(b)) was reduced to submicron scale after cryogenic burnishing. The smallest grain size 

measured was 300 nm. As the distance from the surface increased, the amount of 

ultrafine grains decreased. The grains beneath the burnishing-influenced layer, especially 

for the cryogenic burnished sample (Figure 3.14 (a)), showed heavy twinnings and many 

stacking-faults compared to the initial sample surface (Figure 3.12).  

 

 

 

 

 



81 

 

 
Figure 3.15: SEM micrographs of Co-Cr-Mo disc near the topmost surfaces after 

burnishing with 0.254 mm DoP: (a) dry, (b) cryogenic 

The grain refinement mechanism of Co-Cr-Mo alloy from DRX was 

systematically studied by Yamanaka et al. (2009). The grain size after DRX is 

determined by the Zener-Hollomon (Z) parameter (Zener and Hollomon 1946), which is 

expressed as Z exp(Q / RT )  , where Q is the activation energy of lattice diffusion of 
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5 µm 

Cryogenic 
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the material, R is the gas constant,  is the effective strain-rate and T is the local 

temperature. It combines the effects of temperature and strain rate into a single parameter 

that has been shown to be successful in correlating grain size data obtained for different 

materials under various testing conditions (Yamanaka et al. 2009; Yanagimoto et al. 

1998). Once DRX is completed, the recrystallized grain size (d) can be calculated as 

m

od d Z   . Here d0 is the initial grain size in microns, α and m are material constants. 

Thus, it is expected that smaller grain size should be observed after DRX when the 

processing temperature is lower. The cooler temperatures also impede grain growth after 

the material exits from the tool-workpiece contact. This claim is supported by the current 

experimental observation. Figure 3.16 shows the longitudinal axis grain size distribution 

of the grains shown in Figure 3.15 from dry and cryogenic burnishing (0.254 mm DoP). 

More than 70% of the grains from cryogenic burnishing fell into the range from 300 nm 

to 600 nm, while about 80% of the grains from dry burnishing were approximately one-

micron in size, hence a smaller grain size was achieved by cryogenic burnishing. 

Therefore, it is evident that the thicker surface layers with grain refinement occurred due 

to the SPD-induced DRX and effective liquid nitrogen cooling. Moreover, compared to 

dry burnishing, the larger burnishing force during cryogenic burnishing also led to more 

severe plastic deformation. 
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Figure 3.16: Comparison of longitudinal axis grain size distribution of the grains shown 

in Figure 3.15 after dry and cryogenic burnishing with 0.254 mm DoP 

3.3.4. Subsurface microhardness  

The subsurface microhardness variations obtained from different conditions are 

illustrated in Figure 3.17. The average measured microhardness of the virgin disc 

material was 300 HV. The burnished hardness decreased significantly with increase in 

depth, which coincided with the microstructure changes observed in these samples. 

Closer to the surface the hardness might even be higher, but it cannot be measured by 

such microhardness techniques. Compared to the initial disc, a hardness increase of up to 

87% was achieved using cryogenic burnishing. Based on the well-known Hall-Petch 

relationship between hardness and grain size as well as the close interrelations among 

hardness, yield stress, and residual stresses, high hardness values often indicate fine grain 

size and large residual stresses. The Hall-Petch relationship which predicts an increasing 

hardness with a decreasing grain size (Hardness ~ 1/diameter
0.5

) (Hall 1951; Petch 1953) 

is confirmed for cobalt base alloys when the hardness of fine grained wrought alloys 

(400-500 HV) is compared to the hardness of coarse grained cast alloys (300-350 HV). 
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However, nano/ultrafine grained metals do not always follow the Hall-Petch relationship. 

A significant reduction in grain size might also lead to material softening. This effect, 

which is often referred to as inverse Hall-Petch relation, is valid for grains which are 

smaller than dislocation loops and no hardening will take place (Arzt 1998; Nieh and 

Wadsworth 1991; Takeuchi 2001). In contrast, the Hall-Petch relationship which predicts 

an increasing hardness with a decreasing grain size (Hardness ~ 1/diameter
0.5

) (Hall 1951; 

Petch 1953) is confirmed for cobalt base alloys when the hardness of fine grained 

wrought alloys (400-500 HV) is compared to the hardness of coarse grained cast alloys 

(300-350 HV). It is also reported that for a similar cobalt base alloy investigated, lattice 

defects were still visible even within the nanocrystals (Buscher and Fischer 2005). Thus, 

it is assumed that the inverse Hall-Petch relation may not apply to this Co-Cr-Mo alloy in 

very small grains, and the hardness is enhanced towards the surface. Recalling the 

tribological behavior of a nanocrystalline surface, the increase in hardness should be 

beneficial for the wear performance (Buscher and Fischer 2005). A high hardness reduces 

the effect of three body abrasion by increasing the resistance against surface fatigue by 

indentation. 

In the current work, microstructure changes after cryogenic burnishing were 

observed up to 138 ± 47 μm distance below the surface. In contrast, microhardness 

differences were measured to the depth of over 800 μm while burnishing using the 

cryogenic cooling. It is reasonable to state that the variations in microhardness were at 

least partially due to the different residual stresses being generated during processing.  
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Figure 3.17: Hardness variation with depth below the burnished surface 

3.3.5. Chemical composition 

Figure 3.18 shows the results from the energy-dispersive X-ray spectroscopy 

(EDS) measurements. Measurements were taken on the processed surface and in the bulk 

material. No difference on chemical composition was detected before and after cryogenic 

burnishing by the EDS method. 

 

 

 

 



86 

 

 

Figure 3.18: EDS results of Co-Cr-Mo disc from cryogenic burnishing: (a) bulk, (b) 

surface 

3.3.6. Surface roughness 

Many SPD processes, such as SMAT (Tao et al. 2002) and surface 

nanocrystallization & hardening (SNH) (Villegas et al. 2005), are focused on utilizing the 

process induced severe plastic deformation for grain refinement.  Because these processes 

often need or introduce high temperature during processing, unsatisfactory surface 

finishes are often reported. Dramatic increases of surface roughness from 0.41 µm of the 

as-received material to 5.5 µm was reported after SNH of nickel-based Hastelloy C-2000 

(Villegas et al. 2005). 
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For the purpose of improving the surface finish for different applications, the 

manufactured components are usually also subjected to a final delicate polishing 

procedure. For example, the surface roughness for joint implants needs to be lower than 

0.01 µm (ASTM F2033-12). The final polishing, however, will remove more material 

which will then cause loss of the beneficial surface created during SPD processing. Better 

surface finish after processing will be favorable for retaining the process-enhanced 

surface layer. The surface roughness (Ra) after burnishing under different conditions is 

shown in Figure 3.19. On each sample, six roughness readings at different locations of 

the disc sample were taken and the obtained roughness values were averaged to yield the 

overall Ra values shown in Figure 3.19. The application of liquid nitrogen cooling led to 

about 40% decrease in surface roughness for both 0.127 mm and 0.254 mm DoP 

compared with dry burnishing. The better surface finish in cryogenic burnishing should 

be due to the reduced temperature and improved tool-wear through effective cooling by 

applying liquid nitrogen. The beneficial effect of cryogenic machining on surface 

roughness was also reported on AISI 4037 steel (Dhar and Kamruzzaman 2007). For the 

same cooling conditions, burnishing when using larger DoP led to increased surface 

roughness which should be caused by the higher temperature (Figure 3.10) and greater 

tool-wear. It is noted that the surface roughness after burnishing is within 2 µm, 

compared with the about 140 µm burnishing-influenced layer thickness from cryogenic 

burnishing with 0.254 mm DoP. By avoiding/minimizing polishing, the process-

influenced layer with beneficial properties will be largely retained, thus improving the 

functional performance of the processed components. 
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Figure 3.19: Surface roughness (Ra) created using different burnishing conditions 

3.3.7. Phase analysis by XRD method 

Grain refinement due to SPD induced DRX is often studied as an independent 

topic from phase transformation. However, more attention has been paid to combined 

phase transformation and SPD for fabricating nano/ultrafine-structured metals (Tsuji and 

Maki 2009). Phase transformation of Co-Cr-Mo alloy during processing (Chiba et al. 

2009b; Shingo Kurosu 2010) and wear (Chiba et al. 2007; Fischer 2009) has been 

extensively reported. Such a transformation will influence the mechanical and the 

tribological behavior of the alloys. 

An attempt was made to compare the effect of different burnishing conditions on 

phase transformation of the Co-Cr-Mo alloy using XRD technique. Detailed XRD 2θ 

scans were carried out from 39
o
 to 100

o
. Figure 3.20 shows the relative intensity profiles 

of the detailed XRD 2θ scan from 39.5
o
 to 54

o
. Phases of the annealed Co-Cr-Mo 

specimen before burnishing were analyzed. The absolute intensity of the diffracted X-

rays detected by the detector was different in each XRD pattern. This is due to the 

differences in the count time or the heights of the workpieces during measurement. (Han 
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et al. 2008) has showed that this did not make the peaks of each phase more intense 

because the relative intensities of each constituent phase remain constant. Therefore, the 

difference in the absolute intensity in each burnished surface does not affect the 

presence/absence of or the relative amount of the specific phase structure in interest. It 

was found that the initial specimen had both fcc-γ and hcp-ε phases in the surface layer. 

However, the XRD patterns obtained from the dry and cryogenic burnished surfaces 

consist mainly of fcc-γ phase. It is postulated that the original ε phase had transformed 

into the γ phase during burnishing. The formation of the hcp-ε phase is totally suppressed 

by the burnishing process (both dry and cryogenic). The suppression of martensitic-ε 

transformation is conjectured to be a result of grain refinement when they are smaller 

than 10 μm (Huang and Lopez 1999). Moreover, no peaks indicating the precipitation of 

the σ phase were observed.  
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Figure 3.20: (a) XRD patterns on the burnished surface before and after cryogenic 

burnishing with 0.254 mm DoP; (b) XRD patterns on the burnished surface when using 

different burnishing conditions 

Table 3.4 shows the full width at half maximum (FWHM) results of burnished 

and initial samples.  The FWHMs of burnished samples were all significantly larger than 

that of the initial sample. It is reported that the peak broadening occurs both by 

decreasing grain size and increasing dislocation density (Jiang et al. 2006), however, it is 

very difficult to separate these two factors. The FWHM of the cryogenic burnished 
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sample with 0.254 mm DoP is much larger than the dry burnished sample under 

otherwise the same conditions. SEM results (Figure 3.16) have shown that the grain size 

from cryogenic burnishing is slightly smaller than the one from dry burnishing.  

Therefore, the difference in FWHM values is probably caused by the more severe stress 

state induced dislocation density increase from cryogenic burnishing compared to dry 

burnishing. This finding is consistent with the temperature measurement results shown 

Figure 3.10 (b). The higher temperature during dry burnishing compromised the SPD 

effect and reduced the process-influenced layer thickness. Moreover, the FWHM results 

also indicate that increasing the DoP from 0.127 mm to 0.254 mm under dry conditions 

did not lead to much thicker process-influenced layer due to the higher temperature. 

Table 3.4: FWHMs of measured plane (111γ) peaks 

Peak Samples FWHM (
o
) 

111γ 

Initial 0.087 

Dry burnishing, 0.127 mm  0.447 

Cryogenic burnishing, 0.127 mm  0.485 

Dry burnishing, 0.254 mm  0.453 

Cryogenic burnishing, 0.254 mm  0.781 

3.4. Chapter concluding remarks  

Burnishing experiments with the application of liquid nitrogen were conducted on 

an annealed Co-Cr-Mo alloy using a custom-made burnishing tool. Surface integrity 

modifications on this Co-Cr-Mo alloy were achieved from cryogenic burnishing 

processing. The major findings from this study are summarized below: 
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(a) The temperature analysis by using the infrared-thermal camera showed that the 

application of liquid nitrogen during burnishing significantly suppresses the 

temperature rise within and outside the tool-workpiece contact zone, which can 

largely sustain the effect of SPD during burnishing as well as keeping the DRX 

refined grains from growing. 

(b) The microstructure of Co-Cr-Mo alloy can be greatly improved by changing the 

cooling conditions. With the application of liquid nitrogen, the created 

burnishing-influenced layer thickness can be increased by up to a factor of 3 

compared to the one from dry conditions.  

(c) Increasing the burnishing DoP under dry conditions from 0.127 mm to 0.254mm 

slightly increased the thickness of the process-influenced surface layer (30 ± 5 µm 

to 43 ± 9 µm), which was likely due to the higher temperature effect. In contrast, 

with the application of liquid nitrogen, the burnishing-influenced layer was 

significantly increased (42 ± 7 µm to 138 ± 47 µm) by increasing the burnishing 

DoP from 0.127 mm to 0.254mm. The effects of cryogenic cooling on studied 

surface integrity parameters (microstructure, hardness, surface roughness, 

chemical and phase compositions) were presented. 

(d) Microstructure refinement in the surface layer was observed under both dry and 

cryogenic conditions. Close to the topmost surface, more than 70% of the grains 

from cryogenic burnishing with 0.254 mm DoP fell into the range from 300 nm to 

600 nm, while about 80% of the grains from dry burnishing with 0.254 mm DoP 

were approximately one-micron in size. Cryogenic burnishing with 0.254 mm 
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DoP reduced surface grain size by a factor of approximately 270 times through 

SPD-induced DRX (original grain size is 80 µm in average). 

(e) Compared to dry burnishing, the application of liquid nitrogen reduced the surface 

roughness by about 40% for both burnishing conditions with 0.127 mm and 0.254 

mm DoP. However, burnishing with larger DoP increased the surface roughness 

due to more severe plastic deformation and higher processing temperature. Due to 

the severe plastic deformation involved in the process, it should be noted that the 

application of cryogenic burnishing is limited for creating super-smooth bearing 

surfaces as the final finishing process. However, better surface finish under 

cryogenic conditions will be favorable for retaining the process-enhanced surface 

layer by minimizing the material loss during the final polishing, thus improving 

the functional performance of the processed components. 

(f) Microhardness measurements indicated that the hardness close to the surface in 

the burnishing-influenced layer was increased to different extents, among which, 

the most significant hardness increase was achieved from cryogenic burnishing 

with 0.254 mm DoP, an increase of up to 87% relative to the bulk value was 

detected.  

Overall, the results suggest that cryogenic burnishing can significantly modify the 

surface/subsurface properties of Co-Cr-Mo alloy, leading to potential performance 

improvement of critical components in various applications, including biomedical 

implants. 

 

 

Copyright © Shu Yang 2012 
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CHAPTER 4: EFFECT OF BURNISHING CONDITIONS IN TERMS OF 

COOLING METHOD, DEPTH OF PENETRATION AND BURNISHING SPEED 

ON SURFACE INTEGRITY MODIFICATIONS OF Co-Cr-Mo ALLOY 

 

 

4.1 Introduction  

Burnishing is a cold-forming process which improves the surface characteristics 

by plastic deformation of the surface layers (Loh et al. 1989b). A literature survey has 

showed that work on the burnishing process has been conducted by many researchers and 

the process also improves the properties of the parts, e.g. higher wear resistance 

(Hamadache et al. 2006; Niberg 1987), increased hardness (Loh et al. 1989a), surface 

quality (El-Tayeb et al. 2008; Radziejewska et al. 2005), refined microstructure 

(Altenberger et al. 1999; Palka et al. 2006) and increased maximum residual stress in 

compression (Fattouh and Elkhabeery 1989; Zhang and Lindemann 2005). Thus, control 

of the burnishing process conditions in such a way as to introduce desired properties in 

the surface region could lead to considerable improvement in component life. 

Seemikeri et al. (2008) studied the effect of burnishing on surface integrity and 

fatigue life of AISI 1045 material in terms of evaluating the combined effects of 

burnishing process parameters, identifying the predominant parameter, establishing their 

order of significance, and setting the levels of different parameters to minimize surface 

roughness and/or maximize surface hardness and fatigue life. Lopez et al. (2007) applied 

burnishing to reduce the roughness of surfaces obtained by ball-end milling of two 

materials, P20 low carbon steel (32 HRC) and the nickel alloy Inconel 718 (42 HRC, 

precipitation hardened). They concluded that using a large radial width of cut in end-

milling followed by small step over during burnishing can produce the acceptable final 

roughness. For same process parameters compressive cold work is greater and deeper in 
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the Inconel 718 than in the steel. Rao et al. (2008) did a similar experimental parametric 

study on HSLA dual-phase steel. Their result also indicated that burnishing parameters 

have significant effect on the surface hardness and wear resistance. Salahshoor and Guo 

(2011) investigated the effect of various combinations of burnishing parameters on 

surface integrity characteristics of a potential biomaterial MgCa alloy. Their results 

showed that the MgCa alloy can be safely burnished at suitable burnishing conditions 

with no cracks produced at the surface and in the subsurface. It is also found that the 

microstructure including grain size did not show a noticeable change after burnishing. 

Residual stresses were highly compressive especially at low burnishing pressure. 

In surveying the literature on the influence of the process parameters, it can be 

found that the major process parameters affecting the resulting surface conditions are: 

depth of penetration/burnishing force, burnishing speed, feed-rate, tool size, tool material, 

number of passes, and coolant/lubrication. In this chapter, the effects of three burnishing 

parameters, namely: cooling method, depth of penetration (DoP) and burnishing speed on 

processing temperature, force, tool-wear and the workpiece surface integrity properties in 

terms of microstructure, microhardness, phase change and residual stresses were 

investigated. 

4.2 Experimental work  

The work material, the burnishing process method and the surface integrity 

characterization methods in terms of microstructure, microhardness, and phase change 

analysis used in this chapter are the same as described in Chapter 3.  



96 

The residual stresses in the Co-Cr-Mo samples before and after wear tests were 

obtained by XRD using the sin
2
ψ method (Noyan and Cohen 1987). The equipment used 

was a PROTO machine (model iXRD) (Figure 4.1) available at the X-ray Diffraction 

Center for Materials Research, University of Coimbra, Portugal. The parameters used in 

the X-ray analysis are shown in Table 4.1. To determine the in-depth residual stress 

profiles, layers of material were successively removed by electropolishing method to 

minimize the modification of stresses. Further corrections to the residual stress data were 

made due to the volume of material removed. It is noted that in the present study, the 

total penetration depth of the X-ray beam for this Co-Cr-Mo alloy is about 10 µm. Since 

the strength of the X-ray beam decreases exponentially with the distance from the surface, 

it is estimated that the measurement for the nominal depth is an average value of a layer 

about 5 µm thick below that depth. 

 

Figure 4.1: PROTO iXRD machine used in the residual stress measurement (X-ray 

Diffraction Center for Materials Research, University of Coimbra, Portugal) 
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Table 4.1: XRD parameters for residual stress measurement of the Co-Cr-Mo alloy 

Young modulus 241 GPa 

Poisson ratio 0.3 

Radiation Mn-Kα 

Voltage and current 18 kV, 4 mA 

Collimator diameter 3 mm 

Bragg angle 2θ (°) 156.50 (hkl) = (311) 

Number of ψ angles 15 

4.3 Effects of cooling method and depth of penetration  

The preliminary results drawn from Chapter 3 have shown that the application of 

liquid nitrogen cooling can significantly influence the burnished surface integrity. 

However, due to the varying thermal softening and mechanical hardening effects under 

different burnishing conditions, the effectiveness of liquid nitrogen cooling on surface 

integrity enhancements varies as well. Thus, there is a need to establish better 

relationships among liquid nitrogen cooling, burnishing conditions and the resulting 

surface integrity for the purpose of finding the optimal combination of conditions for 

achieving the most desirable processing /product functional performance.  

Continuing the investigations in Chapter 3, a new set of burnishing experiments 

with varying burnishing speed, depth of penetration and cooling method were conducted 

to further study the effect of different burnishing conditions on surface integrity 

modifications of Co-Cr-Mo alloy to a greater depth. The burnishing experimental 
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conditions for studying the effects of cooling method and depth of penetration are shown 

in Table 4.2. 

Table 4.2: Burnishing experimental conditions for studying the effects of cooling method 

and depth of penetration 

Exp. 

No 

Tool Diameter 

(mm) 

Depth of Penetration 

(mm) 

Surface Speed 

(m/min) 
Cooling 

1 14.3 0.08 100 Dry 

2 14.3 0.08 100 Cryogenic 

3 14.3 0.08 200 Dry 

4 14.3 0.08 200 Cryogenic 

5 14.3 0.15 100 Dry 

6 14.3 0.15 100 Cryogenic 

7 14.3 0.15 200 Dry 

8 14.3 0.15 200 Cryogenic 

9 14.3 0.21 100 Dry 

10 14.3 0.21 100 Cryogenic 

11 14.3 0.21 200 Dry 

12 14.3 0.21 200 Cryogenic 

13 14.3 0.254 100 Dry 

14 14.3 0.254 100 Cryogenic 

4.3.1 Temperature 

The temperature was measured by following the procedure described in Chapter 3. 

The temperature profile along the distance below the surface shown in Figure 4.2 is 

equivalent to the depth profile taken from exit point O towards the center of the disc as 
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shown in Figure 3.9. The results agree with the findings in Chapter 3, significant 

temperature reductions were achieved by cryogenic cooling. Especially on the workpiece 

surface, a temperature drop of 380 
o
C was observed between dry and cryogenic 

conditions at 0.21 mm DoP, 100 m/min burnishing speed (Figure 4.2 (a)). It can also be 

observed here that increasing DoP and burnishing speed also led to an increase of 

temperature but to different extents.  

 

 

Figure 4.2: Effects of cooling method and DoP on temperature along the depth profile:  

(a) 100 m/min burnishing speed, (b) 200 m/min burnishing speed 

(b) 

(a) 
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4.3.2 Burnishing force 

During the cutting process, stress varies in the tool-workpiece contact area. When 

the cutting depth is small enough, no chip will form; this is thus called a burnishing 

process. The forces during burnishing process should be analyzed firstly due to an arc-

shaped cutting edge, as shown in Figure 4.3. It can be seen that the burnishing force at the 

arc cutting edge is the resultant force at edge FT and FR. The tangential force FT makes 

the metal move ahead; while the radial force FR presses the metal to the surface. When 

the conditions reach a certain threshold, chips form. According to Luo et al. (2006), when 

FT > FR, chips will form; when FT < FR, the metal is pressed to the basal body and no 

chips are formed. This distinguishes the burnishing process from the cutting process. 

Burnishing roller

Workpiece

DoP

Burnishing speed

FR

FT

 

Figure 4.3: Burnishing forces illustration 

The measured burnishing forces in both radial and tangential directions are shown 

in Figure 4.4 (a). The forces shown were the average values of the last 4 s of the 

experiment obtained from the 10 s of used burnishing dwell time. The results agree with 

the findings in Chapter 3, i.e., with increasing DoPs, the burnishing forces increased 

accordingly. However, the burnishing forces were not linearly increasing against DoP 

values, which is likely due to the nonlinearly increase of the thermal softening effect 
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when using increased DoPs. Moreover, with lower DoPs (0.08 mm and 0.15 mm), the 

cryogenic burnishing test had slightly higher radial and tangential forces when compared 

to those generated in dry burnishing. Presumably the precooling effect made the material 

stronger when using cryogenic conditions. However, when the DoP increased (0.21 mm), 

the force differences between dry and cryogenic conditions became insignificant, which 

is attributed to the greater tool-wear resulting from the higher processing temperature 

under larger DoPs. This claim is supported by the changes of the ratio of tangential force 

and radial force against DoP (Figure 4.4 (b)) as well as the 3-D topographic profiles of 

the tool-wear zone under different conditions (Figure 4.5). It can be observed in Figure 

4.4 (b) that, by increasing the DoP from 0.08 mm to 0.21 mm, the ratio of 

tangential/radial forces (T/R ratio) increased also, which indicated the increase of friction 

force with increasing DoP values. However, the increasing rate of the T/R ratio under dry 

conditions is higher than the one with cryogenic cooling, which is likely due to the 

beneficial effect of cryogenic cooling on tool-wear. 
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Figure 4.4: (a) Measured burnishing forces, (b) ratio of tangential/radial forces (T/R ratio) 

vs. DoP (14.3 mm tool diameter) 

4.3.3 Tool-wear 

In addition, profiling of the tool-wear zone three dimensionally under different 

conditions were conducted by using the white light interferometer system. In Figure 4.5, 

the surface topographic images are presented on the left side, the corresponding profile 

plots of the three lines (marked as 1, 2 and 3 on the topographic images) are given on the 

right side. Line 1 always shows the profile of the original tool without any signs of wear, 

(b) 

(a) 
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in contrast, lines 2 and 3 are drawn across the wear zone for the purpose of comparing the 

level of tool-wear under different conditions. The tool-wear from 0.08 mm DoP for both 

dry and cryogenic conditions was very minor and the difference was indistinguishable, 

thus, Figure 4.5 only shows the results from 0.15 mm and 0.21 mm DoPs which gave 

clear comparisons between dry and cryogenic conditions. It is evident from Figure 4.5 (a) 

and (b) that, with 0.15 mm DoP, the tool when using dry conditions had more material 

build-up at the tool exit side as well as slightly more tool-wear compared to cryogenic 

conditions. When a larger DoP was used (0.21 mm), the effect of cooling method (dry 

and cryogenic) on tool-wear became obvious. As shown in Figure 4.5 (c) and (d), the 

tools after dry and cryogenic burnishing with 0.21 mm DoP both have obvious tool 

material loss. The maximum wear depth which represents the maximum difference 

between the worn tool profile and the original tool profile without any wear is marked on 

Figure 4.5 (c) and (d). It can be clearly observed that, with the same DoP value used 

(0.21 mm), the maximum wear depth from cryogenic burnishing (~ 20 µm) was 13% of 

that of the one from dry burnishing (~ 150 µm). The discrepancy of the effect of 

cryogenic cooling on tool-wear under different DoPs is attributed to the higher processing 

temperature when larger DoP was used. 
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(b) 

1 

2 

3 

Material build-up Tool exit side x = 0 

(a) 

1 

2 

3 

Material build-up Tool exit side x = 0 
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Figure 4.5: 3-D topographic profiles of the tool-wear zone: (a) dry, 0.15 mm DoP, (b) 

cryogenic, 0.15 mm DoP; (c) dry, 0.21 mm DoP, (d) cryogenic, 0.21 mm DoP (14.3 mm 

tool diameter, 100 m/min burnishing speed) 

 

 

(d) 

1 

2 

3 

x = 0 

Maximun wear depth ≈ 20 µm 

(c) 

1 
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x = 0 Maximum wear depth ≈ 150 µm 
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4.3.4 Microstructure 

Figure 4.6 shows the microstructures of representative burnished surface 

microstructures using 14.3 mm tool diameter, 0.21 mm DoP, 200 m/min burnishing speed. 

A burnishing-influenced layer in which grain boundaries were no longer clearly visible at 

this magnification was formed. Consistent with the findings in Chapter 3, the thickness of 

the burnishing-influenced layer with refined grains obtained when using cryogenic 

conditions (57 ± 10 µm) was 3.6 times larger than the one from dry conditions (16 ± 6 

µm), which is attributed to the more SPD effect due to the application of cryogenic 

cooling which results in lower processing temperature.  
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Figure 4.6: The effect of the cooling method on microstructure (14.3 mm tool diameter, 

0.21 mm DoP, 200 m/min burnishing speed): (a) dry, (b) cryogenic 

The microstructures of the burnished surfaces under cryogenic conditions, 14.3 

mm diameter tool, 200 m/min burnishing speed with changing DoP values are shown in 

Figure 4.7. The burnishing-influenced layer was about 13 μm thick with 0.08 mm DoP 

(Figure 4.7 (a)). The thickness of this layer increased to 28 μm with 0.15 mm DoP 

(Figure 4.7 (b)) and further increased to 57 μm with 0.21 mm DoP under cryogenic 

Cryogenic 100 µm 

(b) 

100 µm Dry 

(a) 
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conditions (Figure 4.7 (c)). The increase of the layer thickness with increasing DoP 

agrees with burnishing force measurements as shown in Figure 4.4 (a). 

 

 
100 µm DoP = 0.15 mm 

(b) 

100 µm DoP = 0.08 mm 

(a) 
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Figure 4.7: The effect of the DoP on microstructure (cryogenic, 14.3 mm diameter tool, 

200 m/min burnishing speed): (a) 0.08 mm DoP, (b) 0.15 mm DoP, (c) 0.21 mm DoP 

The effect of DoP on the burnishing-influenced layer thickness was affected by 

the cooling method and the burnishing speed. As shown in Figure 4.8, with the 

burnishing speed of 100 m/min, the burnishing-influenced layer thickness obtained when 

using dry conditions also increased with the increase of DoP, however, the layer 

thickness with cryogenic cooling increased faster than the one from dry conditions. This 

can be explained by the stronger thermal softening effect due to larger DoP, induced a 

higher processing temperature. This claim was further supported when the burnishing 

speed increased from 100 m/min to 200 m/min. It can be observed in Figure 4.8 that, with 

200 m/min burnishing speed, the burnishing-influenced layer thickness was almost 

constant when the DoP was changed from 0.08 mm to 0.21 mm; the work-hardening 

effect was compromised by the thermal softening effect, which led to almost no change 

in the layer thickness.  

100 µm DoP = 0.21 mm 

(c) 
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Figure 4.8: The effect of the DoP on burnishing-influenced layer thickness  

(14.3 mm diameter tool) 

4.3.5 Phase change  

Co-Cr-Mo alloys used in the manufacture of orthopedic prosthetic devices possess 

very low stacking fault energies. As a result, plastic deformation by dislocation glide in 

the face centered cubic (fcc) metastable phase is severely restricted (Rajan 1982; Rajan 

and Vandersande 1982; Vander Sande 1976). This behavior leads to formation of strain-

induced crystal defects, such as intrinsic stacking faults, twins and regions of highly 

localized slip along pre-existing and strain-induced stacking faults, when these alloys are 

subjected to external stresses exceeding their yield strength. Thus, the ductility of these 

materials is small compared with other fcc metals. The interactions between dislocations 

of limited mobility and dissociated dislocations and/or twins lead to very rapid and highly 

localized hardening. This eventually leads to fracture if no additional strain-producing 

mechanisms become available to relieve the high stresses required to maintain plastic 

flow. Large strain plastic deformation of Co-Cr-Mo alloys must therefore be 
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microscopically accommodated by alternative mechanisms. Strain-induced phase 

transformations have been suggested to play an important role during large strain plastic 

deformation in Co-Cr-Mo alloys (Rajan 1982; Rajan and Vandersande 1982; Vander 

Sande 1976), this type of dynamically induced transformation during processing (Chiba 

et al. 2009b; Shingo Kurosu 2010) and wear (Chiba et al. 2007; Fischer 2009) has been 

extensively reported, which will influence the mechanical and the tribological behavior of 

the alloys. Graham and Youngblo (1970) demonstrated that the amount of hcp phase 

formed during cold swaging of Co-Cr-Mo-Ni multiphase alloys increased rapidly with 

the amount of deformation. The tensile yield strength was correlated linearly with the 

amount of strain-induced hcp phase. Olson and Cohen (1975) have shown that the ability 

of low stacking fault energy materials to deform uniformly during tensile testing is 

enhanced by the strain-induced phase transformations.  

In addition to the findings from processing of Co-Cr-Mo alloys, according to the 

TEM observations, different appearances of plastic deformation with respect to the 

distance to the worn surfaces of in vivo and in vitro hip implant surface were revealed. It 

is found that the uppermost surface consists of a nanocrystalline microstructure of fcc and 

strain-induced hcp Co-Cr-Mo solid solutions. Moreover, at a depth of about 30 µm from 

the worn surface, electron diffraction patterns verified the presence of  -martensite, 

which has a hcp lattice structure and form strictly on the discrete (111)γ sliding planes. 

The change in microstructure certainly has a big impact on the wear mechanisms as has 

been shown by pin-on-disk laboratory tests (Buscher and Fischer 2003).  

In the current study, the effect of different burnishing conditions on phase 

transformations of the Co-Cr-Mo alloy was studied. Figure 4.9 shows the detailed XRD 
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2θ scan profiles from 35
o
 to 70

o 
of the burnished pins. Phases of the annealed Co-Cr-Mo 

specimen before burnishing were analyzed also (Figure 4.9 (a)); it was found that the 

initial specimen had both fcc (111)γ and hcp (0002)ε phases initially in the surface. The 

XRD patterns obtained from dry and cryogenic burnishing experiments with 0.08 mm 

DoP, 100 m/min burnishing speed show a combination of fcc (111)γ and hcp (    )ε 

phases. Also, the relative intensity of the hcp (    )ε peak from cryogenic conditions is 

2.7 times greater than the peak intensity from dry burnishing. In contrast, as shown in 

Figure 4.9 (b), when the burnishing speed increased to 200 m/min, the relative intensity 

of (    )ε peak reduced under cryogenic conditions, and the dry burnished sample with 

otherwise the same conditions consisted mainly of fcc (111)γ phase. It is reported that 

slow cooling after thermal treatment inhibited the metastable fcc => hcp phase 

transformation of Co-Cr-Mo alloy. In contrast, a fast cooling rate after solution annealing 

and a controlled grain size range promoted this phase transformation during SPD 

processes (Salinas-Rodrfguez 1999). As shown in Figure 4.2, with 0.08 mm DoP, the 

application of cryogenic cooling led to a 110 
o
C temperature difference between dry and 

cryogenic burnishing under 100 m/min burnishing speed, and a 150 
o
C temperature 

difference when the burnishing speed increased to 200 m/min. From the results above, it 

can be stated that the lower processing temperature and the faster cooling rate due to the 

application of liquid nitrogen promote the fcc => hcp transformation during and after 

burnishing.  
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Figure 4.9: The effect of the cooling method on surface phase change 

In addition to temperature, the definition of ―strain-induced transformation‖ also 

suggests that larger DoP could lead to more severe plastic deformation which should 

promote the fcc => hcp transformation. However, the findings from the current study 

gave contradictory results. As shown in Figure 4.10, for both dry and cryogenic 

conditions, increasing of DoP values all led to the reduction of the hcp (    )ε peak 

intensity. One possibility for this discrepancy is that, when larger DoP was used, the 

(b) 

200γ 
       

111γ 

(a) 111γ 

0002ε 

200γ 
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processing temperature was in competition with the work-hardening effect and 

compromised the happening of the strain-induced phase transformation. Another 

possibility is due to complicated phase transformation nature of the Co-Cr-Mo alloy. It is 

reported that, by changing the mill intensity and milling duration (equivalent to the 

amount of plastic deformation), the cobalt alloys can undergo the strain-induced phase 

transformation following the routes of hcp + fcc => hcp, hcp + fcc => hcp => fcc + hcp, 

and hcp + fcc => hcp => fcc + hcp => fcc (Huang et al. 1995). It suggests that there is an 

optimal burnishing force exists beyond which this transformation will be inhibited. In the 

current study, the reported phase analysis results just represented the final phase state of 

the burnished sample; the history of the phase transformation during processing cannot be 

captured.  

 

(a) 

200γ 

       

111γ 
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Figure 4.10: The effect of the DoP on surface phase change (14.3 mm tool diameter): (a) 

cryogenic, 100 m/min burnishing speed, (b) dry, 100 m/min burnishing speed, (c) 

cryogenic, 200 m/min burnishing speed 

4.3.6 Residual stresses 

XRD is the most non-destructive way of evaluating surface residual stresses. The 

basic principle is based on Bragg’s law, which states that when a monochromatic X-ray 

beam with wavelength λ is projected onto a crystalline material at an angle θ, diffraction 

occurs only when the distance traveled by the rays reflected from successive planes 

(c) 

       

200γ 

111γ 

(b) 

       200γ 

111γ 
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differs by a complete number n of wavelengths (Figure 4.11). Lines ABC and DEFGH 

represents X-ray radiation. Initially, lines AB and DE have the same wavelength. These 

lines will remain in phase if EFG is an integral multiple of this wavelength. This causes 

reinforcement of the incident X-ray beam, which is known as constructive interference or 

diffraction. If EFG is not an integral multiple of the incident beam wavelength, then the 

lines will be out of phase resulting in destructive interference and diffraction will not 

occur. This can be expressed using nλ = 2dsinθ, where n is an integer, λ is the wavelength 

of a beam of X-rays incident on a crystal with lattice planes separated by distance d, and 

θ is the Bragg angle. XRD relies on the elastic deformation of a material to measure 

internal stresses in a material. The deformation cause changes in the spacing of the lattice 

planes from their stress free value to a new value that corresponds to the magnitude of the 

applied stress. Because the wavelength is constant, the unknown parameters in Bragg’s 

equation are the interplanar spacing d and Bragg angle θ. Thus, if θ becomes known, the 

d value can be obtained using Bragg’s law. Complete theories and procedures for residual 

stress measurements by using XRD method can be found in Umbrello (2004). 

 

Figure 4.11: Diffraction of X-rays by a crystalline material (Umbrello 2004) 
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Figure 4.12 shows the in-depth residual stresses of the burnished Co-Cr-Mo 

samples under both dry and cryogenic conditions. The initial surface residual stresses 

(without any processing) were close to neutral in both tangential and axial directions due 

to the used stress relief annealing procedure. The axial and tangential residual stresses in 

the burnished samples became tensile after burnishing when compared to its state before 

burnishing. This is different from the literature findings on traditional burnishing 

processes, which reported that burnishing normally induces more compressive residual 

stresses (Fattouh and Elkhabeery 1989; Zhuang and Halford 2001). The contradictory 

findings from the results in Figure 4.12 and the literature data may be caused by the 

different roller settings. The used burnishing tool was fixed in this study, while it was 

allowed to rotate in most literature examples. The fixed tool setting led to both large 

radial and tangential forces (Figure 4.2). The latter is normally close to zero when using a 

conventional rotating roller.  
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Figure 4.12: The effect of the cooling methods on residual stresses: (a) tangential and (b) 

axial directions 

Another possible reason for this discrepancy is that an optimal burnishing force 

exists, when the force exceeds this optimal value, the residual stresses will become more 

tensile. This claim was supported by the residual stress results when a smaller DoP was 

used. As shown in Figure 4.13, the tangential residual stress close to the surface with 0.08 

mm DoP was less tensile than the one with 0.15 mm DoP, which corresponds to larger 

burnishing forces, and became compressive at a depth of 4 µm below the surface. 

Moreover, the axial residual stress with 0.08 mm DoP was totally compressive, while the 

Tangential 

Radial 

Co-Cr-Mo 

disc 

(a) 

(b) 
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one with 0.15 mm DoP was still tensile at a depth of 35 µm below the surface. Similar 

results were found from the literature. The residual stresses after roller burnishing in 

AZ80 Mg alloy became less compressive when the burnishing force was increased from 

200 N to 300 N (Zhang et al. 2005). Also, the surface hardness and wear resistance of 

HSLA dual-phase steels started to decrease after a certain burnishing force (optimum 

value) was reached, which was claimed to be caused by excessive work hardening and 

flaking of surface layers (Srinivasa Rao et al. 2008). Salahshoor and Guo (2011) also 

found that the residual stresses of MgCa alloy became less compressive when high 

burnishing pressures were used. In the current study, burnishing with larger DoP (0.15 

mm gave a 860 N radial force, while the radial force with 0.08 mm DoP was only 400 N 

(the force values are averaged). Larger DoP (0.15 mm) resulted in more tensile residual 

stresses compared to the residual stresses from burnishing with smaller DoP (0.08 mm) 

which corresponded to smaller burnishing forces. Consistent with the results from the 

literature survey, the current study suggests that a critical DoP (burnishing force) exists 

beyond which residual stresses will become more tensile. 
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Figure 4.13: The effect of the DoP on residual stresses: (a) tangential and (b) axial 

directions 

It should be noted that, in general, the axial residual stresses were significantly 

more compressive than the tangential residual stresses. As shown in Figure 4.12, the 

differences between the axial and tangential surface residual stresses for dry condition are 

1400 MPa and 1200 MPa for cryogenic conditions. The large difference in the two 

directions is a result of the anisotropic plastic deformation induced by the burnishing 

process in a thin disk specimen (50.8 mm in diameter and 3 mm in width). As shown in 

Tangential 

Radial 

Co-Cr-Mo 

disc 
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Figure 4.14, clear evidence of material side flow in the axial direction occurred during the 

burnishing process. 

 

Figure 4.14: Material side flow after burnishing (cryogenic, 0.15 mm DoP, 100 m/min 

burnishing speed) 

4.3.7 Microhardness 

The hardness variation with depth below the burnished surface under different 

processing conditions is shown in Figure 4.15. The hardness increased 86.7% from 300 ± 

20 HV in the bulk material to 560 ± 26 HV at about 12 μm below the burnished surface 

after cryogenic burnishing using 0.254 mm DoP. Using the same DoP, the hardness 

increase was smaller under dry conditions (480 ± 10 HV). Surprisingly, the hardness at 

this depth from cryogenic burnishing using 0.08 mm DoP was very similar to the one 

from cryogenic burnishing using 0.15 mm DoP despite the differences in their 

microstructures. Larger DoP was expected to introduce more plastic deformation to the 

surface which should result in more work-hardening effect and greater hardness. This 

discrepancy can be explained by the different phase compositions of the samples from 

different conditions. As shown in Figure 4.10, the amount of hcp phase in the 

cryogenically burnished pin with 0.08 mm DoP is significantly higher than the one with 

0.254 mm DoP. It has been reported that as the volume fraction of hcp phase in the Co-

200 µm 

Burnished surface 
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Cr-Mo alloy increases, the hardness also increases (Saldivar-Garcia and Lopez 2005). In 

contrast, the hardness under dry conditions was increasing with the increase of DoP 

values. 

 

 

(b) 

(a) 
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Figure 4.15: (a) The effect of the cooling method on hardness below the surface; the 

effect of the DoP on hardness below the surface: (b) cryogenic, (c) dry (14.3 mm tool 

diameter, 100 m/min burnishing speed) 

4.4 Effect of burnishing speed  

The burnishing experimental conditions used for studying the effect of burnishing 

speed are shown in Table 4.3.  

 

 

 

 

 

 

(c) 
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Table 4.3: Burnishing experimental conditions for studying the effect of burnishing speed 

Exp. 

No 

Tool Diameter 

(mm) 

Depth of Penetration 

(mm) 

Surface Speed 

(m/min) 
Cooling 

1 14.3 0.08 100 Dry 

2 14.3 0.08 100 Cryogenic 

3 14.3 0.08 200 Dry 

4 14.3 0.08 200 Cryogenic 

5 14.3 0.15 100 Dry 

6 14.3 0.15 100 Cryogenic 

7 14.3 0.15 200 Dry 

8 14.3 0.15 200 Cryogenic 

9 14.3 0.15 300 Dry 

10 14.3 0.15 300 Cryogenic 

 

4.4.1. Microstructure 

The effect of burnishing speed on the burnishing-influenced layer thickness is 

shown in Figure 4.16. The layer thickness did not change much with the cutting speed at 

0.15 mm DoP under dry conditions and only slightly increased with cryogenic cooling. 

Increasing cutting speed normally affects the work-hardening effect in two ways: (a) 

more heat generation leads to higher temperature and compromises the work-hardening 

effect; and (b) increased strain-rate leads to stronger work-hardening effect. The slight 

increase of the layer thickness under cryogenic conditions can be due to the fact that the 

work-hardening effect outweighed the thermal softening, which also indicated the 

effective cooling of liquid nitrogen compared to the dry conditions. 
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Figure 4.16: The effect of the burnishing speed on burnishing-influenced layer thickness 

4.4.2. Phase change 

Figure 4.17 shows the phase compositions of the burnished samples from 

different burnishing speeds. It can be observed that, no matter what kind of cooling 

method or DoP used, the amount of the hcp phase was always decreasing with the 

increase of burnishing speed, which can be caused by the greater thermal softening effect 

when a higher burnishing speed was used as discussed in section 4.3.1. Moreover, it 

should be noted that, even though this fcc =>  hcp transformation is called a ―strain-

induced transformation‖, it is concurrently affected by strain, strain-rate and temperature 

the three important processing parameters in any process. Yamanaka et al. (2009) studied 

the phase structures of the Co-29Cr-6Mo alloys subjected to hot compression at 1150 
o
C 

at various strain rates. Their results indicate that the formation of the hcp (    )ε phase is 

not linearly increasing with increased strain-rate. Rather, a Λ shaped (first increasing then 

decreasing) relationship was observed on the amount of the hcp (    )ε phase with 
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increasing strain-rates. This may also contribute to the reduce hcp peak intensity when 

larger burnishing speed was used as shown in Figure 4.17. However, the range of the 

strain-rates used is very low (0.001 to 10 s
-1

) compared to the burnishing process (10
3
 to 

10
4
 s

-1
), so that their results cannot be directly used in the present study. The relationships 

of the strain, strain-rate and temperature on the strain-induced fcc => hcp transformation 

of the Co-Cr-Mo alloy is still unclear, further very basic studies on this matter are needed 

for the better control of the process induced property modifications. 
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Figure 4.17: The effect of the burnishing speed on surface phase change 

4.5 Chapter concluding remarks  

An experimental investigation was performed to study the effect of the different 

burnishing parameters, including cooling method (dry, cryogenic), burnishing speed and 

depth of penetration (DoP), on the some aspects of the surface integrity of the Co-Cr-Mo 

alloy. The surface integrity factors investigated include microstructure, phase changes, 

residual stresses and hardness. Major finding from this experimental study can be 

summarized below:  

(a) Significant reduction of surface temperature was achieved during cryogenic 

burnishing, where liquid nitrogen was sprayed onto the exit surface from the flank 

side of the tool.  

(b) Microstructure refinement in the surface layer was observed under both dry and 

cryogenic conditions. In addition to the cooling method, the thickness of the 

burnishing-influenced layer with microstructure refinement was also dependent 

on the used depth of penetration and burnishing speed. The results on 

111γ 

200γ 

(c) 
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microstructural changes also suggest that optical microscopy may not be adequate 

to accurately characterize the resulting microstructures from different burnishing 

conditions. Advanced characterization techniques, such as SEM, TEM or AFM, 

are needed.  

(c) The residual stresses became more tensile after burnishing at large DoP (0.15 

mm), compared with the initial status, and became compressive under smaller 

DoP (0.08 mm). However, the application of liquid nitrogen during burnishing led 

to the formation of more compressive residual stresses in both directions. In 

addition, larger differences up to 1400 MPa were found in residual stresses 

between tangential and axial directions. The large difference in residual stress 

values in the two directions could be caused by the different deformation 

directions. Severe side flow of the material in the axial direction was evident 

during the burnishing process. Further studies are needed to investigate the 

possible causes for the different distribution of residual stresses in the two 

directions. Without the application of liquid nitrogen, the residual stresses became 

more tensile under all the burnishing conditions used.  

(d) A remarkable increase in the relative intensity of the hcp (    )ε peak was 

achieved on the cryogenic burnished surface, which should significantly enhance 

the wear performance of the Co-Cr-Mo alloy. However, increasing of DoP and 

burnishing speed all led to a decrease of the amount of the hcp phase in this 

region, which can be due to the complicated phase transformation mechanisms of 

the Co-Cr-Mo alloy. 
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(e) The hardness of the burnished surface was increased after both dry and cryogenic 

burnishing compared with the initial value. The largest increase of 87% was 

observed on the sample with the thickest grain refinement layer (cryogenic 

burnishing, 0.254 mm DoP, 100 m/min burnishing speed). However, the hardness 

was not only dependent on the microstructures, but also on the phase composition 

and possible residual stresses. 
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CHAPTER 5: ENHANCED WEAR PERFORMANCE OF Co-Cr-Mo 

BIOMATERIAL THROUGH CRYOGENIC BURNISHING INDUCED SURFACE 

INTEGRITY MODIFICATIONS 

5.1 Introduction 

Improved manufacturing methods led to reintroduction of metal-on-metal 

bearings and growing interest in these implants, especially for young and active patients 

(Heisel et al. 2003). Volumetric wear rates and osteolytic potential of metal-on-metal 

bearings are lower than those of metal-on-polyethylene bearings (Greenwald et al. 2001). 

However, metallic particles have a greater potential for cytotoxicity, and their number is 

greater (Germain et al. 2003). A reduction in metal-on-metal wear will reduce biological 

reactivity and thus increase long-term implant survivorship (Ingham and Fisher 2000). 

Among the options available for evaluating the performance of a biomaterial, the 

enhancement of the surface integrity holds the key. In practical applications, the surface 

of a material is subjected to the influence of various external stimuli. Corrosion, 

oxidation, wear and fatigue are a few such material degradation phenomena, which all 

initiate at the surface. Thus, it has been a constant need by engineers and scientists to 

improve the surface properties of biomaterials. Surface modifications seem to offer 

solutions for improved functionality and biocompatibility of implants. 

The aim of the present work is to investigate the effect of burnishing-induced 

surface integrity modifications on the wear performance of this Co-Cr-Mo alloy. The 

wear volume, wear appearance and wear debris, as well as the surface integrity changes 

of the Co-Cr-Mo samples before and after wear tests were studied. The major wear 
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mechanism of this material was identified and the key influencing surface integrity 

factors were found. The results from this study provide valuable information for 

establishing the relationships among burnishing conditions, surface integrity properties 

and the wear performance of this Co-Cr-Mo alloy. 

5.2 Experimental work  

5.2.1 Work material 

The material used in the present investigation was the same as used in Chapters 3 

and 4. A Co-Cr-Mo alloy bar (9.5 mm diameter) is used to prepare pin samples which 

have a diameter of 9.5 mm and length of 25.4 mm. In order to minimize the possible 

influences caused by the surface speed differences (zero speed at the center and 

maximum at the edge) on the pin flat ends during burnishing and wear test, one end of the 

pin was made into a hollow cylinder with an inner diameter of 5.3 mm (Figure 5.1). The 

disks used for pin-on-disk wear test were prepared from a 50.8 mm diameter bar stock of 

the same alloy. 

 

Burnishing roller 

Nozzle for liquid 

nitrogen 

Co-Cr-Mo pin 

Burnishing Radial Force 

Roller rotating 

direction 
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Figure 5.1: Pin burnishing illustration with liquid nitrogen delivery 

The surfaces of disk and pin specimens were thoroughly cleaned and then gently 

polished using a Struers RotoPol-22 polishing machine to achieve a surface roughness Ra 

less than 0.05 microns for wear testing in a custom made pin-on-disk tester (ASTM 

F732). The samples to be mounted were placed firmly in a holder designed to ensure that 

the surfaces of all the samples were on the same level and then coupled to the spindle of 

the Struers Rotoforce equipment. The spindle rotated the specimen against various 

grinding and polishing papers which were held magnetically on the rotating grinding disk. 

Table 5.1 shows the steps followed in grinding and polishing the samples to achieve the 

surface roughness of 0.05 microns. At the end of each step, the samples were cleaned 

with soap and water and dried using laboratory compressed air. At the end of the final 

polishing step the samples were ultrasonically cleaned in distilled water to ensure that 

there were no contaminants present from the final polishing stage which could influence 

the surface roughness measurements as well as affect the results of the pin-on-disk wear 

tests. 
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Table 5.1: Polishing procedure for pins and disks prior to wear testing 

Step Surface Abrasive Type Speed (rpm) Force (N) 

Fine 

grinding 
MD-Allegro 

DiaPro Allegro, water based 

diamond suspension, diamond 

grain size 6 µ 

150 80 

Rough 

polishing 
MD-Dac 

DiaPro Dac, water based 

diamond suspension, diamond 

grain size 3 µ 

150 80 

Final 

polishing 
MD-Nap 

DiaPro Nap, water based 

diamond suspension, diamond 

grain size 1 µ 

150 60 

Final 

polishing 
MD-Chem 

Colloidal Silica suspension for 

final polishing 
150 60 

Thereafter, the disks and the pins were subjected to a surface roughness 

measurement to ensure that the surface roughness (Ra) was less than 0.05 µm. The 

surface roughness was measured with a non-contact, three-dimensional, optical 

interferometry optical profiler Zygo New View 7000 which uses a white light 

interferometric technique. Five surface roughness measurements were taken for each 

polished sample for statistical purposes.  

5.2.2 Burnishing experiments 

Burnishing experiments were conducted on a HASS Machining Center equipped 

with an Air Products and Chemicals ICEFLY
®
 liquid nitrogen delivery system. Liquid 

nitrogen as a cryogenic coolant was applied to the workpiece on the flank side of the tool-

workpiece contact. The experiment setup and the specially designed and fabricated 

burnishing tool with a fixed burnishing roller are shown in Figure 5.1. In this study, the 

roller used is fixed for the purpose of introducing large shear stress and shear strain into 
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the workpiece surface during burnishing and therefore is slightly different from 

traditional roller burnishing arrangements where the roller is usually allowed to rotate.  

The burnishing conditions used are listed in Table 5.2. For dry burnishing, no 

cooling method was used; for cryogenic burnishing, liquid nitrogen was sprayed to the 

tool-workpiece interface at 0.6 kg/min. The roller tool was pressed into the pin at a 

constant feed rate of 0.05 mm/s and, simultaneously, rotating at a burnishing speed (i.e., 

the average linear speed at the contact area between the roller and the pin) of 42.5 m/min 

along the longitudinal axis of the pin (see Figure 5.1). The feed-in process was stopped 

when the preselected depth of penetration (DoP) was reached. The burnishing roller then 

stayed at this position (i.e., burnishing dwell time) for 20 seconds. The forces generated 

during processing were collected by a KISTLER 4-Component Tool Dynamometer. An 

uncoated carbide roller with a diameter of 14.3 mm was chosen as the burnishing tool for 

the current study. The hardness and surface roughness of the roller was measured to be 

1000 HV and 0.01 μm (Ra), respectively.  

Table 5.2: Matrix for the pin burnishing experimental conditions 

Cooling Method DoP (mm) 
Burnishing Speed 

(m/min) 

Burnishing stay 

duration (sec) 

Dry 0.127 42.5 20 

Cryogenic 0.127 42.5 20 

Dry 0.254 42.5 20 

Cryogenic 0.254 42.5 20 
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5.2.3 Characterization of surface integrity 

The surface integrity characterization methods used for analyzing the 

microstructure, microhardness, surface roughness, phase structure and residual stresses in 

this chapter are the same as the ones used in Chapters 3 and 4.  

Chemical compositions of the wear debris were determined from a Princeton 

Gamma-Tech energy dispersive spectroscopy microanalysis system (EDS) and the 

typical profile was used for analysis. Topographic morphologies of the worn pin surfaces 

were measured by using the same Zygo NewView 7000 white light interferometric 

measurement system as used for surface roughnesses measurements.  

5.2.4 Pin-on-disk wear test 

Pin-on-disk testing is a commonly used technique for investigating sliding wear. 

It essentially consists of a "pin" in contact with a rotating disc. Either the pin or the disk 

can be the test piece of interest. The contact surface of the pin may be flat, spherical, or, 

indeed, of any convenient geometry, including that of the actual wear components of 

interest. To conduct wear tests on the pins machined with different burnishing conditions, 

a suitable tribological testing system (pin-on-disk tester) was built in house using a 

vertical milling machine. Figure 5.2 shows the setup for the pin-on-disk tester used for 

wear testing of the pin specimens. The fixture for holding multiple pins (three) was 

mounted on the machine table, with a regulator to ensure the application of a constant 

load on the pin as well as to ensure a constant contact stress of 3.54 MPa between the 

disk and the pin throughout the wear test according to the ASTM-F732 standard for pin-

on-disk tests. 
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Figure 5.2: Experimental setup for pin-on-disk wear tester 

The Plexiglas container maintains a solution of new born calf serum and distilled 

water (50% concentration) with 0.2% by weight sodium azide and 20 mM EDTA for 

mimicking the human body conditions during wear tests. A pneumatic cylinder with the 

controller ensures the application of a constant load on the pins during the entire duration 

of the test. An average contact stress of 3.54 ± 3% MPa (ASTM-F75. 2011) was applied 

during the entire duration of the wear test. In addition to the rotation of the disc, the pins 

also traverse a square path which gives a biaxial relative motion between the pin and the 

disc. The average sliding velocity between the pin and the disc was 50 mm/s. Due to the 

fact that neither the geometry of the sliding partners nor the direction of motion and the 

duration of loading correspond to any conditions in vivo, no relevant quantitative data is 

expected from this type of tests. The pins were removed from the wear tester every 

100,000 cycles for cleaning and measurement of wear. The wear debris was collected at 

the end of the wear test, cleaned with 100% acetone for 5 times, and kept in the 

refrigerator for debris analysis later. Prior to weighing, the pins were cleaned 

ultrasonically with 100% acetone for ~5 min. The wear volumes of the pins were 

Plexiglass container 

containing serum and pins 

Fixture for holding 

Co-Cr-Mo pins 

Co-Cr-Mo disk 

Pneumatic pressure control to 

ensure correct and constant 

contact stress of 3.54 MPa 

(ASTM F732) 
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determined gravimetrically after each test period. The progressive gravimetric wear of 

pins tested was converted to volumetric values (using a density of 8.276 mg/mm
3
). The 

wear volume V was calculated as: 

                                                               
     

 
                                                            (5.1) 

where Mloss is the measured weight loss (g) and ρ is the density of the pin. 

5.3 Results and discussions 

5.3.1. Burnishing force  

The measured radial direction burnishing force is shown in Figure 5.3. The 

cryogenic burnishing approach has slightly higher forces when compared to those 

generated in dry burnishing. In the current study, liquid nitrogen was applied on the tool 

flank side towards the workpiece surface; it has a tendency to precool the workpiece and 

increase the hardness of the workpiece material. As the material study on cryogenic 

machining shows, when the temperature is lower the workpiece material becomes harder, 

and in turn, the burnishing forces increase (Zhao and Hong 1992). The increased 

ploughing effect (i.e., larger burnishing forces) should be desirable for the occurrence of 

strain-induced grain refinement in Co-Cr-Mo alloys (Yamanaka et al. 2009) since more 

SPD effect will be introduced to the burnished surface and sub-surface. 
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Figure 5.3: Measured radial force comparisons under different burnishing conditions. 

5.3.2. Wear volume 

The nature of the wear phenomenon is extremely complex since it involves many 

mechanisms and influencing factors. An accurate and thorough understanding and 

estimation of the results is possible only when all the factors are correctly considered and 

combined. In this study, worn surfaces were generated under two-dimensional sliding 

wear by means of a laboratory pin-on-disk method, and therefore, all known major wear 

mechanisms may act at the same time (DIN50320. 1979). In order to find a close 

correlation between the surface integrity properties and the wear performance, the acting 

wear mechanisms and the failure sequence have to be known (Zum Gahr 1987). In doing 

so, one should distinguish between mechanisms which are predominantly of mechanical 

nature (surface fatigue, abrasion) and mechanisms which are of combined chemical and 

mechanical nature (adhesion, tribochemical reactions) (Czichos 1986).  

The measured progressive wear volume losses of Co-Cr-Mo pins as a function of 

the sliding distance are shown in Figure 5.4. It can be observed that significant wear 

volume differences were generated during wear tests for pins that had previously 

subjected to different burnishing conditions. The pin from cryogenic burnishing with 
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0.127 mm DoP possessed the least wear volume loss. In contrast, the initial pin without 

any prior processing showed the most severe wear volume loss, and the remaining pins 

that had been prepared using other burnishing conditions showed intermediate volume 

losses. The possible causes for the wear volume differences are discussed in the 

following sections. 

 

Figure 5.4: Wear volume losses of Co-Cr-Mo pins as a function of sliding distance. 

Velocity 50 mm/s, contact stress 3.54 MPa, new born calf solutions (pin-on-disk). 

5.3.3. Wear appearance 

The acting wear mechanisms are defined by means of their wear appearances. To 

investigate the topographic morphologies of the worn pin surfaces, topographic maps of 

each worn pin surface with the same size (3 mm × 4 mm) were obtained using the Zygo 

NewView 7000 white light interferometric measurement system. Figure 5.5 shows the 

typical images of the worn pin surfaces. It can be observed that even though wear scars 

were developed during the wear tests on all the pin surfaces, different burnishing 

conditions led to very different severities of wear. After wear tests, the initial pin (Figure 

5.5 (a)) shows the most severe signs of wear with dense wear scars covered all over the 
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measured surface area. In contrast, the pin from cryogenic burnishing with 0.127 mm 

DoP (Figure 5.5 (c)) shows a smoother surface with the fewest amount of wear scars. The 

observations are consistent with the wear volume losses of the two conditions shown in 

Figure 5.4. However, it is difficult to compare the wear performance of the pins from the 

other conditions due to the similar topographic maps shown in Figure 5.5 (b), (d) and (e). 

Further investigations were conducted to evaluate the wear performance of the pins from 

all the conditions. 

 

(a) 
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Figure 5.5: Topographic maps of worn pin surfaces: (a) initial, (b) dry, 0.127 mm DoP, (c) 

cryogenic, 0.127 mm DoP, (d) dry, 0.254 mm DoP, (e) cryogenic, 0.254 mm DoP. 

Cryogenic, 0.254 mm DoP 

(e) 
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The depth profiles along the line AB shown in Figure 5.5 are presented in Figure 

5.6. The profiles were taken along the lines where the most severe wear presented. The 

profiles in Figure 5.6 (a) and (b) all show that the wear scars on the cryogenically 

burnished samples are much deeper and more severe than the ones from dry burnishing. 

However, the profiles in Figure 5.6 (c) shows that surface peaks and valleys due to wear 

on the two cryogenically burnished samples are very similar to each other. Note the 

different units used on horizontal (mm) and vertical (µm) axes; the profile shapes do not 

represent the real shapes of the wear tracks. 
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Figure 5.6: Wear depth profiles along line AB, (a) dry vs. cryogenic (0.127 mm DoP), (b) 

dry vs. cryogenic (0.254 mm DoP), (c) cryogenic, 0.127 mm DoP vs. cryogenic, 0.254 

mm DoP 

To quantitatively investigate the surface characteristics of the worn pin surfaces, 

an average surface roughness (Ra) value was measured for each pin sample. On each 

sample surface, six small surfaces with the size of 2 mm × 2 mm were measured and the 

obtained roughness values for each small area were averaged to yield the overall Ra 

values shown in Figure 5.7. In comparison with the worn pins surfaces, the surface 

roughness of the worn disk surfaces corresponding to the pins with the highest volume 

loss (initial) and the lowest volume loss (cryogenic, 0.127 mm) was measured, the results 

were shown in Figure 5.7. It is apparent that, in general, cryogenically burnished pins 

gave lower Ra values compared to the ones from dry burnishing. Consistent with the 

topographic observations shown in Figure 5.5, cryogenic burnishing with 0.127 mm DoP 

gives the lowest Ra value, and the initial pin has the highest surface roughness. Moreover, 

it can be found that the ranking for the surface roughness values of all the pins studied 

are: Initial > Dry, 0.254 mm DoP > Dry, 0.127 mm DoP > Cryogenic, 0.254 mm DoP > 

Cryogenic, 0.127 mm DoP. 

(c) 
B A 
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In contrast to the Ra values of the worn pins, the surface roughness of the two 

disks after wear tests showed an insignificant difference, despite that their corresponding 

pins had very different Ra values. This is likely due to the biaxial motion between the pin 

and the disk during the pin-on-disk wear test. During the test, the pin was beneath the 

disk and the whole surface of the pin was in contact with the disk throughout the entire 

testing period; on the other hand, the disk surface is much larger than the pin surface, 

which makes every single spot on the disk in discontinuous contact with the pin. In 

addition, the upside-down design of the wear test device makes the wear debris fall off 

the disk surface easily and reduces the happening of third-body wear. Thus, for each spot 

of area on the disk surface which equals to the size of the pin head, the wearing time each 

single spot experienced was much shorter than the pin, which eventually led to the better 

overall surface roughness of the disk compared to the pins. 

Surface profile curve studies have revealed that wear volume loss correlates with 

surface finish. As mentioned earlier, the surface roughness of all the pins and disk before 

the wear test were made to have the same values (Ra = 0.05 µm) in order to eliminate 

roughness effect. However, it can be observed that after wear tests, the roughness values 

were very different. The different wear resistance of the pins is likely due to the 

burnishing induced surface integrity modifications in the surface layer, which will be 

carefully studied in the following sections.  
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Figure 5.7: Measured surface roughness (Ra) of worn pins and disk 

In addition to the surface roughness values, the wear-induced surface damage was 

evaluated in terms of the worn area percentage and the wear depth distribution. As shown 

in Figure 5.8, the percentages of the worn area and the wear depth distribution on the 

measured pin surfaces were obtained from the Zygo measurement data. It should be noted 

that the worn area percentage values were obtained based on the same surface size as 

shown in Figure 5.5 for each condition; in contrast, the 100% values for the wear depth 

distributions were different for each pins, the comparison was just for the percentage but 

not the actual amount. The surface roughness value reflects well the wear amount and can 

be considered as the denominator of the depth distribution values. 

Consistent with the observations from Figure 5.5 and Figure 5.7, the 

cryogenically burnished pins in general had less wear areas than the dry and initial pins 

(Figure 5.8 (a)). The pin from cryogenic burnishing with 0.127 mm DoP gave the lowest 

worn area value which once again confirmed its best wear performance. The wear depth 

distribution also represents the severity of the surface damage due to wear. Due to the 
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fact most of the damage starts from the surface in contact, superior surface properties 

often reduce the surface damage as well as the propagation of the damage in the 

subsurface region. Thus, the depth distribution of the worn area is a good representative 

of the surface conditions. As shown in Figure 5.8 (b), the majority of the wear depth for 

all the pins investigated was within 5 µm deep. More specifically, for the cryogenically 

burnished pin with 0.127 mm DoP, more than 70% of the wear depth was distributed in 

the range less than 1 µm. In contrast, large amount of the wear depth for the pin from dry 

burnishing with 0.254 mm DoP fell into the range from 2 to 7 µm, relating this with its 

high surface roughness value, suggesting more severe damage occurred in the subsurface 

region. 

 

(a) 

(c) 
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Figure 5.8: (a) Worn pin surface areas comparison, (b) worn pin surface wear depth 

distribution 

5.3.4. Wear surface and wear debris analysis 

Based on medical motivations, it is worthwhile to investigate the reasons for these 

particles which are generated during the wearing process. In doing so, one should attempt 

to distinguish between mechanisms which are predominantly of a mechanical nature 

(surface fatigue, abrasion) and mechanisms which are chemical and mechanical nature 

(adhesion, tribochemical reactions) (Czichos 1986). An analysis of the resultant wear 

debris by SEM and EDS was made to investigate the tribological response of the pin 

surfaces. SEM pictures of the typical wear tracks on the worn surfaces are shown in 

Figure 5.9; with respect to the wear appearances, signs of abrasive wear (Figure 5.9 (a)), 

adhesive wear (Figure 5.9 (d)) and surface cracks due to fatigue (Figure 5.9 (b) (c)) were 

detected on all worn pin surfaces, suggesting that the wear mechanisms involved are very 

similar in all the conditions investigated. In particular, the morphology of the resultant 

(b) 
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wear debris indicates that some plastic deformation would be present under the wear 

conditions employed (metal-metal pin-on-disk).  

 

 
Figure 5.9: SEM micrographs of typical surface wear tracks 

Figure 5.10 shows the results from the energy-dispersive X-ray spectroscopy 

(EDS) measurements on the wear debris from the initial, cryogenically burnished pins 

with 0.127 mm DoP and dry burnished pins with 0.254 mm DoP respectively. Significant 

levels of oxide debris were detected amongst the metallic debris. It was found that the 

wear debris consisted mainly of metallic particles combined with high amount of oxides. 

The presence of metallic debris (and not only oxides) suggests that during the test, the 

(c) embedded debris and pitting (d) surface pitting (adhesion/fatigue) 

10 µm 10 µm 

(a) embedded debris (abrasive wear) (b) surface crack (fatigue) 

10 µm 10 µm 
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metallic surfaces were contacting each other. Moreover, no difference on chemical 

composition was detected on the three conditions by the EDS method.  

 

 

 

Figure 5.10: EDS results of wear debris from pin-on-disk wear tests: (a) initial, (b) 

cryogenic, 0.127 mm DoP, (c) dry, 0.254 mm DoP 

The metallic debris particles (Figure 5.11) were collected at the end of the wear 

test – the size range for these particles was anywhere between 20 nm to 30 μm. The 

Dry, 0.254 mm DoP 

 (c) 

Cryogenic, 0.127 mm DoP 

(b) 

Initial 

(a) 
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bright appearance around the edge of the debris was caused by the charging of electrons 

due to the poor conductivity of the metal oxides. 

 

 

Figure 5.11: SEM micrographs of wear debris: (a) cryogenic, 0.127 mm DoP, (b) dry, 

0.254 mm DoP 

Starting with smooth polished surfaces, the contact area is governed by cyclic 

local stresses which scatter theoretically between 3.54 MPa and 11 GPa (Wimmer et al. 

20 µm Dry, 0.254 mm DoP 

(b) 

200 µm Cryogenic, 0.127 mm DoP 

(a) 



152 

2001) depending on the contact of the solid constituents. In the current study, the low 

carbon alloys provide fairly smooth surfaces, which reduce the probability of high 

medium or flash temperatures due to the direct carbide/carbide contact. Even with high 

carbon Co-Cr-Mo alloys, where the contact area may be much smaller due to protruding 

carbides, a mean temperature increase of only T = 60 K was calculated using an 

approach by Wimmer et al. (2001). Thus, mainly mechanically dominated effects must 

lead to the wear/debris generation of the Co-Cr-Mo pins. 

We consider that the used solution does not bear mechanical contact stresses 

under this low relative speed and high normal force, if carbides are in contact with 

themselves or with the matrix. In carbide/carbide contact, the local pressure may become 

higher than their hardness, which is physically difficult. Thus, the maximum possible 

local pressure is limited to 11 GPa, above this value protruding carbides are fractured or 

pressed into the metal matrix to achieve a mechanically balanced situation between the 

remaining matrix and carbide contact spots. A direct metal-metal contact would be 

possible in areas of high plastic deformation, and a metal-oxide/metal-oxide contact in 

areas of low plastic deformation. The oxides might spall off the surfaces by surface 

fatigue resulting in wear particles of compacted metal-oxides (Saleski et al. 1983; 

Sullivan 1987). This type of surface fatigue can bring about two different routes of 

failure. One follows the assumption that an oxide layer is generated by tribochemical 

reactions and spalls off when reaching a critical thickness (Lee and Eliezer 1984). The 

other involves a wear particle that is generated by cyclic contact stresses that are so small 

that the particle oxidizes instantaneously when torn-off from the surface in order to reach 

a state of reduced free energy (Saleski et al. 1983). In both cases wear particles were 
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found, which have an oxide layer just at the surface or which are completely oxidized. On 

a Co-Cr-Mo solid solution most likely Cr-oxides are generated together with metal-

hydroxides. During the time span in which the metal surface is not covered by a 

repassivation layer shortly after being scratched or torn off all metal ions are dissolved by 

corrosion. Thus, very often the metal ions in the fluid just represent the chemical 

composition of the materials tested. These indirect testing methods, therefore, do not 

bring about a coherent view of what happens in the single contact spots and have to be 

taken very critically. 

Oxidized metal wear debris is found after in vivo as well as in vitro tests from 

literature (Anissian et al. 1999; Doorn et al. 1998), as well as current results. One can 

assume that metallic or oxide particles are torn off the surfaces and act afterwards as 

interfacial media. This leads to more abrasion or surface fatigue depending on whether 

the particles stick to one surface and scratch the other or act as rolling particles bringing 

about indentations (Fischer 1996). Both mechanisms can act at the same time if the 

normal loads are predominantly carried by these particles. The effect of the much harder, 

torn off carbide fragments on the wear behavior is even more distinct. Again, small 

particles become loose and slide or roll between the contacting surfaces resulting in 

surface fatigue by indentation. The bigger particles, with a size exceeding the gap 

between the contacting bodies, become embedded within one of the bodies and scratch 

the counter-face resulting in abrasion.  

The question raised is what the initiating mechanism is? With respect to the wear 

appearances observed in this tribosystem, one can assume that even if the first particles 

are generated by tribo-oxidation, the most effective will be those, which are generated by 
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surface fatigue leading to fractured or torn-off carbides (Figure 5.9 (b) and (d)). The load 

is then carried by a very small number of contact points under high mechanical stress 

leading to additional abrasion and surface fatigue. Both bring about loss of material and a 

steady removal of existing passive layers followed by repassivation. This claim is directly 

supported by the study by Wimmer et al. (2001) on the acting wear mechanisms on 

metal-on-metal hip joint bearings. Putting all these observations together, the stationary 

tribological behavior of this tribosystem can be attributed to a balance between 

mechanically acting mechanisms (abrasion and surface fatigue) and chemically and 

mechanically driven tribochemical reactions. 

5.3.5. Microstructure before wear test 

The material microstructure near the surface before burnishing is shown in Figure 

5.12 (a). The grain boundaries are clearly visible near the surface with an average grain 

size of 80 ± 30 µm. Figure 5.12 (b) and (c) give the microstructures of the surface regions 

produced using cryogenic burnishing with 0.127 mm DoP and 0.254 mm DoP 

respectively. It can be observed that adjacent to the burnished surface, especially for the 

cryogenically burnished pin with 0.254 mm DoP (Figure 5.12 (c)), a layer exists where 

the grain boundaries are not optically discernable under the current observation method. 

By using similar scales and measuring technique, this refined layer with indiscernible 

grain boundaries was also reported in other materials after burnishing (Li et al. 2008; 

Nalla et al. 2003). The burnishing-influenced layer is defined as a layer where the 

microstructure shows the features of recrystallized grains, elongated subgrains, and/or 

grains with heavy twinnings and stacking-faults (Wu et al. 2005). The results also 

indicate that increasing the DoP from 0.127 mm to 0.254 mm under cryogenic conditions 
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lead to more severe plastic deformation and a thicker process-influenced layer due to the 

much higher burnishing force (Figure 5.3) and effective cryogenic cooling. 

 

Figure 5.12: Microstructure near the surface: (a) initial, (b) cryogenic burnishing, 0.127 

mm DoP, (c) cryogenic burnishing, 0.254 mm DoP (note that the square marks on Figure 

5.12 (b) were from the Vickers hardness measurements) 

It is reported that on the machined surface of AISI 52100 steel (Jayal et al. 2010), 

significant grain refinement to the nanocrystalline level was found due to SPD induced 

DRX. The formation of the refined layers from burnishing (Figure 5.12 (b) and (c)) was 

similar to the ―white layers‖ generated during machining. In addition to machining, 

surface mechanical attrition treatment (SMAT) was also claimed to create such surface 

layers on pure Ti and Cu, the grain sizes in the layers were found to be in the range of 50-

250 nm (Li et al. 2008; Zhu et al. 2004). Many evidences show that SPD induced nano-

sized/ultrafine grained materials possess appealing properties compared with their coarse-

grained counterparts. A study from Iglesias et al. showed that wear rates of 

200 µm 200 µm 

(a) (b) 

A 

B 

(c) 

d ≈100 µm 

d ≈ 200 µm 

200 µm 



156 

nanostructured copper and titanium produced by large strain extrusion machining are 

significantly lower than that of their coarse-grained counterparts (Iglesias et al. 2007). 

Nanocrystalline surface layers generated by SPD process on Cu, steels and Mg alloy 

showed improved sliding wear behaviors compared to the untreated alloys (Shi and Han 

2008). The detailed microstructural evolution of this Co-Cr-Mo alloy after burnishing 

with 0.254 mm DoP was further studied. As shown in Figure 5.13 (a), a featureless layer 

where no grain structure and grain boundaries can be clearly identified using the current 

observation method. The disappearance of grain boundaries in Figure 5.13 (a) is likely 

caused by the formation of nano/ultrafine grains through SPD-burnishing induced DRX. 

Nano/ultrafine grain structures have been reported frequently on Co-Cr-Mo alloys 

through SPD induced DRX in various processes, such as hot compression deformation 

(Kurosu et al. 2010a; Yamanaka et al. 2009) and combustion synthesis (Li et al. 2003). 

They are also reported in hip implants (Buscher and Fischer 2005). They develop as wear 

progresses in the body. In layer B (Figure 5.13 (b)), grain boundaries gradually became 

clear as the depth from the burnished surface increases, the grains in this layer also 

showed elongated subgrains. It was reported that the volume fraction of dynamically 

recrystallized grains increased with strain in a sigmoidal scheme (Fatemi-Varzaneh et al. 

2007). Since the strain induced by burnishing decreases with distance from the surface to 

the bulk material, it is expected that the density of ultrafine grains decreases with 

increasing depth. Similar findings were reported by (Wu et al. 2005). After SMAT 

processing of cobalt, a microstructural evolution in the deformed surface layer was 

observed. Recrystallized nano-grains, elongated subgrains, grains with heavy twinnings, 
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and equiaxed bulk grains with stacking-faults were observed sequentially, from the depth 

of 15 μm to 180 μm. This is very similar to the present investigation. 

 

 

Figure 5.13: Typical microstructures after cryogenic burnishing (0.254 mm DoP): (a) 

layer A in Figure 5.12 (c) (0 ~ 100 µm), (b) layer B in Figure 5.12 (c) (100 ~ 200 µm). 

Thus, it is expected that smaller grain size should be the result of DRX when the 

processing temperature is low. This claim has been proved in a previous study (Yang et 

(b) 

50 µm Layer B in Figure 5.12 (c) 

50 µm 

(a) 

Layer A in Figure 5.12 (c) 



158 

al. 2011), by using the otherwise same conditions, smaller grain size was achieved by 

cryogenic burnishing, remarkable grain refinement occurred due to the SPD-induced 

DRX and effective liquid nitrogen cooling. 

5.3.6. Microstructure after wear test 

Very fine grains in the nm range were reported on cobalt base alloys from the in 

vitro as well as in vivo wear test which is attributed to the DRX-induced grain refinement 

during wear process (Buscher and Fischer 2005). Due to the fact that wear particles are 

produced by different ways of crack initiation and propagation depending on the acting 

wear mechanism, microstructure analysis on the pins after wear tests was performed to 

investigate the surface and subsurface deformation mechanisms of the pins made using 

different burnishing conditions. Figure 5.14 gives the typical cross-sectional 

microstructures of the Co-Cr-Mo pins after wear tests respectively; in particular, Figure 

5.14 (a) an (b) also correspond to the burnished pins with the most wear loss (dry, 0.254 

mm DoP) and the least wear loss (cryogenic, 0.127 mm DoP). It is evident from Figure 

5.14 (a) that, within the surface layers of the dry burnished pin, surface and subsurface 

cracks are developed during wear, which may eventually break away from the surface 

and become wear debris. In contrast, as shown Figure 5.14 (b) and (c), the cross-sectional 

microstructures of the cryogenically burnished pin after wear test have fewer cracks 

compared to the one from dry burnishing (Figure 5.14 (a)), this is likely due to the 

gradient of the microstructure changes from the surface towards the bulk material, no 

instabilities occur which would represent eventual sites for crack initiation. Thus 

tribologically induced fatigue crack initiation and propagation is shifted towards the top 

surface, which suggests that the cryogenically burnished pins possess stronger resistance 
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to the adhesion and surface fatigue induced wear debris generation. In addition, a thin 

layer (< 2 µm) at the top surface with indiscernible grain boundaries was observed within 

the initial pin after wear. More information on the pin microstructure and its changes 

during wear tests is presented later in this chapter when phase changes are reported. 

 

 
200 µm Cryogenic, 0.127 mm DoP 

(b) 

200 µm Dry, 0.254 mm DoP 

(a) 
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Figure 5.14: Microstructure of the surface after wear tests: (a) dry burnishing, 0.254 mm 

DoP, (b) cryogenic burnishing, 0.127 mm DoP, (c) cryogenic burnishing, 0.254 mm DoP, 

(d) initial. Other conditions are given in Table 5.1. 

200 µm Initial 

(d) 

200 µm Cryogenic, 0.254 mm DoP 

(c) 
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5.3.7. Surface and subsurface microhardness 

Hardness is a materials resistance to localized plastic deformation and is directly 

related to the wear resistance. The subsurface hardness profiles of the pins made using 

selected burnishing conditions are shown in Figure 5.15 (a) and (b). The average value of 

the measured microhardness of the virgin disk is 330 ± 20 HV. As a general trend, the 

hardness decreases significantly with the distance below the surface, which coincided 

with the microstructural changes observed in these samples. Closer to the surface the 

hardness might even be greater, but this cannot be measured by such microhardness 

techniques. Based on the well-known Hall-Petch relationship between yield stress and 

grain size as well as the close interrelations among hardness, yield stress, and residual 

stresses, high hardness values often indicate fine grain size and large residual stresses. As 

shown in Figure 5.15 (a), it is clearly visible that cryogenic burnishing led to greater 

hardness values and a deeper burnishing influenced layer than the ones from dry 

burnishing, this is likely caused by the higher temperature within the tool-workpiece 

contact zone which reduces the SPD effect as well as the higher temperature outside the 

tool-workpiece contact zone which prompts the dynamic recovery process during dry 

burnishing. The application of liquid nitrogen on the flank side of the tool-workpiece 

contact region effectively suppressed the temperature rise during and after burnishing and 

helped retain the SPD effects from processing.  

It is also found that cryogenic burnishing with larger DoP did not lead to a higher 

surface hardness (Figure 5.15 (b)). This is likely due to the higher amount of hexagonal 

close packed (hcp) phase in the cryogenically burnished pin with 0.127 mm DoP. It has 

been reported that as the volume fraction of hcp phase in the Co-Cr-Mo alloy increases, 
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the hardness also increases (Saldivar-Garcia and Lopez 2005). The surface hardness 

values (HVsurface/HVinitial) of all the pins before and after wear tests are shown in Figure 

5.15 (c). Compared to the initial pin hardness, an increase of up to 140% was achieved 

using cryogenic burnishing. It should be noticed that the improved pin-on-disk wear 

behavior in pins with hcp phase structures is not directly related to the hardness 

differences between contacting surfaces. Relating the results shown in Figure 5.4, Figure 

5.15 (c) and Figure 5.17, it can be observed that with similar hardness values, the wear 

volume losses are lower in pins with higher fraction of the hcp phase.  

The strain-induced hardening of the subsurface is achieved by several 

microstructural effects, which act simultaneously. Generally, blocking and subsequent 

accumulation of dislocation tangling lead to an increase in hardness. Blocking can be 

obtained from plastic deformation by either increasing the grain boundary density or 

creating other lattice defects which also hinder the movement of dislocations. In 

particular, stacking faults and their intersections are known to distinctly increase the 

material strength by piling up dislocations (Lu et al. 1997). Mainly at elevated 

temperatures these intersections may be passed by dislocations to achieve a relaxation of 

the lattice (Lu et al. 1999). However, this form of work-hardening is even limited at room 

temperature since the stacking fault density is increased with increased work-hardening 

which in turn hinders the formation of new stacking faults (Huang and Lopez 1999). In 

addition to stacking faults, strain-induced phase transformations into hcp strucutres 

further contribute to this hardening effect. It should be mentioned that the hardening 

effect of strain-induced ε-martensite is similar to that of stacking faults and differs from 

that of α-martensite in steels. Referring to the tribological behavior of a nanocrystalline 
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surface, the increase in hardness due to grain rotation and sliding should be beneficial. A 

high hardness reduces the effect of three body abrasion by increasing the resistance 

against surface fatigue by indentation. 

 

 

(b) 

(a) 
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Figure 5.15: Hardness variation before wear test: (a) and (b) subsurface hardness profiles 

for selected burnishing conditions, (c) HVsurface / HVinitial values 

The subsurface hardness profiles of the selected pins before and after wear tests 

are shown in Figure 5.16. As shown in Figure 5.16 (a), it can be observed that compared 

to the initial pin before wear which shows little hardness variation along the depth, a 

significant hardness increase close to the surface was developed during wear tests, 

starting from the microhardness of the unworn material of 330 HV the hardness increases 

up to 590 HV at 11 µm.; the hardness profile of the worn initial pin is very similar to the 

ones from burnishing, which confirms that plastic deformation was present during wear. 

Similar results were reported from in vivo and in vitro wear studies of this Co-Cr-Mo 

alloy by Buscher and Fischer (2005), the changes in hardness were attributed to be a 

result of the wear-induced changes of the subsurface microstructure. In contrast to the 

hardness increase observed in the initial pin after the wear test, the pins from burnishing 

all show reduced hardness along the depth, moreover, the hardness after wear evolves 

into all having similar values, despite the very different values before wear. Due to the 

aggressive wear conditions used in current study, it is very likely that the burnishing 

 

(c) 
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induced property modifications have been used up during wear, and the similar resulting 

hardness profiles for the initial and burnished pins also indicate that the plastic 

deformation induced work-hardening as well as material loss due to wear are occurring 

concurrently during the pin-on-disk wear test.  

 

 

(b) 

(a) 
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Figure 5.16: Hardness variation before and after wear test: (a) initial, (b) cryogenic, 0.127 

mm DoP, (c) dry, 0.127 mm DoP. 

5.3.8. Phase change 

In the current study, the effect of different burnishing conditions on phase 

transformations of the Co-Cr-Mo alloy before and after wear tests was studied. Figure 

Figure 5.17 shows the detailed XRD 2θ scan profiles from 39
o
 to 70

o 
of the burnished 

pins before wear tests. Phases of the annealed Co-Cr-Mo specimen before burnishing 

were analyzed (Figure 5.17 (a)); it was found that the initial specimen (after annealing 

and without any following processing) had both fcc (111)γ and hcp (0002)ε phases 

initially in the surface. In contrast, the XRD patterns obtained from dry and cryogenic 

burnishing with 0.254 mm DoP consist mainly of fcc (111)γ phase, and the ones from dry 

and cryogenic burnishing with 0.127 mm DoP show a combination of fcc (111)γ and hcp 

(    )ε phases. It is reported that slow cooling after thermal treatment inhibited the 

metastable fcc => hcp phase transformation. In contrast, a fast cooling rate after solution 

annealing and a controlled grain size range promoted phase transformation during 

(c) 
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deformation (Salinas-Rodrfguez 1999). The strain-induced fcc => hcp phase 

transformation plays an important role during large strain plastic deformation of low 

carbon Co-Cr-Mo implant alloys. The microstructures and the strain hardening behavior 

observed indicate that the dynamic formation of the hcp phase acts as a soft strain 

producing mechanism at low stresses and causes a rapid decrease in the strain hardening 

rate. As the flow stress increases, the rate of decrease of the strain hardening rate 

decreases gradually leading to regime of constant hardening rate that starts at a stress that 

depends on the initial grain size and deformation mode. This behavior implies that the 

larger strain hardening rate required to maintain uniform flow at high stresses can be 

attributed to the static hardening contribution of the dynamically formed hcp phase.  

From the above, it can be stated that the lower processing temperature and the 

faster cooling rate due to the application of liquid nitrogen promote the fcc => hcp 

transformation during and after burnishing, moreover, it also suggests that larger DoP 

could lead to more severe plastic deformation which should promote the fcc => hcp 

transformation. However, in competition with this is the effect of the higher processing 

temperature which would compromise the happening of this transformation. Referring to 

the findings from Chapter 4, it can be concluded that the strain-induced phase 

transformation of Co-Cr-Mo alloy is concurrently influenced by strain, strain-rate and 

temperature during processing. The relationships of the strain, strain-rate and temperature 

on the strain-induced fcc => hcp transformation of the Co-Cr-Mo alloy is still unclear, 

further studies on this matter are needed for the better control of the process induced 

property modifications.  
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Figure 5.17: XRD spectra on the burnished surface from different burnishing conditions 

As shown in Figure 5.4 (the wear volume losses in pins as a function of the 

sliding distance), for burnished pins, the one with highest amount of hcp phase structures 

exhibited the lowest volume losses (cryogenic, 0.127 mm DoP), and the pins with 

intermediate wear resistance consisted of a reduced hcp amount. The wear volume losses 

increase with reducing hcp amount, the highest volume loss corresponds to the pin with 

pure fcc phase structure (dry, 0.254 mm DoP), which indicates that the hcp structure 

improves the wear resistance of this Co-Cr-Mo alloy in metal-metal wear tests. It should 

be noticed from Figure 5.18 that the phase structures of the worn pin surfaces all evolved 

into similar fcc + hcp phase structures during wear tests, regardless of the different 

original phase structures of the pins. This fcc + hcp phase structure is likely to be a more 

stable, stronger and more wear resistant crystallographic structure, which is a possible 

reason for the very different wear rates of the ―run-in‖ and ―steady-state‖ periods which 

is observed in many of the joint implants. During the first few hundred cycles of loading 

(the ―run-in‖ period), a significant level of wear is observed. Afterward, a lower yet 

111γ 
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measurable steady-state wear level is observed compared to the run-in period (Cuckler 

2005; Silva et al. 2005). 

Among the most comprehensive work carried out on the sliding wear of cobalt-

base alloys was that by (Buckley 1968), who compared the sliding wear of cobalt with 

that of copper. Low friction and adhesion levels were noted for the cobalt, which was 

attributed to its hcp structure, compared to the copper’s fcc structure. During sliding, 

friction with cobalt was noted to remain at a low, steady value, whilst that of copper was 

observed to rise with increased sliding distance. A similar pattern was observed in the 

values of adhesion measured before and after testing. The difference between the sliding 

behavior of metals in hcp phase and fcc phase were attributed to the greater number of 

active slip systems available in the fcc structure. There are twelve primary slip systems 

within a typical fcc metal, which are all crystallographically similar. In comparison, there 

are only three primary slip systems in cobalt, these being based on the planes with 

greatest atomic density and with greatest distance between planes. Hcp materials are thus 

less deformable, at a given load, due to the more difficult cross slip between planes. In 

addition, recrystallization under more extreme conditions (e.g., temperature, strain) and 

alignment of this plane in grains at the sliding surface allow for regions of extended easy 

glide and thus lead to reduced shear needed to overcome junction formation during 

sliding, hence the friction and adhesion values are lower. With fcc metals, strain of 

adhered or welded junctions will result in increased shear stress due to work hardening. 

This work hardening is a result of the interaction of slip planes and slip plane dislocations 

forming barriers to other dislocation slip plane movement and thus a greater stress is 

needed to overcome these barriers. In another study, it is found that at temperatures 
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between room temperature and 300 
o
C, a cobalt-base alloy, Stellite 31, undergoes a much 

lower level of wear compared to various nickel- and iron-based alloys, which is also 

attributed to the fewer number of slip planes in the hcp structure of cobalt (Stoot et al. 

1977). 

In addition, an increase of the interfacial free energy would result in a reduction 

of the friction coefficient due to the reduction of the work of adhesion at the interface. 

Moreover, increasing the interfacial free energy would also improve the hydrophilic 

characteristics of the interface and would also increase its ability to retain a film of liquid 

lubricant (Buckley 1968). Improved lubrication conditions at the interface decrease the 

interfacial shear stress and would cause a further reduction of the friction coefficient. 

However, further experimental work on the wear behavior is needed to substantiate 

quantitatively the arguments put forward in the present study. 
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Figure 5.18: XRD spectra on the pin surface before and after wear tests 

Quantitative analyses of the relative volume fractions of fcc-γ and hcp-ε phases 

were calculated as (Sage and Guillaud 1950): 

                                                             
 

   
 

        

          
                                                    (5. 2) 

where   is the volume fraction of γ phase and I(111)γ and I(     )ε are the integrated 

intensities of the (111)γ and (     )ε peaks, respectively. The results are shown in Figure 

5.19. The initial pin has almost no (     )ε hcp structure on the surface. In contrast, 

significant amount of (     )ε hcp structure was introduced to the pins from dry and 

cryogenic burnishing with 0.127 mm DoP. The dry and cryogenically burnished pins with 

0.254 mm DoP show lower hcp amount.  

From the results presented above, it is clear that pins with different amounts of 

hcp phase have different wear tendencies. As discussed in section 5.3.6, with similar 

hardness values, the wear volume losses are lower in pins with higher amount of hcp 

phase. (Crook and Li 1983) also attributed the superior wear performance of the cobalt-

(e) 

 

111γ 
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chromium alloys to the tendency of undergoing phase changes from fcc form to the hcp 

form, which as discussed earlier is less prone to occur due to a smaller number of 

available slip planes. It is apparent that the wear behavior of hcp structures has a better 

tribological response than the one corresponding to fcc structures. Accordingly, the wear 

properties of the fcc alloys can be improved in Co-base alloys through the fcc => hcp 

transformation. This, in turn, can be used for the development of biomedical devices with 

superior tribological properties. 

 

 
Figure 5.19: (a) Relative volume fraction of hcp phase after burnishing; (b) relative 

volume fraction of hcp phase before and after wear test for initial and cryogenically 

burnished pins. 

(b) 

 

(a) 
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Figure 5.20 shows the effect of the hcp volume fraction on the wear volume loss. 

It can be observed that if the improved wear performance of the pins was dictated by hcp 

phase only, the tendency would be linear regardless of the other surface integrity 

properties investigated. It has been reported that microstructure and residual stresses also 

have significant influences on the wear resistance and fatigue performance of many 

metallic materials (Iglesias et al. 2007; Sasahara 2005; Shi and Han 2008). Thus, it can be 

stated that phase structure is an important influencing, but not the only, factor 

contributing to the wear performance of the Co-Cr-Mo alloy, microstructure and residual 

stresses are decisive to the performance of this Co-Cr-Mo alloy. The effect of residual 

stresses on the wear performance of this alloy will be discussed later to validate this 

statement.  

 

Figure 5.20: Relative volume fractions of hcp phase vs. wear volume losses. 
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5.3.9. Residual stresses before wear tests 

The reliability of a mechanical component depends to a large extent on the 

physical state of its surface layers. This physical state includes the distribution of residual 

stresses induced in the surface layers during the manufacturing processes. The nature of 

the residual stresses (compressive or tensile) will enhance or impair the ability of a 

component to withstand fatigue, creep, stress, corrosion cracking, etc. Residual stresses 

can have a detrimental effect on structural integrity and are an important consideration in 

failure assessment of all structures. 

Figure 5.21 shows the surface residual stresses for all the pin samples in the 

tangential and axial directions. As shown in Figure 5.21, the initial surface residual 

stresses in both directions were very small compared to the other ones measured after 

burnishing.  

 

Figure 5.21: Surface residual stresses before wear tests 

In addition to the surface residual stresses, the depth distribution of the residual 

stresses along the sub-surface is sometimes more important to the component 

performance, high stress gradient along the sub-surface is found to result in heavily worn 
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surfaces in alumina hip joints (Pezzotti et al. 2012). Greater compressive depth with 

larger compressive values along the sub-surface is claimed to be desirable to the 

functional performance of many materials (James et al. 2007; Wilson et al. 2009). Figure 

5.22 shows the in-depth residual stresses in the tangential and axial directions (Figure 

5.22 (a)) after burnishing using 0.127 mm DoP under both dry and cryogenic conditions. 

The penetration depth of the compressive residual stresses was extended to greater depth 

(more than 600 μm) along with the peak compressive residual stress was increased by a 

factor of 121% in the tangential direction under cryogenic conditions compared with the 

ones from dry conditions. The penetration depth of the compressive residual stresses in 

the axial direction was similar for both dry and cryogenic conditions, but larger 

compressive values were created along the entire depth during cryogenic burnishing.  

It has been reported that the application of liquid nitrogen could introduce a 

favorable residual stress distribution in the surface layer, which may further improve the 

functional performance of metallic materials. Compared with conventional oil-based 

cooling, (Ben Fredj and Sidhom 2006) found that cryogenic cooling led to about 50% 

reduction of tensile residual stress in the parallel direction of the disc workpiece, and the 

residual stress in the perpendicular direction was reduced to nearly zero from 200 MPa 

tensile, which substantially improved the fatigue life of AISI 304 steel specimens 

subjected to high cycle fatigue loading. (Zurecki 2003) found that the residual stress 

distribution in machined AISI 52100 steel was significantly improved by using cryogenic 

cooling. 
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Figure 5.22: Measured residual stresses after dry and cryogenic burnishing with 0.127 

mm DoP: (a) measurement illustration, (b) tangential direction, (c) axial direction. 

(c) 

(b) 

(a) 
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Figure 5.23: Measured residual stresses after dry and cryogenic burnishing with 0.254 

mm DoP: (a) tangential direction, (b) axial direction. 

Figure 5.24 shows the residual stress distributions after cryogenic burnishing with 

0.127 mm DoP and 0.254 mm DoP in both tangential and axial directions. For the case of 

tangential residual stresses as shown in Figure 5.24 (a), by increasing the DoP from 0.127 

mm to 0.254 mm, the maximum compressive value was created at a distance closer to the 

surface. However, a reduction of 8% on the maximum compressive value and shallower 

(b) 

(a) 
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compressive depth were developed with increased DoP under cryogenic conditions, 

which is likely caused by the increased temperature due to more severe ploughing effects 

and more tool-wear compared to the smaller DoP. In contrast, larger maximum 

compressive residual stress was created in the axial direction from cryogenic burnishing 

with larger DoP (Figure 5.24 (b)), however, cryogenic burnishing with 0.127 mm DoP 

led to still deeper penetration depth of the compressive residual stresses. 

 

 

Figure 5.24: Measured residual stresses after cryogenic burnishing with 0.127 mm DoP 

and 0.254 mm DoP: (a) tangential direction, (b) axial direction. 

(b) 

(a) 
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The compressive area which is the area defined by the compressive portion of the 

residual stress profile and the depth axis has been reported to be an important influencing 

factor on the fatigue life and corrosion performance of different materials (Hashimoto et 

al. 2009; Pu et al. 2012a). Figure 5.25 shows the compressive areas calculated by the 

integration of the residual stress profiles with respect to depth below the burnished 

surface up to 600 µm after burnishing using 0.127 mm and 0.254 mm DoPs under dry 

and cryogenic conditions. It can be observed that, with 0.127 mm DoP, the application of 

liquid nitrogen increased the compressive areas in both directions by a factor of 2 

compared to the ones from dry burnishing. The results suggested that the higher 

temperature due to the heat generation (dry conditions) tends to make the residual 

stresses more tensile, if no proper cooling method was used. It is evident from the results 

reported above that cryogenic cooling could induce large and deep compressive residual 

stresses on the surface, which should further enhance the functional performance of the 

components such as fatigue life and wear/corrosion resistance.  

 

Figure 5.25: Compressive areas of the residual stress profiles from dry and cryogenic 

burnishing with 0.127 mm DoP 
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5.3.10. Residual stresses after wear tests 

Figure 5.26 shows the residual stress distributions of the burnished pins after wear 

tests. It can be observed that for all the tested pin samples, the residual stresses tended to 

be similar with little difference in the worn surfaces, independent of their initial 

distributions before wear, the residual stress build-up in the early stages of wear and the 

initial stress pattern were destroyed. Due to the fact that the residual stresses all tended to 

be similar after wear, it is assumed that there is an optimal residual stress state which will 

be naturally evolved into during wear under certain test conditions. This phenomenon is 

consistent with the hardness distributions after wear tests discussed in section 5.3.6. 

Similar results were reported in the study of the residual stresses that developed during 

the wear of AISI-SAE 1018 and 4340 steels (Ho et al. 1983). It is found that the wear 

process alters any initial stress distribution produced by pre-wear processing to such a 

degree that the wear rate is not affected by these stresses; however, different initial stress 

states could affect the wear performance of those materials significantly which has been 

shown by the results presented above.  
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Figure 5.26: Residual stresses after wear tests for all the burnished pins: (a) tangential 

direction, (b) axial direction. 

5.4 Chapter concluding remarks  

Dry and cryogenic burnishing experiments were conducted on annealed Co-Cr-

Mo pins. The burnished pins were later subjected to pin-on-disk wear tests to explore the 

influence of burnished-induced surface integrity modifications on the wear performance 

of the studied Co-Cr-Mo alloy. These tests are meant to be preliminary ones for 

(b) 

(a) 
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predicting performance as hip implant material. The most important findings from this 

study are summarized below: 

(a) The major wear mechanism was identified as surface fatigue leading to fractured 

or tear-off metallic or oxide particles, which act afterwards as interfacial media. 

This further led to abrasion or surface fatigue depending on whether the particles 

stick to one surface and scratch the other or sometimes act as rolling particles 

bringing about indentations. 

(b) Cryogenic burnishing can significantly improve the wear performance of the Co-

Cr-Mo alloy, which was attributed to the burnishing-induced surface integrity 

enhancements. 

(c) The microstructure of the Co-Cr-Mo alloy can be greatly modified by changing 

the cooling conditions. Grain refinement in the surface region was achieved 

through SPD-induced DRX during burnishing. Strain-induced fcc to hcp phase 

transformation was also observed under certain burnishing and cooling conditions.  

(d) It was found that minimal wear volume losses were achieved in pins with the 

highest hcp amount. In contrast, the highest values of mass losses corresponded to 

fcc pins. Intermediate wear values were found in pins with lower hcp amounts for 

the wear conditions used in this work. Moreover, it was found that the exhibited 

wear volume losses do not follow a single linear trend with the phase structure 

differences. Apparently, the changing phase structure features of the contacting 

surfaces play an important role in the tribological response. Under the wear 

conditions employed (metal-metal pin-on-disk), the dominant mechanism 
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involved some plastic deformation on the contacting surfaces, and included some 

oxidation of the wear debris.  

(e) Cryogenic cooling during burnishing can induce large and deep compressive 

residual stresses on the surface layer, which should further enhance the functional 

performance of the components such as fatigue life and wear/corrosion resistance. 

(f) It is also found that the presence of the hcp structure exceeded the effect of grain 

size on the wear performance of the Co-Cr-Mo alloy. However, the comparison 

between cryogenic and dry burnishing with 0.254 mm DoP showed that when 

there was no hcp structure present in the crystal matrix, the better wear 

performance of the cryogenically burnished pin was likely due to the thicker 

burnishing-induced refinement layer and compressive residual stresses. Thus, it is 

fair to conclude that the surface layer properties in terms of phase structure, 

microstructure and residual stresses were concurrently influencing the pin-on-disk 

wear behavior of this Co-Cr-Mo alloy. Further studies are needed for 

systematically identifying the level of importance of each of these properties on 

the wear performance of the Co-Cr-Mo alloy. 

(g) Finally, based on the above results, it is suggested that future developments in Co-

Cr-Mo hip implants should consider material prototypes that have high hcp phase 

structure, fine-grained microstructure as well as thick compressive residual stress 

layers as these properties tend to exhibit superior wear performance in metal-on-

metal contact. Manufacturing these products can benefit from using cryogenic 

cooling to produce the desired properties. 

 

Copyright © Shu Yang 2012 
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CHAPTER 6: FINITE ELEMENT MODELING OF SURFACE 

INTEGRITY IN BURNISHING 

 

 

6.1 Introduction  

In this chapter, a robust FEM-based model for burnishing of Co-Cr-Mo alloy was 

developed and calibrated using the experimental data obtained in Chapters 3 and 4. A 

new material model was also developed for incorporating flow stress softening, caused 

by DRX, within the commercial DEFORM program. Since DEFORM contains a warning 

against using the program for unstable materials (∂σ/∂ε < 0), this modification also 

requires coupling with the corresponding DRX models of the metallurgical mechanism 

(in this case changing grain size). A user subroutine was developed to predict the DRXed 

grain size and the formation of burnishing-influenced layer based on the DRX 

mechanism. Good agreements between the predicted and measured grain size were 

achieved for certain experimental conditions after using data presented earlier for 

determining several related material parameters. 

6.2 Numerical setup in DEFORM 2D 

The used roller burnishing process is a complex 3-dimensional one. A number of 

assumptions and simplifications had to be made in order to apply the 2-D plane strain 

simulations for this process. Therefore, the first task of this study was to evaluate Yen’s 

2-D basic model (Yen et al. 2005) for burnishing simulations. In doing so, attempts were 

made to reproduce the simulation results from Yen’s model by following the same 

procedure to build and setting up a 2-D burnishing model using the software DEFORM-

2D
TM

.
 
 The predictions were verified by comparing with the data provided in Yen et al. 
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(2005). Based on the results of this evaluation, specific modifications/refinements were 

then implemented in order to improve the model’s applicability to our case.  

As mentioned above, the current study was carried out using the commercial FE 

software DEFORM-2D
TM 

to simulate the burnishing process for Co-Cr-Mo alloy. The 

computational domain of interest for the 2-D burnishing process is shown in Figure 6.1. 

The model was implemented by developing and using a customized user subroutine 

which is a Lagrangian implicit code designed for simulating metal forming processes. In 

addition, an adaptive remeshing technique was utilized during the simulation of the 

burnishing process. The work material was allowed to flow around the round edge of the 

roller tool so that the physical process can be simulated more realistically. A thermo-

mechanical FEM simulation scheme was created by including tool and workpiece 

thermal and mechanical properties. Both the workpiece and tool models used four-node 

bilinear displacement and temperature (CPE4RT) quadrilateral elements for the 

deformations occurring during the burnishing process. The computational domain of the 

workpiece was a 20 mm × 4 mm rectangular area and initially meshed with 8000 

isoparametric quadrilateral elements. A finer mesh was maintained in the region of large 

deformations near the tool by defining a high mesh density window to cover the 

burnished surface (18 mm × 1.5 mm) as shown in Figure 6.1 marked as ―detail area‖. The 

smallest element dimension on the workpiece was about 15 μm. The workpiece was 

assumed to be a rigid visco-plastic material and the elastic portion was neglected. The 

tool was meshed with 3000 elements and assumed to be rigid but heat conducting. 

Because there are few FEM simulations of burnishing and not much data on the used 

alloy in the ranges needed, many of the parameters utilized herein must be evaluated 
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from the data reported earlier in this dissertation. Our objective in this chapter is to create 

a model of the entire burnishing process with reasonable values of needed parameters. 

6.3 Boundary conditions  

The boundary conditions applied on the FE model are also shown in Figure 6.1. 

The tool was set to be rigid body and fixed in all directions. The tool initially contacted 

the workpiece at a location of 1 mm from the right edge of the detail area. The bottom of 

the workpiece was first fixed in the horizontal direction and then allowed to move 

vertically as the roller tool penetrated into the workpiece (Figure 6.2 (a)). The workpiece 

stopped moving vertically when the predetermined DoP value was reached (Figure 6.2 

(b)), and the bottom of the workpiece was then fixed in the vertical direction and allowed 

to move horizontally at the velocity that equaled to the burnishing speed (Figure 6.2 (c)). 

The roller tool started to slide against the workpiece surface, and finally stopped at 

another location of 1 mm from the left edge of the detail area. The left and right edges of 

the workpiece were free (σxx = 0, σxy = 0). The tool’s total travel distance was 16 mm 

within the detail area. The top of the workpiece was free except the tool-workpiece 

interface area. The inter-object boundary conditions between the workpiece and the tool 

were set to be shear friction type and heat conducting. The friction coefficient and the 

heat transfer coefficient values used between the workpiece and the tool will be discussed 

in the later sections in detail.  

For the thermal analysis, the temperatures at the bottom and left sides of the 

workpiece as well as the top side of the tool were set to 20 °C. The top and right sides of 

the workpiece, as well as the bottom part of the burnishing tool (shown as red lines in 
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Figure 6.1) were allowed to exchange heat with the environment; the convection 

coefficient was 0.02 kW/(m
2
K), which is the value for free air convection in DEFORM-

2D. In order to simulate the effect of cryogenic cooling, an environmental window for 

heat exchange was defined as shown in Figure 6.1 with the size of 3 mm   1 mm. The 

window was fixed in its position and did not move with the workpiece. It can be 

considered to be attached to the tool. The local environment temperature was set to be -

184 
o
C for mimicking the liquid nitrogen temperature. The local convection coefficient 

within the window domain can be adjusted to simulate the cryogenic cooling effect, the 

finding of whose value will be discussed in the following sections. 

 

Figure 6.1: Computational domain of interest for the 2-D burnishing process and 

boundary conditions applied 

T = Troom, Two stages velocity boundary conditions (see Figure 6.2 for detail) 

Heat exchange 

window for 

simulating liquid 

nitrogen cooling 

Heat exchange with 

environment 

1 mm 

T = Troom 

X 

Y Tool 

Workpiece 

Detail area 
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Figure 6.2: Steps for the proposed 2-D burnishing simulation: (a) roller tool starts to 

penetrate into workpiece, (b) roller tool reaches the predetermined DoP, (c) roller tool 

slides against the surface under the predetermined burnishing speed 

6.4 Material properties  

The thermal and mechanical properties of the Co-Cr-Mo alloy used in the FE 

model are listed in Table 6.1. The default thermal and mechanical properties for the 

simulated uncoated carbide tool in DEFORM-2D was used and also listed in Table 6.1. 
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Table 6.1: Thermal and mechanical properties of uncoated carbide and BioDur CCM 

alloy (CRS Holdings Inc. 2007) 

Material 
Uncoated carbide 

(Tool) 

BioDur
®
 Carpenter CCM

®
 

(Workpiece) 

Young’s Modulus N/A 241.3 GPa 

Poisson’s Ratio 0.23 0.3 

Modulus of Rigidity  92.4 GPa 

Density  8.276 mg/mm
3
 

Thermal Conductivity 82.24 W/(m·K) 0.0191·T+12.9 (N/sec·
 o

C) 

Specific heat capacity 5.79 J/(kg·K) 0.0017·T+3.8 (N/mm
2
·
 o
C) 

Thermal expansion coefficient 6.3×10
-6 

K
-1

 0.0003·T+1.3 (10
-5

/
o
C) 

In order to relieve residual stresses during previous manufacturing steps, BioDur 

Carpenter CCM alloy is typically annealed at 1093 to 1121°C for 1 to 2 hours followed 

by air cooling. Larger grain size will be created through the use of higher annealing 

temperatures with corresponding reductions in annealed hardness (CRS Holdings Inc. 

2007). In the current study, the Co-Cr-Mo alloys were fully annealed at 1100 °C for 1.5 

hours followed by air cooling. The measured hardness value for the annealed sample was 

around 30 HRC, as shown in Table 6.2 the annealed Co-Cr-Mo alloy with an average 

hardness of 30 HRC possesses a yield strength of about 585 MPa, which was used as the 

starting value for calibrating the constant A in the modified Johnson-Cook (J-C) 

constitutive model which will be described in the next section. 
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Table 6.2: Typical room temperature mechanical properties (CRS Holdings Inc. 2007) 

 

As shown in Figure 6.3, the proposed FE model comprised two predicting steps. 

In the first step, the burnishing conditions in terms of roller size, cooling method, 

burnishing speed and depth of penetration (DoP) were used as the input parameters for 

the model. The model was calibrated (parameters determined) by comparing the 

prediction results with the force and temperature data obtained from experiments as 

reported earlier in this dissertation. The strain, strain-rate and temperature values from the 

first step in Figure 6.3 were collected and used as the inputs for the second step of the 

model: which was the grain size prediction.  

 

Figure 6.3: Burnishing simulation flow 

6.5 Material flow stress development incorporating DRX effects  

In any FEM analysis, accurate and robust flow stress models are considered to be 

highly necessary to represent work material constitutive behavior under high strain/strain-

rate deformation conditions. During inhomogeneous plastic deformation, strain energy is 

stored in the deformed volume as residual stresses. The restoration process that occurs 
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dynamically (i.e., during plastic straining) tends to compromise the effect of work 

hardening. In dynamic recovery (DRV), the generation and accumulation of dislocation 

due to work hardening is continuously offset by dislocation rearrangement and 

annihilation, a general flow curve of this type behavior is depicted in Figure 6.4 (marked 

DRV). The flow stress at large strain reaches a saturated (σsat) value which results from a 

balance between work softening and hardening. When DRX is the dominant restoration 

process, the flow curve (marked DRX in Figure 6.4) initially rises as a continued result of 

work hardening and recovery process eventually reaching a peak value (σp). It has been 

shown that a critical value of strain (εcr) is required for the initiation of the DRX process 

in the grain boundaries, which initiates the DRX process and this occurs before the strain 

(εp) at peak stress (σp) (Dehghan-Manshadi et al. 2008). The dislocations then congregate 

very near the thin grain boundaries. Subsequently, the flow stress drops with increasing 

straining to a steady state value (σss) at large strains. The flow stress softening beyond 

peak stress reflects the reduction of dislocations density in the grain interior and adding 

them to the grain boundaries (Sarkar et al. 2011). In general the strain required for 

reaching the steady state (σss) in DRV is much greater than εcr for DRX initiation. It is 

also reported that, compared to the slow processing methods, the high flow stress during 

machining of steels experiences a sudden drop as the material element exits the tool 

contact after the actual strain exceeds the critical value, which is attributed to the very 

high strain-rates that occurs in machining (Umbrello 2004). 
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Figure 6.4: Schematic representation of flow curves during DRV and DRX defining 

various stress and strain parameters (Sarkar et al. 2011) 

The modified Johnson-Cook (J-C) constitutive model proposed by Ee et al. (2005) 

describes the flow stress of a material incorporating the effects of strain, strain-rate, and 

temperature (Equation 6.1) was used for describing the flow stress behavior of the DRV 

process (expected stress-strain behavior if recovery were the only operative restoration 

processes) in the current study:  

                       
  

   
                 

  

   
       

      

          
 
 

  

(6.1) 

In the modified J-C model,      is the equivalent DRV flow stress; the constant A 

is the initial yield strength of the material at room temperature and a reference strain-rate 

of 1 s
-1 

(MPa); B is the hardening modulus (MPa); C is the strain-rate sensitivity 

coefficient; n is the hardening coefficient and m is the thermal softening exponent;   

represents the plastic equivalent strain. The effective strain-rate    (s-1
) is normalized with 

a reference strain-rate    . T is the temperature of the work material (ºC); Tm is the melting 

temperature of the work material (1350 ºC) and Tref is the initial reference temperature 
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(20 ºC). The temperature term in the J-C model reduces the flow stress to zero at the 

melting temperature of the work material, leaving the constitutive model with no 

temperature effect (m = 1), thus, it is not recommended to use this formula when the 

temperature is close to the melting temperature. The maximum temperature from 

burnishing experiments was less than 800 ºC, which is much less than the 1350 ºC 

melting temperature of Co-Cr-Mo alloy. In this study, burnishing of Co-Cr-Mo alloy 

under dry and cryogenic conditions was investigated and the J-C material model was 

further modified to incorporate the DRX effect to do so. Predicting the process of 

manufacturing Co-Cr-Mo alloys under very high strain and strain-rate conditions is a 

novel topic, and there is almost no prior research conducted on this area. Thus, there is no 

directly available literature providing the material constants in the J-C constitutive 

equation of the Co-Cr-Mo alloy for high strain/strain-rate manufacturing processes.  

DRX is considered to be an important restoration mechanism during thermo-

mechanical processing of a wide variety of materials (Belyakov et al. 2003; Hatherly et al. 

1986; Le Gall and Jonas 1999). It is the grain size change mechanism. Extensive research 

work has been carried out during the past decades not only for academic interest but also 

for the immense influence in industrial processing. For example, in hot working 

processes such as rolling, extrusion and swaging, DRX offers powerful means for 

microstructure control and provides a suitable microstructure for the secondary 

processing which may involve cold working, annealing and phase transformation. The 

details of DRX characteristics affect the overall microstructural development brought 

about by interaction of both static and dynamic structural changes and hence control the 

final mechanical properties of the product (Hameda and Blaz 1998; Yamagata et al. 
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2001). Among the dynamic events during processing, work hardening and dynamic 

recovery always occur within the deforming workpiece. In same materials, if the amount 

of total existing localized dislocations (strain) exceeds a critical value (critical strain), 

DRX occurs in the deforming workpiece which leads to the drastic changes of 

microstructure. When it occurs, this is one of the most important microstructural 

evolution processes.  

For improved accuracy of the model, the flow stress was therefore modified to 

include the DRX softening effect within the DEFORM program, because it can greatly 

change the material behavior during deformation processing as well as the subsequent 

properties. Grain size is used as the parameter that quantifies the DRX process. 

Following (Jonas et al. 2009), this was carried out by separating the flow stress into three 

stages. Before reaching the peak strain εp, the material flow stress followed a further 

modified J-C constitutive model by multiplying an extra term proposed by Subramanian 

et al. (2002): 

                                                           
 

      
                                (6.2) 

where σ is the equivalent flow stress, the parameters D, p, r, s were derived from the 

experimental data given by Chiba et al. (2009b) and Yamanaka et al. (2009), their values 

were found to be D = 0.1, p = 0, r = 1, s = 5. 

When the peak strain value (εp) is reached, the flow stress (Equation (6.2)) was 

replaced by a newly developed model based on the Avrami relation. The peak strain (εp) 

is determined when        0. The Avrami relation (Avrami 1939; Johnson and Mehl 

1939), originally developed to study static recrystallization (SRX) in metallic systems, is 

being increasingly adopted by researchers to model the progress of DRX in a wide 
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variety of metals and alloys (El Wahabi et al. 2005; Jonas et al. 2009; Quelennec et al. 

2011; Sarkar et al. 2011; Zahiri et al. 2005). The application of the Avrami relation to 

DRX kinetics was originally proposed as a so-called flow curve analysis method by 

Medina and Hernandez (1996) and modified recently by Jonas et al. (2009) using a 

different functional form to evaluate the work hardening characteristics. The idea of 

using the Avrami relation for DRX stems from the physically observed similarities 

between SRX and DRX. The model is expressed as: 

                                                                                                          (6.3) 

                                    
                                            (6.4) 

                                                                                                                     (6.5) 

where σDRX is the DRX flow stress; σDRV is the DRV stress predicted by the J-C model; X 

represents the volume fraction of the recrystallized grains; σsat is the saturated stress 

during DRV and determined when           ; σp is the peak stress and determined 

when the peak strain εp is reached; σss is the steady state stress when DRX is complete. 

The parameters k and t are material constants. When DRX is finished, the flow stress will 

reach its steady state (less than σp) and will not be changed by further straining. 

Sometimes the steady state is only reached at very large strains. The steady state stress σss 

is found to be linearly proportional to σp for cobalt as shown in Equation (6.5) (Sarkar et 

al. 2011), similar relations have been found in many other materials and the value of the 

constant typical ranges from 0.7 to 0.95 (Dehghan-Manshadi and Hodgson 2007; Jonas et 

al. 2009; Ryan and Mcqueen 1990). This constant is determined by experiments. 

Unfortunately, there is no flow stress data available for the Co-Cr-Mo alloy under high 

strain (4-5) and strain-rate (10
4
-10

5
 s

-1
)
 
conditions which are very common in machining 
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and burnishing. The predicted strain and strain-rate results from the current study will be 

discussed in the later part of this chapter. Thus, the constants in Equation (6.5) reflecting 

the reduction of flow stress due to DRX softening can only be approximated. Figure 6.5 

shows a borrowed example of the influences of strain-rate and temperature on the flow 

stress behavior of Co–28Cr–6Mo–0.16N alloy (Chiba et al. 2009a) which is very similar 

to the currently studied BioDur CCM alloy. The stress-strain data was extracted from the 

plots in Figure 6.5, an average reduction value of 0.8 was found by analyzing the limited 

data points, which fell into the range found by other researchers (0.7 to 0.95) and was 

used as the constant value in Equation (6.5) in the current study. Very recently, it is 

reported that the steady stress (σss) was approximately equal to the critical stress (σc) 

during the simulation of high temperature austenite flow curves based on the Avrami 

kinetics of DRX (Quelennec et al. 2011). However, this study was done for slow hot 

compression tests; the strain-rates involved (≤ 0.5 s
-1

) were much lower than the ones in 

burnishing (10
4
-10

5 
s

-1
), and the testing temperatures were high (≥ 1000 

o
C). The findings 

from this study should be carefully evaluated as a potential approach for determining the 

steady state stresses in the future. 
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Figure 6.5: True stress-true strain curves of Co–28Cr–6Mo–0.16N (adapted)  

(Chiba et al. 2009a) 

In the present work, we demonstrate applicability of this model to study the 

progress of DRX in the Co-Cr-Mo alloy during burnishing. This will be done by 

comparing previously published hot compression flow behavior data (Chiba et al. 2009a; 

Yamanaka et al. 2009) with the predictions from the new model (Figure 6.6). However, it 

should be noted that due to the annealing of the materials before burnishing, the material 

constants used for FE model were different from the values used for evaluating the 

applicability of this proposed methodology. The material constants for the FE model 

were adjusted and calibrated by comparing with the collected experimental data on force 

and temperature during burnishing. 

As shown in Figure 6.6, the testing temperatures used in these compression tests 

were very close to the annealing temperature (1100 
o
C) used in the current study, which 

is likely to be the season for the A values (500 MPa) in the J-C material model obtained 

from the compression tests similar to the proposed yield stress (585 MPa) after annealing 

(Table 6.2). Thus, the A value in the material model (Equation (6.1)) was set to 500 MPa, 

the strain-rate sensitivity coefficient C was 0.054 and the hardening coefficient n was 0.5. 

1000 
o
C 1 s

-1
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The material constants in Equation (6.4) were found to be      and    . 

 

  

Figure 6.6: Comparison between measured and predicted stress-strain curves for the Co-

Cr-Mo alloy, experimental data from (Chiba et al. 2009a; Yamanaka et al. 2009) 

The grain sizes obtained from the Zener-Holloman equation (Equations (6.6)-(6.8) 

below) was updated in this model during each iteration, which is demonstrated in the 

following section. This iterative process was continued during the whole simulation for 

improved accuracy of grain size prediction. This permits one to consider "unstable 
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materials" which as noted earlier are not commonly done in FEM programs. The details 

of the changing grain size model are given in the section 6.9. 

6.6 User subroutine for predicting grain size  

In designing the simulation processing steps, an accurate understanding of the 

DRX characteristics is of paramount importance. Research has been reported in the hot 

rolling process by Fruehan (1998). Strain, strain-rate and temperature are the most critical 

factors for the occurrence of DRX; many attempts have been made to simulate the 

microstructural evolution and grain size changes caused by DRX (Busso et al. 1998; 

Sellars and Zhu 2000) in tension or compression tests where the strains are nearly 

uniform. We now propose to extend these ideas to the complex deformation field created 

when the specimens are burnished as well as being cooled differently. 

The grain size prediction was incorporated into the proposed FEM-based thermo-

mechanical burnishing model as indicated in Figure 6.3. Many studies have shown that 

one can predict the grain sizes after complete DRX by using the Zener-Holloman (Z) 

parameter (Shekhar et al. 2012; Torrente et al. 2011; Yamanaka et al. 2009)： 

                                                                                                                              (6.6) 

where Q is the activation energy of lattice diffusion of the material, R is the gas constant, 

   is the effective strain-rate and T is the local temperature. The Z parameter combines the 

two effects of temperature and strain-rate into a single parameter which has been shown 

to be successful in correlating grain size data obtained for drastically different conditions. 

The critical strain (εcr) for the onset of DRX was determined by the material and 

expressed as a function of the Z value. This data is used in simulated burnishing by first 
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obtaining values of Z from the FEM calculations. DRX can be triggered only when the 

strain was larger than this critical strain. The relationship between εcr and Z shown in 

Figure 6.7 was derived by the author using the experimental data from series studies of 

Chiba group on Co-Cr-Mo alloys (Chiba et al. 2009a; Kurosu et al. 2010b; Yamanaka et 

al. 2009). The critical strains were often found to be 80% of the peak strain values. The Z 

value corresponding to each critical strain was calculated by using Equation (6.6) and the 

given strain-rate and temperature in the Chiba group publications. The used critical strain 

for the Co-Cr-Mo alloy is expressed in Equation (6.7) as: 

                                                                                                                            (6.7) 

where Z is the Zener-Hollomon parameter; a and b are the material constants and found 

to be a = 0.0167 and b = 0.652 for the Co-Cr-Mo alloy from the above mentioned 

experimental data from the Chiba group. 

 

Figure 6.7: Critical strain of Co-Cr-Mo alloy as a function of Z values 

Once DRX is completed, the recrystallized grain size d can be calculated as: 

                                                                 
                                                     (6.8) 
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where d0 is the initial grain size in microns, an average measured grain size of 80 µm was 

used in the current model for Co-Cr-Mo alloy. The parameters α and m’ are the material 

constants, which need to be obtained for good grain size prediction. Yanagimoto et al. 

(1998) and Di Renzo (2010) have shown that Equation (6.8) represents experimental data 

on steels. A new grain size after DRX was calculated using Equation (6.8). In the user 

subroutine, this calculation was carried out continuously for every element in the 

workpiece for each step. This methodology has been successfully used by Yanagimoto et 

al. (1998) for predicting the microstructure changes during hot forming of 50CrV4 steel. 

The effectiveness of this methodology has recently been demonstrated by one of our 

collaborators in the University of Calabria to predict the grain size changes during 

machining of AISI 52100 steel (Di Renzo 2010). It should be noted that, due to the high 

strain and strain-rate involved during burnishing, DRX occurs very rapidly and is 

assumed to be fully complete, in addition, the grains are assumed to be fully 

recrystallized as long as the DRX process starts (the strain exceeds the critical strain). 

The partial recrystallization due to incomplete DRX is not taken into consideration in the 

user subroutine for predicting grain size. 

It can be observed from Equation (6.8) that in addition to the Z value, the DRXed 

grain size is also influenced by the material constants α and m’. For accurate grain size 

prediction, these two constants were obtained from curve fitting Equation 6.8 to the data 

in Figure 3.16.  
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6.7 Variable friction modeling  

The tool-chip/workpiece friction has long been recognized as an unsolved 

bottleneck problem in fundamental machining research. Much research has shown that 

metallic materials with nano-/ultrafined microstructure often possess appealing friction 

properties due to the large volume fraction of hard grain boundaries within the material 

structures after DRX has occurred (Dao et al. 2007; Shi and Han 2008). For predicting 

the effect of DRX during the burnishing process, a friction model with a friction 

coefficient value that changes due to DRX was developed. As shown in Figure 6.8, 

before the strain reached the critical strain εcr, a friction coefficient value of 0.4 was used 

(this was described and the calibration process is shown in section 6.8). The choice of the 

initial friction coefficient value 0.4 was supported by a study on friction properties of 

cobalt-base alloys (Buckley 1968). After the critical strain was reached, DRX occurred, 

which led to a significant drop of the friction coefficient due the formation of refined 

grains on the burnished surface. Unfortunately, there is no friction data directly available 

in the literature for Co-Cr-Mo alloy with nano-/ultra-fine microstructure. However, it is 

reported that the friction coefficient of Co-Cr-Mo alloy in the steady state wear regime 

was less than 0.1 during pin-on-ball wear tests (Wimmer et al. 2001), which is often 

associated with the formation of a nanostructured surface layer during the wear process 

(Buscher and Fischer 2005; Wimmer et al. 2003). Thus, a very small value, µ = 0.05, was 

chosen for the friction coefficient after DRX for predicting the improved tribological 

behavior of the nano-/ultrafine-structured surface layer induced by burnishing process.  
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Figure 6.8: Variable friction model due to DRX 

6.8 Calibration and validation of burnishing model for force and temperature  

The calibration procedure for step 1 of the burnishing model is shown in Figure 

6.9. The values of J-C constants A and B as well as the one used for the friction 

coefficient μ were determined through an iterative calibration process using the 

experimental data as described in Section 6.3. All were based on the experimental 

burnishing radial force data from dry burnishing under the conditions of DoP = 0.254 mm, 

burnishing speed = 100 m/min, tool diameter = 14.3 mm. 
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Figure 6.9: Calibration procedure for burnishing model 

Figure 6.10 shows the effect of variation of the J-C constants A and B on radial 

force predictions as determined by the FE model. It was found that agreement in radial 

burnishing force was achieved (2.2% difference between the experiment and predicted 

values) when the values of A and B were taken to be 500 and 100, respectively. As 

mentioned in Chapter 4, the phase transformation of this Co-Cr-Mo alloy is very 

complicated. The main effect of this metastable material behavior (mainly DRX at low 

temperatures) in the FEM modeling of the burnishing process is its role in determining 

the proper value of the parameter B in the J-C material model to be used. For example, 

this variation in B subsequently affects the value of the "critical strain" where DRX 

begins. Since part of the purpose of this project is to determine the grain size of the 

burnished surface layer, the proposed methodology is less accurate than one would like to 

achieve. At this time, we consider it more important to develop an inclusive and robust 
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model for the burnishing process rather than to generate precise knowledge about the 

values of B. It is our current view, that B is not a constant but, in effect, varies with 

material "internal variables" such as grain size or stacking fault energy (related to 

twinning) value. The value of B used in the FE simulation is a forced number in order to 

approximate the measured forces. 

 

Figure 6.10: Examples of the effect of J-C constants A and B on radial force predictions 

(Dry, DoP = 0.254 mm, burnishing speed = 100 m/min, tool diameter = 14.3 mm) 

The same calibration process was used for finding a reasonable friction 

coefficient μ by comparing force predictions with corresponding measured data. Figure 

6.11 shows the effect of friction coefficient μ on radial forces predicted by the FE model 

using A = 500 MPa, B = 100 MPa. It was reported that the value of μ is an influencing 

factor for the cutting forces in machining (Umbrello 2008). In the current study, 

increasing the μ value from 0.2 to 0.8 can lead to an increase of the radical force by a 

factor of 1.3. A decent agreement between the predicted force and the experimental value 

was found when μ was set to be 0.4 before the strain exceeds the critical strain value. 
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Figure 6.11: The effect of friction coefficient μ on the calculated radial force predictions 

(Dry, DoP = 0.254 mm, burnishing speed = 100 m/min, tool diameter = 14.3 mm) 

Temperature is an important factor influencing the material behavior during 

burnishing process as has been proved by the experimental observations reported in 

previous chapters. As described in Chapter 3, due to the design of the burnishing tool, the 

experimental tool-workpiece temperature cannot be captured by the used infrared camera. 

For dry burnishing, the measured temperature on the workpiece around the tool-

workpiece interface was considered as the maximum workpiece temperature and was 

used for the calibration process. The predicted maximum temperature can no longer be 

used as a comparison parameter. Figure 6.12 shows the predicted temperature distribution 

on the workpiece for dry burnishing with 0.08 mm DoP and 100 m/min burnishing speed. 

As shown in Figure 6.12, the temperature right behind the tool-workpiece interface 

(where the arrow is pointing) was defined as the exit temperature and used for calibration 

and validation purposes. 
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Figure 6.12: Tool-workpiece interface and the exit temperature position (Dry, DoP = 0.08 

mm, burnishing speed = 100 m/min, tool diameter = 14.3 mm) 

The heat transfer coefficient at the tool-chip interface h1 was determined through 

an iterative process using the measured temperature data from dry burnishing experiment 

with DoP = 0.254 mm, burnishing speed = 100 m/min, tool diameter = 14.3 mm. As 

shown in Figure 6.13, when the h1 value was larger than 1000 kW/(m
2
 K), the workpiece 

exit temperature did not change much with further increases of the h1 value. Large heat 

transfer coefficient values on the order 10
3
 to 10

4
 are commonly used for simulation of 

machining process (Filice et al. 2007; Umbrello et al. 2007); this is due to the fact that the 

simulation time (10
-3

 s to 10
-4 

s) is significantly shorter than the time for running a real 

experiment (10 s to 20 s). In order to reach the thermally stable status quickly during 

simulation, the heat transfer coefficient was often set to very large numbers. A good 

agreement between the predicted and measured temperature was achieved in dry 

burnishing when h1 = 10,000 kW/(m
2
 K) was used.  

Exit temperature 

Tool 

Workpiece 
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Figure 6.13: The effect of tool-workpiece heat transfer coefficient h1 on workpiece exit 

temperature predictions (Dry, DoP = 0.254 mm, burnishing speed = 100 m/min, tool 

diameter = 14.3 mm) 

To simulate the cryogenic cooling effects, a local heat exchange window was 

used in DEFORM-2D to allow one to impose different thermal boundary conditions on a 

portion of the boundary as shown in Figure 6.1. The size of the used window is 3 mm × 1 

mm which is assumed to be the liquid nitrogen (spray) influencing area. The convection 

coefficient h2 for the local heat exchange in the window domain was set to 10000 

kW/(m
2
K), the same as the tool-workpiece heat exchange coefficient. This local heat 

exchange window only changes the convection coefficient within the area covered by the 

window. Figure 6.15 (a) shows the predicted temperature distributions during cryogenic 

burnishing with 0.254 mm DoP, 100 m/min burnishing speed and 14.3 mm tool diameter. 

Figure 6.15 (b) shows the predicted exit temperatures for both dry and cryogenic 

conditions. Good agreements between measured and predicted temperatures were 

achieved for dry burnishing with 0.15 mm DoP (5.3% higher) and cryogenic burnishing 

with 0.254 mm DoP (2.5% higher). However, the predicted exit temperature for dry 

burnishing under 0.08 mm DoP was 29.4% higher than the measured value.  
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This discrepancy is likely caused by the overlooking of the phase structure 

changes of the Co-Cr-Mo alloy due to the strain-induced fcc => hcp transformation 

during processing. The standard (stress = 0) phase diagram for the Co-Cr-Mo alloy is 

shown below: 

 

Figure 6.14: Equilibrium phase diagram of the binary Co-Cr system (ASM 1986) 

It indicates that no phase transformation occurs at room temperature and zero 

stress conditions below 900 
o
C. However, when this material is deformed to large 

strains/stresses, the phase transformation picture is very complicated because of the 

nature of plastic deformations combined with phase changes. It is claimed by some 

authors that a phase transformation even occurs at room temperature. Ramesh and 

Melkote (2008) found that both the hydrostatic and deviatoric components of stress 

modified the standard phase transformation temperature dramatically in AISI 52100 steel. 

Unfortunately, similar data is not available for the Co-Cr-Mo materials. Even worse, the 

data needed to determine these numbers does not exist (to our knowledge). The basic 
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reason for the lack of data in the literature appears to be the metastable material behavior 

that occurs in this cobalt alloy in which local microstructural parameter variations 

appreciably influences the transformation temperature. Depending on the precise prior 

preparation history, the plastic deformation of the Co-Cr-Mo alloy being burnished 

always involves both "slip" via dislocation motion and "twinning". Which of these 

deformation types dominate varies dramatically and changes as the deformation 

proceeds. For example, the local grain size can (and does) change the dominant type of 

deformation. Meng et al. (2002) calculated the stable phase type of Co in the nano-grain 

domain and found that it undergoes a phase transformation from the fcc to hcp that is 

controlled by very small differences in the grain size.  

As described in Chapter 5, the phase structure of the Co-Cr-Mo alloy significantly 

affects its mechanical properties in terms of hardness, friction, etc. The used material 

model was calibrated by using the experimental data from dry a burnishing with 0.254 

mm DoP, 100 m/min burnishing speed and 14.3 mm tool diameter. The sample from this 

condition showed no fcc => hcp transformation after burnishing (Figure 3.20), however, 

grain refinement due to DRX was detected in the surface layer (Figure 3.15). Among the 

three burnished samples used for temperature validation shown in Figure 6.15 (b), the 

sample from dry burnishing with 0.08 mm DoP underwent the most significant 

(observable) phase structure changes of the strain-induced fcc => hcp transformation type 

(Figure 4.9). In comparison, the predictions for the other two samples which had very 

little fcc => hcp transformation during burnishing gave much better temperature 

predictions.  
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Figure 6.15: (a) The exit temperature for cryogenic conditions (Cryogenic, DoP = 0.254 

mm, burnishing speed = 100 m/min, tool diameter = 14.3 mm); (b) predicted exit 

temperature from different burnishing conditions (burnishing speed = 100 m/min, tool 

diameter = 14.3 mm) 

After the model calibration process, the values of the important parameters used 

for the FE model were determined and are listed in Table 6.3. 
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Table 6.3: Important used material parameters for the FE model 

Modified Johnson-Cook 

constants 

A = 500 MPa, B = 100 MPa, C = 0.054, n = 

0.5, m = 1, D = 0.1, p = 0, r = 1, s =5 

Avrami constants      and     

Critical strain constants a = 0.0167 and b = 0.652 

Friction coefficient μ = 0.4 (before    ), μ = 0.05 (after    ) 

Heat transfer coefficient at the 

tool-workpiece interface 
h1 = 10,000 kW/(m

2 
K) 

Convection coefficient for 

cryogenic condition 
h2 = 10,000 kW/(m

2 
K) 

Figure 6.16 shows the comparison of measured and predicted radial forces under 

different burnishing conditions (14.3 mm tool diameter). Except for the case of dry 

burnishing with 0.08 mm DoP and 100 m/min burnishing speed, good agreements were 

achieved between the measured and predicted radial forces for the three conditions used 

for model validation. The large difference on the predicted force (26.5% higher than the 

measured one) from dry burnishing (0.08 mm DoP, 100 m/min burnishing speed) is again 

likely attributed to the strain-induced fcc => hcp transformation. In the current model, 

DRX is the only microstructural evolution mechanism studied; the model does not 

consider that the phase transformation might occur during burnishing. The large 

difference between a crude prediction and only one experiment indicates the need for a 

more robust predicting model including both the mechanisms of DRX and phase 

transformation which might occur simultaneously at the same conditions. 
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Figure 6.16: Comparison of measured and predicted radial forces under different 

burnishing conditions (14.3 mm tool diameter) 

Figure 6.17 shows the contour plots of predicted effective stress in the workpieces 

during dry and cryogenic burnishing with 0.254 mm DoP, 100 m/min burnishing speed 

and 14.3 mm diameter tool. The maximum stress (~ 450 MPa) was observed at a distance 

(~ 0.5 mm) beneath the workpiece surface for both dry and cryogenic conditions. This is 

in qualitative agreement with the results reported from the fundamental study on contact 

mechanics based on analytical methods (Johnson 1985). It should be noted that with or 

without the application of cryogenic cooling, the predicted effective stresses were similar 

in terms of values and distributions. 
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Figure 6.17: Distribution of effective stresses: (a) dry burnishing, (b) cryogenic 

burnishing. (0.254 mm DoP, 100 m/min speed, 14.3 mm tool) 

(b) 

Cryogenic 

D

r

y 

(

a

) 

(a) 

Dry 



217 

6.9 Calibration and validation of user subroutine for grain size prediction  

The calibration procedure used for the Zener-Hollomon constants α and m’ in 

Equation 6.7 is different from the calibration procedure described in section 6.8 for the J-

C constants as well as the one used for the heat and friction coefficients. The flow chart 

for the calibration of the Zener-Hollomon constants is shown in Figure 6.18.  

 

Figure 6.18: Calibration procedure for grain size prediction 
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Instead of running the FE model and comparing the predicted results with the 

experimental data, the calculation procedure for grain size was done within an Excel file. 

The strain, strain-rate and temperature data were extracted from the standard DEFORM 

FE simulation data and used as the inputs for the Excel file to calculate the DRXed grain 

size after the critical strain (Equation (6.7)) was reached. The strain, strain-rate and 

temperature data used were collected from the simulation run for dry burnishing with 

0.254 mm DoP, 100 m/min burnishing speed and 14.3 mm tool diameter. Figure 6.19 (a) 

indicates the locations of the tool-workpiece interface and the distance below the surface 

profile for collecting the corresponding strain, strain-rate and temperature data obtained 

under different burnishing conditions. The predicted strain distribution along the distance 

below the surface is shown in Figure 6.19 (b). Figures 6.19 (c-e) show the predicted 

strain, strain-rate and temperature distributions along the tool-workpiece interface. It can 

be observed from Figure 6.19 (b) and (c) that larger DoP (0.254 mm) settings resulted in 

higher predicted surface strains for both dry and cryogenic conditions compard to the 

values from 0.08 mm DoP. This is due to the greater SPD effect under larger DoP 

conditions. In addition, as shown in Figure 6.19 (c), the application of cryogenic cooling 

led to small ―humps‖ of surface strains along the tool-workpiece interfaces for both DoPs 

used. Compared to the relatively smooth surface strains under dry conditions, the ―humps‖ 

under cryogenic conditions are likely caused by the higher burnishing force due to the 

increase of material strength under lower temperature and the more inhomogeneous 

initial state of the material caused by the liquid nitrogen spray as well (Figure 6.19 (e)).  
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Figure 6.19: (a) Tool-workpiece interface; (b) strain, (c) strain-rate and (d) temperature 

distributions along the tool-workpiece interface; (e) strain distribution along the distance 

below the surface 

Figure 6.20 shows the calculated grain size for the case of dry burnishing (0.254 

mm DoP, 100 m/min burnishing speed, 14.3 mm tool diameter) using Equation (6.7) and 

the Excel file for determining the α and m’ values. It can be observed that the calculated 

grain size is very sensitive to the values of the two constants α and m’ in Equation (6.7), 

especially for the constant m’, whose value can significantly influence the calculated 

grain size after DRX. This finding is in agreement with the study by Di Renzo (2010) for 

predicting the grain size changes during machining of AISI 52100 steel when following 

similar methodology. Agreement between the calculated grain size and the measured one 

was found when using      and          in Equation 6.7. 

(e) 
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Figure 6.20: The effect of Zener-Hollomon constants α and m’ on grain size 

The predicted spatial grain size distributions for different burnishing conditions 

are shown in Figure 6.21. The experiment data from dry burnishing with 0.254 mm DoP, 

100 m/min burnishing speed and 14.3 mm tool diameter was used for finding the Zener-

Hollomon constants. The predictions from this condition along with another three 

conditions were used for model validation. As shown in Figure 6.21, the cross-sectional 

microstructure images from the four burnishing experiments are embedded into the 

figures. The lines for extracting the grain size data along the depth from surface are 

shown in Figure 6.21 also. For all the conditions studied, the application of liquid 

nitrogen led to thicker burnishing-influenced layers. Grain refinement on the surface and 

sub-surface was successfully predicted by the user subroutine. 
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Figure 6.21: Predicted grain size distributions after burnishing from different conditions 
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Figure 6.22 (a) and (b) show the variation of grain size with depth below the 

burnished surface under different burnishing conditions. The predicted grain sizes on the 

burnished surface were around 20 μm after dry burnishing and 7 μm after cryogenic 

burnishing when using a 0.08 mm DoP. The predicted grain size distribution in Figure 

6.16 (b) from cryogenic burnishing with 0.254 mm DoP was very similar to the 

experimentally observed microstructure in the surface layer, where the evolution of 

microstructure from DRXed small grains, elongated subgrains to bulk grains was shown 

with increasing distance from the surface. However, as shown in Figure 6.21 (c), the 

predicted thickness of the burnishing-influenced layers was generally larger than the 

observed ones, for example, the measured layer thicknesses for cryogenic and dry 

burnishing with 0.254 mm DoP are around 140 μm and 45 μm respectively; in contrast, 

the predicted layer thickness where an average grain size of 80 μm occurs at about 200 

μm for cryogenic condition and 140 for the dry condition, which are 1.4 and 3.1 times 

larger than experimental measurements. It can be observed that, with smaller DoP (0.08 

mm), the effect of cryogenic cooling on increasing the burnishing-influence layer 

thickness is not as significant as when using larger DoP (0.254 mm), which is consistent 

with the experimental observation (Figure 3.14).  

In addition, all the predicted surface layers showed a similar microstructural 

evolution as the one shown in Figure 6.21 (b); in contrast, the evolutions of the observed 

surface layer microstructures from DRXed small grains to bulk grains were much faster 

than the predictions, the transition regions which in the observed layers contain elongated 

subgrains and heavy twinnings were not so obvious in the simulations. The discrepancies 

on the measured and predicted burnishing-influenced layer thickness and microstructural 
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evolution may be caused by four reasons. The first reason is that the user subroutine for 

DRX does not consider grain growth after DRX. Referring to Figure 3.10, the workpiece 

temperature did not drop significantly after the material left the tool-workpiece interface 

and kept almost unchanged along the disc perimeter. Thus, during the burnishing test, the 

recrystallized grains tended to grow after DRX occurred and the thickness of the 

burnishing-influenced layer was reduced. This claim was supported by the findings from 

the study on machining of Mg alloys (Pu 2012). Grain growth was observed on the 

surface/subsurface region of Mg alloys after machining, which is attributed to be the 

reason for the thicker predicted machining-influenced layer compared to the measured 

value. In the DEFORM program this is called "metadynamic" recyrstallization and we 

have not considered that in our model. The second reason for the difference between the 

predicted and measured burnishing-influenced layers may be due to the overlooking of 

the phase transformation effect. As described in Chapters 4 and 5, the strain-induced 

phase transformation of Co-Cr-Mo alloy was observed along with DRX after burnishing. 

This transformation can change the properties of the materials and may also influence the 

DRX behavior of the material. However, the actual effect of strain-induced phase 

transformation on DRX properties of Co-Cr-Mo alloy is still unclear. The third reason for 

this difference could be due to the constants used in the critical strain expression 

(Equation (6.7)). The generally larger predicted burnishing-influenced layer thickness 

suggested a relatively smaller critical strain used for triggering DRX. The critical strain 

constants were derived by using the stress-strain data from hot compression tests 

provided by the Chiba group (Chiba et al. 2009a; Kurosu et al. 2010b; Yamanaka et al. 

2009), the testing conditions in terms of strain, strain-rate and temperature (especially the 
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strain-rate) were very different from the existing conditions in burnishing. A further 

calibration on the critical strain constants may therefore be helpful for improving the 

accurate prediction of the burnishing-influenced layer thickness. Lastly, the differences 

are also attributed to the element size used. When the tool traveled along the workpiece 

surface, the mesh densities of the workpiece ahead and below the tool were remeshed to 

be much higher than the one behind the tool; in other words, for a fixed point on the 

workpiece, its corresponding element size firstly became smaller as the tool approached 

this specific point, then became larger again as the tool passed the point due to 

continuous remeshing. All of these effects are in addition to the fact that the changing 

surface layer thickness and grain size are occurring over small distances relative to the 

mesh sizes. The change of element size led to interpolation errors during remeshing, 

which further led to the over estimation of the influenced layer thickness towards the 

downstream of the tool-workpiece interface. Similar phenomenon was reported on 

numerically simulating the white and dark layer formation during machining of hardened 

AISI 52100 steel by using the same DEFORM-2D software as used here (Attanasio et al. 

2012). 

Figure 6.22 (d) shows the comparison of the measured and predicted surface grain 

sizes from dry and cryogenic burnishing with 0.254 mm DoP, 100 m/min and 14.3 mm 

tool diameter. The surface grain sizes for dry conditions are 1 ± 0.5 μm (measured) and 

814 nm (predicted); the surface grain sizes for cryogenic condition are 500 ± 300 nm 

(measured in average) and 350 nm (predicted). The predicted values are in good 

agreement with the measured ones. The slightly larger grain size from measurements may 

possibly also due to the grain growth after burnishing. 
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Figure 6.22: Predicted grain size variation below the burnished surface: (a) dry and 

cryogenic burnishing under 0.08 mm DoP, (b) dry and cryogenic burnishing under 0.254 

mm DoP; (c) predicted burnishing-influenced layer thicknesses; (d) comparison of the 

observed and predicted grain size on the burnished surface (burnishing speed = 100 

m/min, tool diameter = 14.3 mm) 

It should be noted that during the burnishing experiments, the roller tool passed 

over the workpiece surface more than one time, however, the effect of subsequent 

(d) 
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burnishing passes was not considered in the FE simulation. In the current FE model, the 

prediction results were all from first-pass simulation runs. The influence of number of 

burnishing passes has been reported on the resulting surface integrity properties of many 

materials. Hassan and AlBsharat (1996) studied the effect of the number of tool passes 

during burnishing process. It is found that increasing the number of tool passes from 1 to 

5 increased the surface hardnesses of Al by 26% and brass by 14% respectively. The 

surface roughness decreased with an increase in the number of tool passes to a certain 

limit, and then started to increase with further increasing of pass number. This is 

attributed to repeated plastic deformation induced surface fatigue. Similar findings were 

reported by El-Axir and El-Khabeery (2003). It is found that the increase of burnishing 

passes firstly increased the microhardness until it reaches a maximum value. With a 

further increase in number of burnishing passes, the microhardness increasing rate 

gradually decreased, which is due to the over hardening and consequently flaking of the 

surface layers. Yeldose and Ramamoorthy (2008) studied the surface roughness of 

burnished EN24 steel from 1 to 3 passes. Their results showed that increasing the tool 

pass number from 1 to 3 reduced the surface roughness of EN24 steel from 0.26  m to 

0.15  m. Extensive effort has been made on investigating the number of tool passes 

effect during rolling process, whose mechanism is very similar to the studied burnishing 

process. The method of accumulative roll-bonding (ARB) has been used successfully on 

a number of materials (Tsuji et al. 2003). During ARB process, plastic deformation was 

accumulated by repetition of tool passes. The material was severely strained after several 

passes and the grain size was significantly refined (Saito et al. 1999). In addition, the 

need for modelling the pass-by-pass development of microstructure during multipass 
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rolling operations was considered and discussed (Sellars 1990). It is claimed that the 

strain of one pass can contribute to the total stored energy after a second pass when there 

is no recrystallization, or only partial recrystallization between passes. When no 

recrystallization took place, there may still be some softening by static recovery, but its 

effects were soon eliminated during the subsequent pass. Simple addition of the pass 

strains was assumed in their model for isothermal deformations. In another study for 

simulating of orthogonal cutting process, Ee (2002) found that the simulated surface 

residual stresses changed with two cutting passes, as compared to one, but changed little 

with more passes. In the current FE model, the influence due to number of tool passes 

was not considered, which is likely to be another factor affecting the accuracy of the 

predicted results for grain size and burnishing-influenced layer thickness. 

6.10 Chapter concluding remarks  

An FEM-based model was built using the commercial software program 

DEFORM-2D
TM 

to simulate the burnishing of Co-Cr-Mo alloy. A new material model 

was developed for incorporating flow stress softening and associated grain size 

refinement caused by DRX. This is the major contribution since one normally cannot use 

DEFORM when        . The force and temperature data from one experimental 

condition were used to calibrate the FE model by updating the model parameters (A, B, μ, 

h1). A heat exchange window was added for simulating the cryogenic cooling effect. The 

calibrated FE model was validated by using different sets of experimental data. A user 

subroutine was developed to predict the grain size changes during burnishing based on 

the DRX mechanism of Co-Cr-Mo alloys. The predicted grain size was evaluated by 

comparing with the experimental data; good agreements were achieved between 
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predictive and experimental results. However, the predicted burnishing-influenced layer 

thicknesses were generally larger than the corresponding experimental values. In this 

author's view, there is a major need for a complete predictive model incorporating DRX 

and strain-induced phase transformation, as well as considering number of tool passes 

during burnishing in order to manufacture products with superior surface parameters such 

as hip implants. The present model is a first step in fulfilling this need. Its accuracy can 

be improved with experience (finer grids) and improved input data. Similar remarks 

appear to be justified with regard to increased use of cryogenic cooling during burnishing 

(and machining) when superior surface conditions are desired. 
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK 

In this Chapter, the findings and results of the current research are summarized 

with final remarks and conclusions. The concluding remarks are given in order of 

appearance in the chapters. The directions and recommendations of the future work are 

discussed briefly based on the results and observations presented in this dissertation. 

7.1 Conclusions 

Burnishing experiments with the application of liquid nitrogen were conducted on 

an annealed Co-Cr-Mo alloy using a custom-made burnishing tool. Surface integrity 

modifications on this Co-Cr-Mo alloy were achieved from cryogenic burnishing 

processing. Pin-on-disk wear tests were conducted to explore the influence of burnished-

induced surface integrity modifications on the wear performance of the studied Co-Cr-

Mo alloy. The specific surface integrity parameters studied are microstructure (grain size 

and processing influenced layer), phase transformation, residual stresses, hardness and 

surface roughness. The major findings from this research are summarized below: 

(1) The experimental temperature study using the infrared-thermal camera showed 

that the application of liquid nitrogen during burnishing significantly suppresses 

the temperature rise within and outside the tool-workpiece contact zone. The 

liquid nitrogen can largely sustain the effect of SPD during burnishing as well as 

keeping the DRX refined grains from growing after leaving the tool. 

(2) Microstructure refinement, especiallly in the surface layer was observed under 

both dry and cryogenic conditions. With the application of liquid nitrogen, the 
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created burnishing-influenced layer thickness can be increased by up to a factor of 

3 compared to the one from dry conditions. In addition to the cooling method, the 

thickness of the burnishing-influenced layer with microstructure refinement was 

also dependent on depth of penetration of the used tool and the burnishing speed. 

The results on microstructural changes also suggest that optical microscopy may 

not be adequate to accurately characterize the resulting microstructures obtained 

using different burnishing conditions. Advanced characterization techniques, such 

as SEM, TEM or AFM, are needed.  

(3) The residual stresses became more tensile after burnishing at large DoP (0.15 

mm), when compared with the initial data, and became compressive under smaller 

DoP (0.08 mm). However, the application of liquid nitrogen during burnishing 

generally led to the formation of more compressive residual stresses in both 

directions. In addition, larger differences of up to 1400 MPa were found in 

residual stresses between tangential and axial directions. The large difference in 

residual stress values in the two directions could be caused by the different 

deformation directions (geometry and loading conditions). Severe flow of the 

material in the axial direction was evident during the burnishing process. Further 

studies are needed to investigate the causes for the different distribution of 

residual stresses in the two directions. Without the application of liquid nitrogen, 

the surface residual stresses became more tensile under all conditions when 

compared with the virgin material as well as the ones with cryogenic cooling.  

(4) A remarkable increase in the relative intensity of the hcp (    )ε peak was 

achieved on the cryogenically burnished surface, which should significantly 
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enhance the wear performance of the Co-Cr-Mo alloy. However, increasing of 

DoP and burnishing speed all led to a decrease of the amount of the hcp phase 

present. This can be due to the complicated phase transformation mechanisms of 

the Co-Cr-Mo alloy especially when DRX is also included. 

(5) Microhardness measurements indicated that the hardness close to the surface in 

the burnishing-influenced layer was increased to varying extents. The most 

significant hardness increase was achieved when using cryogenic burnishing with 

0.254 mm DoP, 100 m/min burnishing speed, an increase of up to 87% relative to 

the bulk value. However, the hardness was not only dependent on the 

microstructures, but also on the phase composition and residual stress values.  

(6) Compared to dry burnishing, application of liquid nitrogen reduced the surface 

roughness by about 40% for both burnishing conditions with 0.127 mm and 0.254 

mm DoP. However, burnishing with larger DoP increased the surface roughness 

due to more severe plastic deformation and higher processing temperature. Due to 

the severe plastic deformation involved in the process, it should be noted that the 

application of cryogenic burnishing is limited for creating super-smooth bearing 

surfaces as the final finishing process. However, better surface finish created 

under cryogenic conditions will be favorable for retaining the process-enhanced 

surface layer by minimizing the material loss during the final polishing, thus 

improving the functional performance of the processed components. 

(7) Pin-on-disk wear tests were conducted to evaluate the wear performance of the 

burnished Co-Cr-Mo alloy under different conditions. Cryogenic burnishing can 
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significantly improve the wear performance of the Co-Cr-Mo alloy, which was 

attributed to the burnishing-induced surface integrity enhancements. 

(8) The major wear mechanism was identified as surface fatigue leading to fractured 

or torn-off metallic or oxide particles, which became interfacial media. This 

further led to abrasion or surface fatigue depending on whether the particles stick 

to one surface and scratch the other or act as rolling particles bringing about 

indentations. 

(9) It was found that minimal wear volume losses were achieved in pins with the 

highest hcp amount. In contrast, the highest values of mass losses corresponded to 

fcc pins. Intermediate wear values were found in pins with lower hcp amounts for 

the wear conditions used in this work. Moreover, it was found that the exhibited 

wear volume losses do not follow a single linear trend with the phase structure 

differences. Apparently, the phase structures of the contacting surfaces play an 

important role in the tribological response. Under the wear conditions employed 

(metal-metal pin-on-disk), the dominant mechanism involved some plastic 

deformation on the contacting surfaces, and included some oxidation of the wear 

debris.  

(10) It is also found that the presence of the hcp structure exceeded the effect of grain 

size on the wear performance of the Co-Cr-Mo alloy. However, the comparison 

between cryogenic and dry burnishing with 0.254 mm DoP showed that when 

there was no hcp structure presenting in the crystal matrix, the better wear 

performance of the cryogenically burnished pin was likely due to the thicker 

burnishing-induced refinement layer and compressive residual stresses. Thus, it is 



237 

fair to conclude that the surface layer properties in terms of phase structure, 

microstructure and residual stresses were concurrently influencing the pin-on-disk 

wear behavior of this Co-Cr-Mo alloy. Further studies are needed for 

systematically identifying the relative importance of each of these properties on 

the wear performance of the Co-Cr-Mo alloy. 

(11) Based on the above results, it is suggested that future developments in Co-Cr-Mo 

hip implants should consider material prototypes that have high percentages of 

hcp structure, fine-grained microstructure as well as thick compressive residual 

stress layers as these properties tend to represent superior wear performance in 

metal-on-metal contact. Manufacturing these products can benefit from using 

cryogenic cooling to enhance the microstructure. 

(12) An FEM-based model was built using the commercial software program 

DEFORM-2D
TM 

to simulate the burnishing of the Co-Cr-Mo alloy. A new 

material model was developed for incorporating flow stress softening and 

associated grain size refinement caused by DRX. The force and temperature data 

from one experimental condition were used to calibrate the FE model by updating 

the model parameters (A, B, μ, h1). A heat exchange window was added for 

simulating the cryogenic cooling effect. The calibrated FE model was validated 

by using different sets of experimental data. A user subroutine was developed to 

predict the grain size changes during burnishing based on the DRX mechanism of 

Co-Cr-Mo alloys. The predicted grain size was evaluated by comparing with the 

experimental data; good agreements were achieved between predictive and 

experimental results. However, the predicted burnishing-influenced layer 



238 

thicknesses were generally larger than the corresponding experimental values. In 

this author's view, there is a major need for a complete predictive model of the 

burnishing process which incorporates simultaneous DRX and strain-induced 

phase transformation, as well as considering number of tool passes made during 

burnishing in order to manufacture products with superior surface parameters 

such as hip implants. The present model is a first step in fulfilling this need. Its 

accuracy can be improved with experience (finer grids) and improved input data. 

Similar remarks appear to be justified with regard to increased use of cryogenic 

cooling during burnishing (and machining) when superior surface conditions are 

desired. 

Overall, the results suggest that cryogenic burnishing can significantly modify the 

surface/subsurface properties of Co-Cr-Mo alloy, leading to potential performance 

improvement of critical components in various applications, including biomedical 

implants.  

7.2 Future Research Directions  

(1) Better temperature measurements need to be conducted by using an infrared 

camera with higher resolution and magnification than the one used in the current 

study. The measured temperature distribution near the tool-workpiece interface 

will help the researcher to better understand the mechanism of DRX, and will also 

provide valuable data for modeling. 

(2) In addition, a better design of the burnishing tool is needed to enable a clear view 

of the tool-workpiece interface by the thermal camera.  
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(3) The results on microstructural changes suggest that optical microscopy is not 

adequate to accurately characterize the resulting surface microstructures from 

different burnishing conditions.  

(4) Only spraying of liquid nitrogen on the flank side of the tool at one fixed flow rate 

was used herein for the burnishing process study. It is strongly recommended that 

the influences of flow rate, number of nozzles, precooling, nozzle position for 

applying cryogenic cooling, etc., on surface integrity of burnished Co-Cr-Mo 

alloys to be studied.  

(5) Data for an optimization process is needed in order to find the optimal 

combination of surface integrity properties for achieving the most desirable wear 

performance of the Co-Cr-Mo alloy.  

(6) Designing of different burnishing tools is encouraged in order to create the 

desirable surface integrity properties on real hip implants as well as other 

components/products with complex geometries. 

(7) A complete predictive model incorporating DRX and strain-induced phase 

transformation, as well as considering number of tool passes during burnishing is 

needed in order to manufacture products with superior surface parameters such as 

hip implants 

(8) The used material constitutive equation for Co-Cr-Mo alloy in the finite element 

(FE) model was calibrated by the experimental data from hot compression tests. 

The processing conditions in terms of strain, strain-rate and temperature involved 

were very different from the ones in burnishing. Moreover, the quantity of 

available property data at the needed conditions was very limited. A better 



240 

material model should be developed based on the material property data which 

was obtained under conditions close to the burnishing process. By doing so, the 

model should achieve much better accuracy in predicting the very valuable grain 

size change of Co-Cr-Mo alloy in burnishing.  
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