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EXECUTIVE SUMMARY  

Hip replacement is one of the most common orthopedic surgical procedures and is usually 

required due to arthritis or osteoporosis in older populations.  Currently available hip 

implants are available in six combinations, which are based on the materials used for the 

femoral head and acetabular cup.  These include metal-on-polymer, metal-on-metal, metal-

on-ceramic, ceramic-on-ceramic, ceramic-on-metal and ceramic-on-polymer.  Despite the 

discovery and availability of different combinations and different types of polymer, metal and 

ceramic materials, limited durability and lifespan due to degradation in service is still the 

main cause of hip implant failure.  The need to find better biomaterials to address and extend 

the lifespan of the implants therefore continues apace. 

Carbide-derived carbon (CDC) produced by processing silicon carbide (SiC) at high 

temperatures in the presence of  a chlorine gas mixture was considered to potentially be a 

novel biomaterial for hip implants due to its excellent tribological properties in non-

biological systems.   That prompted the need for this research, which aimed to design and 

evaluate CDC as a biomaterial for hip implants.   

The research was conducted in three parts: 

Part 1: Determine the effects of residual chlorine and sub-micron CDC particles on the 

biocompatibility of CDC powder. 

Part 2: Determine the effects of key CDC processing parameters on the tribological 

properties of CDC specimens under physiological simulated conditions. 
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Part 3: Determine the effects of post-chlorination treatments on the biocompatibility of the 

CDC specimens. 

In Part 1, experiments were conducted to study the effect of residual chlorine and submicron 

particles independently on CDC cytotoxicity.  High temperature (1400°C) vacuum treatment 

and high speed centrifugation were used to remove residual chlorine and submicron particles 

from the CDC samples.  Subsequently, energy dispersive spectroscopy (EDS) analysis of the 

furnace-treated and centrifuged CDC samples confirmed the complete removal of residual 

chlorine and submicron CDC particles in the treated samples.  Indirect cytotoxicity tests were 

conducted on CDC powder and furnace-treated CDC sample, both with and without 

centrifugation.  The test results showed that both the furnace-treated (no residual chlorine) 

and centrifuged (no submicron particles) CDC samples were not cytotoxic, and the 

submicron CDC particles are cytotoxic only when residual chlorine is present. 

Scanning electron microscopy (SEM) and EDS analysis results confirmed that there was no 

detectable chemical compositional difference between the submicron particles and the CDC 

layer.  Additionally, the analysis results indicated that the extraction and the additional 

centrifugation/washing steps did not remove a significant amount of residual chlorine from 

the CDC samples, therefore supporting previous findings that the residual chlorine is 

chemically bonded to the CDC structure. 

In Part 2, tribological test variables such as polishing of specimens, sliding frequencies, and 

sliding time were studied to determine the appropriate test parameters for this research.  It 

was learned that CDC specimens should be lightly polished to remove loosely adhered 
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particles before their use in tribological testing to allow consistent evaluation of CDC 

microstructure effect on the wear rate.  As expected,  the different sliding frequencies 

(different dwell times) studied had negligible impact on the wear rate of CDC and on ultra-

high molecular weight polyethylene (UHMWPE) specimens as these materials are non-

corrosive and do not need a minimum time to form an oxide layer.  In addition, higher wear 

rates were observed at lower sliding times for all types of specimens (UHMWPE, titanium 

and CDC).  It is believed that this was due to the higher initial wear rate, also known as the 

“run-in-period”.  Given this, a short sliding time of 60 minutes was used as the standard 

testing time in hope of observing more discriminative wear rates. 

The effects of chlorination temperature (1000°C and 1100°C), chlorination time (≤ 8 hours 

and 19 hours) and post-chlorination treatment gas mixture (H2, NH3 and vacuum) on wear 

rate were studied.  In general, the experimental data showed no significant wear rate 

difference from CDC produced as the result of: 

• Long vs. short processing times 

• Chlorination temperature of 1000°C vs. 1100°C 

• Post-chlorination treatment with H2 and vacuum 

However, SEM analysis revealed that the extensive processing conditions (long processing 

time and high temperature) resulted in cracks on the CDC layer which was believed to be 

caused by shrinkage of CDC microstructure when it was converting to the graphitic structure.  

Additionally, the results also indicated that the form transformation was a function of post-

treatment gas mixture, with NH3 being the most aggressive. 
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The effect of protein concentration in the tribological testing solution on wear rate was 

studied using bovine calf serum (BCS) solution (30 g/L of protein) and distilled water (0 g/L 

of protein).  Lower wear rate and friction coefficient were obtained on the tests conducted in 

distilled water.  The finding was confirmed by conducting 100,000 Cycle (27.8 hours) sliding 

tests, and further investigated with protein adsorption test using PierceTM Bicinchoninic Acid 

(BCA) protein assay kit.  The test results showed that only a small amount of BSA protein (9-

25 %) was adsorbed on the CDC surface.  It is possible that the presence of protein increased 

the CDC surface roughness and reduced the effectiveness of the lubricant film thickness, 

therefore resulting in a higher wear rate. 

CDC wear rates were compared to CoCrMo (the “gold standard” of existing hip implants) 

wear rates tested under comparable testing apparatus and conditions.  This comparison 

showed that CDC exhibited significantly lower wear rate when compared to the wear rate of 

CoCrMo. 

Due to the hardness difference between the test specimens and the alumina balls, and the 

mechanical action applied during the tribological test, some wear on the alumina balls were 

observed.  To support the hypothesis that CDC will form a smooth layer after the run-in 

period, wear volumes on the alumina balls after selected tribological test were measured. As 

expected, sliding relatively hard SiC on the alumina balls resulted in a higher wear volume 

when compared to that observed for CDC specimens sliding on alumina balls.  Additionally, 

similar wear volumes were obtained for the CDC specimens sliding for 28,800 and 100,000 

cycles, which indicates further reduction of the friction coefficient and wear on the contacting 
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components. 

In Part 3, the effect of post-chlorination hydrogen treatment on biocompatibility of CDC 

specimens were studied using 4 tests and 2 cell viability assays.  It was learned that the CDC 

specimens were not very toxic, therefore more severe testing conditions were needed to 

produce discriminative test results.  Collectively, the test results indicated that the post-

chlorination hydrogen treatment improved the biocompatibility of the CDC specimens, and 

the treatment effect was more pronounced on the CDC specimens produced from the short 

processing times, which should have thinner CDC layers.  Overall, it can be concluded that 

the CDC layers are relatively biocompatible.  CDC layers with similar biocompatibility as the 

Ti6Al4V alloys can be produced by the selected chlorination conditions and post-chlorination 

hydrogen treatment. 

The effect of post-chlorination vacuum treatment on the biocompatibility of CDC specimen 

was also studied.  Study results showed that the vacuum treatment appeared to be able to 

remove a significant amount of residual chlorine in CDC samples, however the resultant 

CDC samples were still cytotoxic.  It is believed that the cytotoxicity of the vacuum treated 

CDC samples was due to the presence of submicron CDC particles in the samples; visible 

cracks in the samples indicated that the integrity of the samples was compromised. 

The effect of post-chlorination ammonia treatment on the biocompatibility of CDC specimen 

was also studied.  Study results showed that the ammonia treatment appeared to be able to 

remove significant amount of residual chlorine in CDC samples, but the resultant CDC 

sample was very cytotoxic.  EDS analysis of the ammonia treated sample showed that the 

treatment did not generate unexpected chemical composition.   
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Conclusion: 

Biocompatible CDC layers can be produced by modulating chlorination conditions and 

application of a post-chlorination hydrogen treatment.  Excessive processing conditions (high 

temperature and long processing time) are not recommended as these will affect the integrity 

of the resulting CDC layer. 
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1.0 INTRODUCTION 

Hip replacement is one of the most common orthopedic surgical procedures and is usually 

required by older population due to Arthritis and/or Osteoporosis. Arthritis is affecting an 

estimated 8.6 million people in the United States as of 2005 and is projected to affect ~71 

million people by 2030 [1]. Hip replacement is a cost effective option for the arthritis patients 

to live a normal life and resume normal activity without too much risk since hip replacement 

treatment has a very high success rate.  A total hip replacement consists of 3 main parts as 

shown in Figure 1: (1) Femoral stem, (2) Femoral head, and (3) Acetabular components.  

            

 

Figure 1: Main Components of Hip Implantsa 
aFigure from American Academy of Orthopedic Surgeons [2] 

 
 



Currently commercially available hip implants are available in six combinations based on the 

materials used for the femoral head and acetabular cup: metal-on-polymer, metal-on-metal, 

metal-on-ceramic, ceramic-on-ceramic, ceramic-on-metal and ceramic-on-polymer.  The 

metals used include stainless steel, cobalt chromium molybdenum alloy and titanium 

aluminum vanadium alloy. The polymer used is mainly ultra-high molecular weight 

polyethylene (UHMWPE). Ceramic implants are mainly made out of alumina and zirconia. 

In hip replacement, the acetabular cup is inserted into the hip socket and replaces the worn 

cartilage.  It is constantly in contact with the femoral head therefore is prone to friction and 

wear.  One of the main challenges with hip implants is its limited durability and lifespan 

due to degradation in service. The main causes of failure of hip implants are loosening 

of the implant due to wear, corrosion, and inflammation due to micro debris that are 

bioreactive [3] [4].   

Metal-on-polymer implant is the most popular implant choice as it has a long standing proven 

track record.  However, it suffers from wear degradation resulting in polyethylene wear 

debris that contributes to osteolysis and results in implant loosening and failure.   

Metal-on-metal implants have less wear than metal-on-polymer and gave lower friction 

coefficient in bovine serum but still could not escape from the failure due to wear debris [1].  

Tribological issues severely affect the performance of metal-on-metal implants and FDA 

issued a recall on metal-on-metal hip implant in February 2011. In fact, the recall caused a 

surge in research to better understand the failure mechanisms of metal-on-metal, which has 

less wear than metal-on-polymer [1].   One study reported that graphitic materials were 

observed on metal-on-metal hip implants retrieved from patients [1].  Even though the exact 

mechanism for how the graphitic material is formed has not been determined, the 
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observation supports the hypothesis that the presence of graphitic materials lowers the 

friction and/or wear in the implant.  

Ceramic-on-ceramic hip components have superior wear resistance and lower wear rates than 

both metal-on-metal and metal-on-polymer implants but it has no long term data available 

and the early generation of ceramic-on-ceramic implants was susceptible to fracture.   The 

wear debris problems with the metal-on-polymer and metal-on-metal implants inspire the 

need to find better biomaterial for hip implant. 

It is known that silicon carbide (SiC) is widely used in applications requiring high endurance 

due to its superior mechanical and chemical properties. However, it is not lubricious and 

suffers from high frictional losses when used in sliding contact applications, and therefore 

presents the need for more lubricious and durable material for contact applications. That led 

to the invention of CDC produced by a novel high temperature chlorination process [5] over 

a decade ago.   

                                     SiC(s) + 2Cl2 (g)  SiCl4 (g) + C (s) 

In the process, SiC is exposed to chlorine gas at high temperature.  Chlorine reacts with 

silicon to form volatile compounds, leaving carbon behind. Previous studies concluded that a 

wide variety of carbon structures were observed in CDC samples depending on the 

chlorination conditions [6]. A schematic of the carbon structures in a typical CDC sample is 

shown in Figure 2 [6].  In general, nano-crystalline hexagonal diamond and cubic diamond 

were observed at the SiC and CDC interface while graphitic structure was observed near the 

top surface of the CDC layer [6]. 
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Figure 2: Schematic of Typical CDC Structures [7]  

The structural variation over the CDC layer depth resulted in a graded hardness; high 

hardness at the SiC and CDC interface and a gradual reduction to lower hardness at the CDC 

interface [7].  The graded hardness and specifically the nanodiamond CDC hardness closely 

matches the hardness of SiC gave CDC excellent resistant to spallation and delamination [7]. 

CDC was reported to possess excellent mechanical properties and excellent tribological 

properties (friction coefficient ~0.03) depending on the synthesis conditions and tribological 

testing apparatus/setup and environmental conditions [7] [8] [9].  Extensive research has 

been conducted to understand the factors that could affect the tribological properties of a 

CDC layer in non-biological systems using a pin-on-disc apparatus.  It was determined that 

the tribological properties are affected by the CDC structure, surface chemistry and residual 

chlorine [5] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] which are directly affected by the 

chlorination conditions and post chlorination treatment.  

4 
 



 

A chlorination temperature of 1000ºC was deemed to allow higher CDC growth rate as 

compared to 700-800 ºC [5]. Graphite is the thermodynamically stable phase of carbon 

therefore higher chlorination temperatures tend to produce more graphitic carbon by driving 

the process rapidly toward equilibrium.  A mixture of amorphous carbon and rhombohedral 

crystalline graphite were observed in CDC produced at chlorination temperature of 1200 ºC 

(10 hours with gas mixture of Cl2:H2 = 5.0:2.5) and it was concluded that the higher 

temperature improved the tribological properties of CDC due to the self-lubricating 

properties of the rhombohedral crystalline graphite [13]. Higher chlorination temperature 

(1000°C vs. 900°C at 3.5% Cl2-Ar for 8 hours) produced more graphitic CDC was 

confirmed by another study [17].  

Graphitic CDC was observed from chlorination at 1000 °C using gas mixtures without 

hydrogen.  Inclusion of hydrogen in the chlorination gas mixture allows formation of 

nanocrystalline diamond CDC with mechanical properties close to that of a SiC [5]. It was 

reported that higher hydrogen content in the chlorination gas mixture improved the 

tribological performance of the resulting CDC layer [11]. Another study found that the 

diamond-to-graphite ratio decreased with increasing hydrogen content in the gas mixture and 

the CDC pore size increased up to 2.5nm as a function of the hydrogen content [14]. As a 

result, the hardness and elastic modulus of the CDC decreased with increasing hydrogen 

content. This could be an artifact of slower reaction rate and longer chlorination time (led to 

more graphitic CDC) when higher hydrogen content was used in the gas mixture. It was 

reported that increasing the hydrogen content over 2:1 Cl2:H2 in the gas mixture had a 

dramatic effect on the kinetics of the reaction [5] [14].  Furthermore, it was reported that 

5 
 



inclusion of hydrogen in the chlorination gas mixture resulted in residual chlorine molecules 

that were chemically bonded to the CDC and cannot be removed at the post-chlorination 

hydrogenation step [17]. 

Due to the reactive (dangling/unsatisfied bonds) CDC surface a lower CDC friction 

coefficient was obtained with post chlorination-hydrogen treatment and decreasing humidity 

in the tribological test environment [9] [10] [12] [17]. Previous data support the hypothesis 

that the post chlorination-hydrogen treatment eliminated the dangling bonds with the highly 

reactive hydrogen atom and therefore reduced CDC friction coefficient.   

Additionally, previous study shows that nanoporous CDC layer can retain a significant 

amount of chemical bonded residual chlorine that is hard to remove [17] [18]. Also, several 

methods such as incubating in cell culture media, immersing in water, boiling in deionized 

water, and sterilization in an autoclave were tested to remove the chlorine however none of 

the methods were successful in eliminating the biocidal activity of the CDC layer produced 

from the chlorination process. It was reported that CDC containing 2 wt% of chlorine killed 

all the bacterial spores in 120 minutes [18].  The same study reported observation of a higher 

chlorine level in larger CDC pores. Furthermore, another study demonstrated that the 

porosity of CDC can be customized by optimizing the chlorination temperature, particle size 

of carbide precursor, and post chlorination treatment [19].   

To summarize the previous work, tribological and mechanical properties of a CDC layer are 

affected by the CDC structure, surface chemistry and residual chlorine which are directly 

affected by the chlorination process and post chlorination treatment.  There is no doubt that 

pure carbon has excellent biocompability [19], however the residual chlorine in the CDC 

layer could be detrimental to biocompatibility of the CDC layer. The amount of residual 
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chlorine retained in the CDC may be affected by the CDC structure and porosity. Significant 

research has been conducted to determine the factors that could affect the tribological and 

mechanical properties of CDC.  However, none of the studies was conducted in the context 

of a biomaterial where specific ASTM or ISO tests, mimicking biological systems 

specifically hip joint, should be used for the evaluation.  It is well known that the protein 

concentration in biological fluids such as bovine serum is important to determine friction and 

wear [20] as the adherence of proteins to the surface could effectively increase surface 

roughness and reduce the effectiveness of lubricant film thickness.  CDC surface 

characterization to better understand protein adsorption ability could be critical in 

biotribology.  Additionally, the effect of physio-chemical properties of CDC such as retained 

chlorine and submicron particle size on biocompatibility has not been studied. There was a 

need to conduct a comprehensive study in the context of a biological and/ or hip joint 

system, specifically to design and develop a CDC layer for use as a novel biomaterial for hip 

implant.    

This thesis work can be divided into 3 parts: 

Part 1: Determine the effect of residual chlorine and sub-micron CDC particles on the 

biocompatibility of CDC powder. 

Part 2: Determine the effects of key CDC processing parameters on tribological properties 

(Coefficient of friction and wear rate) of CDC specimens under physiological simulated 

conditions (linear reciprocating tribometer and protein solution). 

 

 Part 3: Determine the effect of post chlorination treatments on the biocompatibility of the 
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CDC specimens. 

Successful completion of this project will serve as a promising first step toward alleviating 

the main cause of hip implants failure: implant loosening due to wear, corrosion, and 

inflammation caused by micro debris. 
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2.0      LITERATURE REVIEW  

2.1     Carbon 

Carbon, C, atomic number 6 is a member of group 4 on the periodic table.  It has four 

electrons in its valence shell that can hold eight electrons therefore each carbon atom can 

form covalent chemical bonds with up to four different atoms.  This allows carbon to bond 

with other elements as well as with itself. Carbon is the fourth most ample element in the 

universe by mass after oxygen, hydrogen and helium [21].  It is the second most abundant 

element in the human body by mass after oxygen [21]. 

Carbon has a very high melting point and remains unreactive at normal conditions.  At high 

temperature, carbon reacts with oxygen and some metals to form carbon oxides and metal 

carbides, respectively.  Carbon has three naturally occurring isotopes (same number of 

protons for each atom, they differ in neutron numbers; the neutron number has drastic effects 

on nuclear properties) namely 12C, 13C, and 14C where the former two are stable and the third 

one is radioactive [21].   

Carbon has many allotropes and the properties of carbon vary widely with the allotropic 

form.  The most well-known allotropes include graphite, diamond, amorphous carbon and 

fullerenes such as buckyballs, carbon nanotubes, carbon nanobuds and nanofibers [21].  

Diamond is highly transparent, hard, high thermal conductivity and low electrical 

conductivity.  In contrast, graphite is opaque, soft and a good conductor.  Graphite is the most 

thermodynamically stable form under terrestrial conditions.  Fullerenes have a graphite-like 

structure and contain pentagons (or even heptagons) of carbon atoms, which bend the sheet 

into cylinders, spheres or ellipses [21].  Fullerenes do not have high melting points and are 
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the only carbon allotropes soluble in organic solvents.  The cage like fullerene molecules can 

be used as a vehicle to carry drug and pass through cell wall.   

Carbon nanotubes (CNTs) are one of the most intensively studied and characterized 

nanomaterials [22].  Carbon nanotubes consist of tiny cylinders of carbon differing in size 

and atomic arrangement that have very different properties.  Single or multiple-walled carbon 

tubes, made from concentric nanotubes (one tube inside a larger nanotube) can be formed.  It 

has many potential applications due to its outstanding mechanical, thermal electronic, 

electrical, chemical and physical properties [23].  Some nanotubes are excellent insulators, 

semiconductors or conduct electricity and can be stronger than steel [23]. In addition, its 

large surface area can be used a component of industrial catalyst.  CNTs are hydrophobic 

hence insoluble in water which limit their application in biomedical systems.  Various 

functionalization methods have been utilized to convert CNTs to be hydrophilic [23]. 

2.2     Silicon Carbide 

SiC is the chemical formulation for silicon carbide.  It is a compound of silicon and carbon.  

It occurs naturally as an extremely rare mineral, therefore vast majority of commercially 

available SiC are produced synthetically [24].  The type of manufacturing process determines 

its density, grain size and hardness.  Silicon carbide manufactured by different processes can 

be polished into difference surface finishes (CVD: a few Angstroms, reaction bonded: 20 - 50 

Angstrom, hot pressed: 50 - 100 Angstrom, and sintered: 100 Angstroms and often much 

higher) [24].  Large crystals of silicon carbide are grown synthetically as the diamond 

imitation jewel moissanite [24].  There are about 250 polymorphs of SiC with alpha silicon 

carbide (α-SiC) as the most common one, follows by beta silicon carbide (β-SiC) [25].  α-SiC 
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is formed at temperatures greater than 1700°C and exhibits a hexagonal crystal structure. On 

the other hand, β-SiC is formed at temperatures below 1700°C and has a zincblende crystal 

structure similar to diamond [26].  SiC is an extremely hard, durable substance that is used in 

sliding applications like car brakes, turbine mechanics, and certain types of seals and 

bearings. 

2.3     Carbide Derived Carbon (CDC) 

CDC refers to carbon materials derived from binary or ternary carbide precursors.   A number 

of carbides have been used to produce CDC which include SiC, TiC, Ti3SiC2, WC, Al4C3, 

Fe3C and etc [5] [27] [28].  A wide variety of carbon structures have been reported in CDC 

samples depending on the carbide precursor and processing conditions: micro-porous carbon, 

meso-porous carbon, amorphous carbon, carbon nanotubes, onion-like carbon, nano-

crystalline diamond, graphene and graphite [29]. 

CDC can be produced from several chemical and physical synthesis methods [30].  The most 

common chemical synthesis method is chlorine treatment of metal carbide in the presence of 

chlorine (or other halogen) gas at moderate to high temperature.  In the process, chlorine 

reacts with the metal to form a volatile compound and leaving carbon behind.  

MC(solid) + 2Cl2 (gas)  MCl4 (gas) + C(solid) 

Chlorination temperatures ranging from 200° to 1200°C have been used to produce CDC.  

More graphitic CDC was observed at higher chlorination temperatures as graphite is the most 

thermodynamically stable form.  It was reported that chlorination temperatures beyond 
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1000°C result in CDC with predominantly graphitic structures and therefore shrinkage of the 

material during conversion is expected [30]. 

In addition to the chlorine treatment, CDC can also be produced from vacuum decomposition 

where metal atoms in the carbides are extracted at temperature above 1200°C under vacuum.  

This method utilizes the high melting and boiling point of carbon as compared to the metals 

in the carbide, which melt and evaporate, leaving the carbon behind [31].  It was reported that 

this method produces CDC with higher degree of order, and carbon nanotubes and graphene 

can be produced [32]. 

Hydrothermal decomposition is another physical synthesis method for CDC production.  In 

this process, metal carbides are reacted with water at temperature between 300°C and 1000°C 

under pressure of 2- 200 MPa [30]. 

MC + X*H2O  MOx + C + X*H2 

Higher pressure and lower temperature result in higher carbon-containing gases and therefore 

lower solid carbon [30]. 

CDC’s unique physical, chemical, mechanical and tribological properties offer a lot of 

potential applications such as energy storage, gas storage, carbon dioxide capturing, 

tribological coatings, protein adsorption, catalyst support and capacitive deionizazation [30]. 
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2.4     Carbons Used in Biomedical Application 

Carbon in activated charcoal is by far the most commonly used carbon in biomedical 

application. These very fine and highly porous carbon particles are very reactive and can bind 

to many harmful substances.  In fact, this type of carbon is typically used in the hospital to 

treat drug overdoses and chemical poisoning.  Upon oral or enteral (via tracheal tube) 

administration, the carbon will travel through the gastrointestinal tract.  Since it is not 

digested so it will stay in the gastrointestinal tract until it is discharged via bowel movement.  

Carbon nanotubes (CNTs) are the most widely studied materials among the type of carbon 

that are being investigated. The well-ordered molecular structure, high aspect ratio, unique 

size and shape of carbon nanotubes (CNTs) offer many excellent physical, mechanical, 

electrical and optical properties.  It is also the most widely studied nanotube for biomedical 

application.  Currently some of the more prominent biomedical applications of CNTs include 

drug delivery, tissue engineering, gene delivery, stem cell therapy, thermal therapy, 

biological detection and imaging [22]. 
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2.5     Definition of Biocompatibility and Toxicity in Biomedical Engineering 

The widely recognized definition for biocompatibility is the one written by D.F. Williams, 

“Biocompatibility refers to the ability of a biomaterial to perform its desired function with 

respect to a medical therapy, without eliciting any undesirable local or systemic effects in the 

recipient or beneficiary of that therapy, but generating the most appropriate beneficial 

cellular or tissue response in that specific situation, and optimizing the clinically relevant 

performance of that therapy” [33].  What is toxicity and how does it different from 

cytotoxicity? “Nanoparticles toxicity refers to the ability of the particles to adversely affect 

the normal physiology as well as to directly interrupt the normal physiology organs and 

tissues of humans and animals” [33]. Cytotoxicity is the degree of toxicity on a substructure 

of an organism such as a cell.   

2.6     Biocompatibility and Toxicity of CNTs 

A lot of research has been conducted to study the toxicity of CNTs.  Collectively, the data 

suggest that physicochemical properties of CNTs, such as dimensions, surface properties, 

functionalization, concentration and residual metal catalyst, are likely to impact the toxicity 

of the CNTs [34] [35] [36] [37] [38] [39] [40] [41] [42] [43].  However, the findings are 

inconsistent and there is no definitive conclusion on how these physiochemical properties 

affect the toxicity of CNTs.  From this literature review, it was noted that CNTs from 

different sources were used in the studies.  CNTs from different sources could be produced 

from different methods and may possess different physiochemical properties such as metal 

impurities.  Additionally, different material characterization methods are used to characterize 

the CNTs, and different cell lines, cell viability and analysis methods were used to carry out 
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the studies.  These differences make it impossible to compare the toxicity data across the 

different studies.  Despite the inconsistent findings, there is a broad agreement that:  

 Frustrated phagocytosis is uncommon in a CNT dimension threshold of less than 

5μm, 

 Well dispersed CNTs are found to be less toxic, 

 Surface properties and functionalization of CNTs are key factors to reduce or 

modulate toxicity of CNTs, 

 Dose or concentration dependent cytotoxicity is more pronounced when lower purity 

CNTs are used, and 

 Metal residue can cause oxidative stress and cytotoxicity.  Purity of CNTs is greatly 

depended on the method of manufacture and the method of purification.  Post 

synthesis purification process and residual metal catalyst in CNTs should be 

considered when assessing cytotoxicity of CNT. 

2.7 Bio-tribology with a Focus of Artificial Joints 

According to the Oxford dictionary, tribology means “the study of friction, wear and 

lubrication, and design of bearings, science of interacting surfaces in relative motion”. Bio-

tribology is the tribology of biological systems such as wear of denture, tribology of contact 

lenses, the wear of replacement heart valves, the lubrication of the pump in the total artificial 

hearts, and tribology of natural synovial joints and artificial replacements [44].  Bio-tribology 

study of artificial joints should be studied in conjunction with cytotoxicity study of wear 

debris since wear debris is one of main causes of hip implant loosening and failure. 
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As known that all surfaces are rough when viewed under microscopic scales.  Surface 

roughness is typically characterized by the arithmetical mean deviation which is denoted as 

Ra.  Surface roughness can be measured by contacting Talysurf profilometer or non-

contacting white light interferometer. Typical surface roughness values for orthopaedic 

implants are 0.005-0.01 µm, 0.005-0.025 µm, and 0.1-2.5 µm for ceramic (alumina), metal 

(cobalt chrome), and plastic (UHMWPE) implants, respectively [45].  

Friction is known as resistance to movement.  First law of dry friction defines that the force 

of friction (F) is directly proportional to the applied load (W).  Friction is typically expressed 

in a dimensionless term, coefficient of friction and is calculated by F/W.  It is well accepted 

that coefficient of friction is greatly affected by nature of the contact surfaces and the 

presence of biological lubricants.  Low friction is desired to reduce the stress transmitted to 

the fixation interface.  However, low friction does not always equal to low wear volume.  It 

was reported that the early Teflon hip joint exhibited optimal coefficient of friction but failed 

quickly due to wear [45]. 

“Wear is defined as progressive loss of substance from the operating surface of a body 

occurring as a result of relative motion at the surface [44]”.  There are at least 5 types of 

wear: abrasive, adhesive, fatigue, erosive and corrosive.  The former 4 wear types are mainly 

contributed by mechanical actions while corrosive is a result of chemical action.   
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3.0      EXPERIMENETAL MATERIALS  

3.1 CDC Powder 

CDC powders (lot number YC-TCT-1) supplied by Y-Carbon were used in the experiments 

to determine the effect of residual chlorine and submicron CDC particles on the 

biocompatibility or cytotoxicity of CDC powder.   The CDC powders were produced from 

chlorination with pure chlorine gas at 1000°C for 6 hours and post chlorination hydrogen 

treatment at 600°C for 2 hours.  SEM images of the CDC powder, YC-TCT-1, is shown in 

Figure 3. 

   

Figure 3: SEM Images of CDC Powder, YC-TCT-1 
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3.2 Polycrystalline Silicon Carbide 

Polycrystalline α-SiC specimens supplied by Saint Gobain Ceramics (Hexoloy® SA Silicon 

Carbide) were used to synthesize CDC.  The SiC specimens were supplied in 2 finishing 

conditions: as-fired and polished, as shown in Figure 4.  The as-fired SiC has a surface 

roughness (Ra) of ~352 nm while the polished SiC has a surface roughness of ~15 nm.  All 

the SiC layer specimens used in this research (Hexoloy® SA Silicon Carbide) are produced 

by pressureless sintering of submicron SiC powder.  The process yields self-bonded, fine 

grain (less than 10µm) SiC material with a theoretical density greater than 98%. 

 

 

Figure 4: As-fired (left) and Polished SiC Specimens 
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The SEM micrograph of the α-SiC layer specimen is shown in Figure 5.  

 

Figure 5 SEM Micrograph of α-SiC Layer Specimen 

 

Some of the typical physical properties of the α-SiC layer specimen is tabulated in Table 1. 

Table 1: Typical Physical Properties of α-SiC Layer Specimen [17] [46] 
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The area for one side of the specimen was calculated as following: 

 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  
3
2
∗ 𝑎𝑎2 ∗  √3  =  

3
2
∗ 17 𝑚𝑚𝑚𝑚2 ∗  √3 = 750.8 𝑚𝑚𝑚𝑚2 = 7.5 𝑐𝑐𝑐𝑐2 

 

3.3 Reference Materials for Biocompatibility 

ZDBC polyurethane film (RM-B) and high density polyethylene film (RM-C) were used as 

the primary positive and negative controls, respectively, for the cytotoxicity tests in this 

research.  These materials are the recommended standard materials by the Japanese 

guidelines for basic biological tests of medical devices (MHLW Japan, 2003) and 

ISO10993/TC194 for verifying sensitivity and accuracy of cytotoxicity and implantation 

tests.  Each batch of the materials is certified for the specific biological activity and stability 

by bioassay in Hatano Research Institute (HRI), Food and Drug Safety Center (FDSC).  
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3.4 Bovine Calf Serum Solution for Tribological Test 

The protein concentration of the bovine calf serum (BCS) solution used in this research is 

30g/L and a pH value of 7.6. The BCS solution is prepared in 2 steps: (1) Preparation of a 

basic solution, and (2) Preparation of the BCS solution.   Procedures for preparing the basic 

solution are listed as following:  

• Dilute 18g of sodium chloride with 1300 mL of deionized water , 

• Mix with a magnetic stirrer for about 5 minutes, 

• Add 54 g of Tris (27 g/L), 

• Add 400mg of EDTA (200 mg/L), 

• Mix with a magnetic stirrer for about 15 minutes, 

• Calibrate pH electrode, 

• Adjust solution pH to a value of 7.6 by adding a 5 N hydrochloric acid solution 

carefully, and  

• Fill up beaker with deionized water to 2000 mL 

The basic solution should be stored in a refrigerator and can be used up to 2 months.  The 

BCS solution is prepared by: 

• Defrost frozen bovine calf serum in a water bath set at 37-39°C.  The protein 

concentration in the BCS is about 65 g/L, 

• Add 272.7 mL of the BCS to a beaker, 

• Add 327.3 mL of the basic solution to the beaker, and 

• Mix with a magnetic stirrer for about 5 minutes. 

This procedure yielded a BCS solution with 30 g/L of protein and a pH value of 7.6.  The 

BCS solution should be stored in a refrigerator and can be used up to 1 month. 
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3.5 Reference Materials for Tribological Test 

UHMWPE and titanium type-V alloy (Ti-6Al-4V) were used as the reference materials for 

the tribological test in this research as these materials are being used in the commercial hip 

implants.  An impact-resistant slippery UHMWPE rod was purchased from McMaster-

CARR.  The rod was then machined into individual disc with a diameter of 15 mm and a 

thickness of 3 mm.  Each disc was manually polished using 800 grit sand papers to get rid of 

the machining lines, to smooth out the surface prior to use in the tribological test. 

A Ti-6Al-4V bar was purchased from Vulcanium, a division of United Performance Metals.  

It was manufactured per ASTM F-1472, Standard Specification for Wrought Titanium-

6Aluminium-4Vanadium Alloy for Surgical Implant application.  Subsequently, the titanium 

bar was machined into individual disc with a diameter of 15mm and a thickness of 2 mm.  

Each disc was manually polished prior to use.  The polishing procedures include a 

preliminary polishing using 240, 320, 400, 600 and 800 grit sand papers, and then a final 

polishing to mirror finish using Texmet polishing cloth with diamond paste mixed with 

lubricant fluid followed by chemomet polishing cloth with colloidal silica polishing 

suspension. 

In addition to UHMWPE and Ti-6Al-4V, wear rates of selected CDC specimens were also 

compared to the wear rates of CoCrMo that was tested under similar testing conditions.  A 

CoCrMo bar was obtained from ATI Allvac (TJA-1537, UNS Number: R31537). Chemical 

composition of the CoCrMo bar is tabulated in Table 2.  It was manufactured per ASTM F-

1537, Standard Specification for Wrought Cobalt-28Chromium-6Molybdenum Alloys for 
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Surgical Implants, and has a density of 8.30 g/cm3 [47]. The bar was then machined into the 

desired dimension and manually polished prior to use [48]. 

Table 2: Chemical Composition of CoCrMo (Allvac TJA-1537, UNS # R31537) [47] 
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4.0 EXPERIMENTAL SETUP AND APPROACHES 

4.1 CDC Synthesis 

CDC specimens were produced by heating SiC specimens with 3.5% Cl2-Ar gas in a fused 

silica reaction tube inside a resistance-heated electric furnace under ambient pressure.  A 

schematic of the CDC synthesis apparatus is depicted in Figure 6.  It was learned that oxygen 

contamination is detrimental to the chlorination process where significant leaks in the system 

will impede the CDC production.  Silicone sealer was used to seal all the plastic tubing 

connections to minimize leaks in the system.  It should be pointed out that heating and 

cooling should be carried out in an argon gas, and the chlorine gas mixture should only be 

applied when the desired furnace temperature is reached.  This will allow production of the 

desired CDC microstructure.  Following are the procedures used in this research to produce 

CDC: 

• Purge the entire system with argon gas flow at 40cm3/s (furnace tube’s internal 

diameter= 7 cm, linear velocity = 1.04 cm/s) 

• Turn on the furnace and heat to the desired temperature with argon gas flow at 25 

cm3/s (linear velocity 0.65 cm/s) 

• Start chlorine-argon gas mixture flow at 25 cm3/s  for the desired length of time 

• Turn off furnace and start argon gas flow at 25 cm3/s for the entire cool down period 

(8-9 hours). 
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Figure 6: Schematic of CDC Synthesis Apparatus 

4.2 Post Synthesis Treatment 

Three post synthesis treatments were studied in this research.  The treatments include: 

• 5 % Hydrogen-argon treatment 

• 5 % Ammonia-argon treatment 

• Vacuum treatment 

The post synthesis hydrogen and ammonia treatments were carried out in the same apparatus 

as the CDC synthesis where two procedures were used in this research, depending on the 

chlorination time. 
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Procedure for 8 hours chlorination time: 

• Purge the entire system with argon gas flow at 40cm3/s 

• Turn on the furnace and heat to the desired temperature with argon gas flow at 25 

cm3/s  

• Start chlorine-argon gas mixture flow at 25 cm3/s for the desired length of time 

• Turn off furnace and start argon gas flow at 25 cm3/s for the entire cool down period 

(overnight). 

• Turn on the furnace (the next day) and heat to the desired post treatment temperature 

with argon gas flow at 25 cm3/s  

• Start hydrogen or ammonia gas mixture flow at 25 cm3/s for the desired length of 

time. 

• Turn off furnace and start argon gas flow at 25 cm3/s for the entire cool down period 

(8-9 hours). 

Procedure for 19 hours chlorination time: 

• Purge the entire system with argon gas flow at 40cm3/s 

• Turn on the furnace and heat to the desired temperature with argon gas flow at 25 

cm3/s  

• Start chlorine-argon gas mixture flow at 25 cm3/s for the desired length of time 

• Set furnace temperature to the desired post treatment temperature 

• Start hydrogen or ammonia gas mixture flow at 25 cm3/s for the desired length of 

time 

• Turn off furnace and start argon gas flow at 25 cm3/s for the entire cool down period 

(8-9 hours or overnight). 
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The post synthesis vacuum treatment was conducted in a brazing vacuum furnace equipped 

with vacuum pump as shown in Figure 7. 

     

Figure 7:  High Temperature Furnace Equipped with Vacuum Pump 

The procedures used are summarized as following: 

• Place specimen in the furnace (as shown in Figure 7 – right picture) 

• Start the pump vacuum to achieve a vacuum of at least 1 x10-5 Torr 

• Set furnace temperature to 150 °C and wait for the temperature to reach the set point 

• Increase the furnace temperature set point to 790 °C and wait for the system to 

stabilize 

• Hold at the temperature and vacuum setting for the desired duration of time 

• Turn off furnace and wait for the internal temperature to reach 100°C or lower before 

turning of the vacuum pump 
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4.3 In-vitro Cytotoxicity Tests and Cell Culture 

The In-vitro cytotoxicity tests in this research were conducted using MG-63 human 

osteoblast-like cells per the requirements listed in ISO 10993-5:2009 (Biological 

evaluation of medical devices- Part 5: Tests for in vitro cytotoxicity. ISO (the 

International Organization for Standardization) is a worldwide federation of national 

standards setting bodies. Three categories of test are listed in this ISO standard: extract test, 

direct contact test, indirect contact test.  ISO specified that the selection of test or tests is 

depending on the nature of the sample and the potential site of use for the biomaterial.  To be 

comprehensive, all three tests listed in the ISO were used in the in-vitro cytotoxicity 

evaluation of the CDC specimens.  All the tests were conducted with positive a n d  n e g a t i v e  

controls to ensure an appropriate test system response and to identify background response of 

the cells.  At the end of the exposure time, the extent of the cytotoxic effect was evaluated by 

cell viability and/or cell growth using Cell Counting Kit-8 (CCK-8) and/or LIVE/DEAD® 

Viability/Cytotoxicity Kit for mammalian cells. 

MG-63 human osteoblast-like cells were cultured in Eagle-Minimal Essential Medium 

(EMEM) supplemented with 10 v/v% of fetal bovine serum (FBS), and 1v/v % of penicillin 

streptomycin.  Cells were incubated at 37 °C in a humidified atmosphere of 5% CO2 in air 

where cell culture medium was changed/ replenished every other day.  These cells were 

routinely sub-cultured every seventh day in 75 cm2 flasks at a seeding density of 500,000 

cells and a passage density of ~ 5,000,000 cells (80% confluency).  Cell passage beyond 10 

was not used in this research to avoid undesired mutation effect.  
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PBS with calcium and magnesium was used in this research to wash and/ or immerse cells. 

The metal ions help with cell attachment therefore should minimize any undesired cell 

morphology changes during the procedure. 

 

4.4 Indirect Contact Cytotoxicity for CDC Powder 

Cell culture medium with serum (EMEM+ 10 v/v% FBS + 1v/v% penicillin) was used as an 

extract solvent in this part of the research.  It is the recommended extraction solvent per the 

ISO as it can extract both the polar and non-polar (due to the serum) compounds in the 

samples and it can support cellular growth subsequently [49]. 

First of all, CDC powders were sterilized by autoclaving at 121°C for 15 minutes.  Then, 

extraction was carried out by adding 1 mL of cell culture medium to 0.1g of sterilized CDC 

powder (see Figure 8) per the ISO requirements for extraction solid-to-solvent ratio as 

summarized in Table 3.  Then, the specimens in glass vials with Teflon caps were stored in 

an incubator at 37°C for 3-5 days.  It should be noted that this extraction duration is more 

aggressive than the requirement listed in the ISO; 24 hours for extraction at 37°C.  At the end 

of the extraction time, the specimen extracts  were f i l tered us ing ster i l ized 0.45µm 

nominal f i l ters  and then added to a monolayer  of  ce lls  in 4 wel ls  (n=4) of  a 96-

wel l  plate.  Subsequent ly,  the extent of the cytotoxic effect was evaluated by cell viability 

using cell counting kit-8 (CCK-8).  
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Figure 8: Extraction of CDC Powder 

 

Table 3: ISO Requirements for Extraction (Solid-to-solvent) Ratio [49] 

 
 

In addition to the procedures described, CDC powder samples were also tested without the 

presence of sub-micron particles.  As known that most particles are so small that gravitational 

force is insufficient to overcome the random molecular forces of particles and other forces to 

influence separation.  Centrifugation is a commonly used method to increase the magnitude 

of the gravitational field. A Thermo Scientific CL10 Centrifuge was used to remove sub-

micron CDC particles in this research.   After the centrifugation, sub-micron particles 

remained in the supernatant were discarded.  Following are the centrifugation equations and 

Stoke’s law used to calculate the required centrifugation speed and time to remove sub-

micron particles [50] [51]: 

Gravitational force, G = (rω2)/g ------------------------------ (1) 

        ω = 2Πn ----------------------------- (2) 
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Substituting (2) into (1) 

G = [ r (2Πn)2]/g 

G = r (2*3.14*[n/60]) 2/9.81 

G = 1.12*10-3
 r n2

 

G = 1.12*10-3
 r (RPM)2

  =  197 (m/s2) 

Where: 
 
r = distance from the axis of rotation (m) = 0.078 m 

ω = angular velocity (radians/s)  

g = acceleration due to gravity = 9.81 m/s2 

n = rotation speed = 1500 rpm 

Stoke’s Law:  Terminal velocity: 𝑽𝑽 =  𝒅𝒅
𝟐𝟐 �ρ𝒔𝒔−ρ𝑳𝑳�𝑮𝑮
𝟏𝟏𝟏𝟏 µ

            

Where: 

V = velocity of the sphere = 0.0000167 m/s (assumed the smallest particles that is larger than 
1 um travels extremely slow, at 0.01 m per 10 minutes) 

d = diameter of the sphere = 1 µm 

ρs = density of solid = density of graphite ~ 2.1 g/cm3 = 2100 Kg/m3   

ρL = density of liquid = density of PBS ~ 1.0 g/cm3 = 1000 Kg/m3   

µ = viscosity of liquid = viscosity of water ~ 8.9 x 10-4 Kg/m-s 

G = gravitational force (m/s2) 
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Following are steps to remove sub-micron particles and to determine cytotoxicity of CDC 

powder samples without the presence of submicron particles: 

Step 1: Add 0.1 g of sterile CDC powder to a sterile centrifuge tube. 

Step 2: Add 10 mL of PBS to the centrifuge tube. 

Step 3: Use a 1mL sterile disposable pipet to wet the surface of the CDC by pipetting in and 

out. 

Step 4: Centrifuge at 1500 rpm for 10 minutes. 

Step 5: Decant off the PBS supernatant and repeat steps 2-4 twice with PBS 

Step 6: Repeat step 2-4 with cell culture medium to exchange the fluid from PBS to media. 

Step 7: Decant off the supernatant cell culture medium and add 1 mL of fresh cell culture 

medium for extraction in the incubator (37⁰C for 3 days). 

Step 8: After 3 days, centrifuge the tube at 1500rpm for 10 minutes and filter the filtrate 

solution through a 0.45um nominal sterile filter. 

Step 9: Use the filtrate for biocompatibility test.  Add 100µL of the filtrate to a monolayer of 

cells in 4 wells (n=4) of a 96-well plate where the extent of the cytotoxic effect was evaluated 

by cell viability using cell counting kit-8 (CCK-8).  
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4.5 Indirect Contact Cytotoxicity for CDC layer 

Cell culture medium with serum (EMEM+ 10 v/v% FBS + 1v/v% penicillin) was used as an 

extract solvent in this part of the research.  A different procedure was used to sterilize the 

specimens because titanium type V alloys cannot be sterilized using autoclave as the 

procedure will produce toxic oxide layer.  Sterilization was conducted by soaking specimens 

in 70 v/v% ethanol/water for 30 minutes followed by washing the specimens 3 times in PBS, 

and one time in cell culture medium. 

Extraction was conducted by placing individual specimen in 6-well plates as shown in Figure 

9.  FALCON’s polystyrene six-well tissue culture plate, treated by vacuum gas plasma with 

low evaporation lid was chosen for this step because the size of the individual well is just 

slightly larger than the size of a CDC specimen, therefore allow total immersion of the 

specimen with just 1 mL of solution.   

An extraction solid-to-solvent ratio of 1 CDC specimen (7.5-15 cm2) per mL was used for the 

extraction.  Note that, this ratio is far more stringent than the ISO requirement.  It was 

determined that the ISO requirement is not appropriate for the evaluation of CDC specimens 

because the CDC specimens are not very toxic therefore more stringent extraction conditions 

were needed to give a discriminative test.  The 6-well plates were placed in an incubator at 

37°C for 3-5 days for the extraction to take place. Again, the extraction duration is longer 

than the ISO requirement of 1 day. 

At the end of the extraction time, the specimen extracts  were added to a monolayer 

of  cel ls  in 4 wells  of  a 96-wel l  pla te where the extent of the cytotoxic effect was 

evaluated by cell viability using cell counting kit-8 (CCK-8).  
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Figure 9: Extraction of CDC Tile Specimen 

 

4.6 Indirect Contact Cell Proliferation for CDC layer 

Cell culture medium with serum (EMEM+ 10 v/v% FBS + 1v/v% penicillin) was used as an 

extract solvent in this part of the research.  Sterilization was conducted by soaking the 

specimens in 70 v/v% ethanol/water for 30 minutes, followed by washing the specimens 3 

times in PBS, and one time in cell culture medium. 

Extraction was conducted by placing individual specimen in 6-well plates.   An extraction 

solid-to-solvent ratio of 1 CDC specimen (7.5-15 cm2) per mL was used for the extraction.  

The specimens immersed in cell culture medium were placed in an incubator at 37°C for 7 

days, beyond the ISO requirement of 1 day. 
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At the end of the extraction time, each of  the specimen extracts  was added to three  or  

four  wells  (n  = 3 or  4)  in two 96-wel l  plates  ( tota l  of  6 or  8 wel ls)  that  were 

pre-seeded with 2200 cel ls  per  well .   This  low cel l  seeding densi ty  is  a direct  

scale-down from cell  cul ture of  MG-63 in T-75 cel l  cul ture f lasks.    

To see the cel ls  on 96-well  plates,  a  predetermined amount of  cells  (2,200 cel ls  

per  wel l)  were suspended in (100 x number of  well)  µL of  cell  cul ture medium 

and then added to the wells .   Subsequent ly,  the cel ls  were incubated a t  37°C 

with humidif ied a ir  conta ining 5% CO2 for  at  leas t  5 hours to a l low the  cells  to 

adhere to the bot tom of  the wel ls .   Then,  the cel l  cul ture medium in the wel ls  

was replaced by the  sample extracts  and returned to the incubator  for    the 

predefined exposure t ime per iods.   At the end of each of the exposure times, the extent of 

the cytotoxic effect was evaluated by cell viability using cell counting kit-8 (CCK-8) where a 96-

well plate was processed and analyzed per the predefined procedure.  

 

4.7 Direct Contact Cytotoxicity for CDC layer 

 

This test was started by sterilizing the specimens by soaking the specimens in 70 v/v% 

ethanol/water for 30 minutes followed by washing the specimens 3 times in PBS, and one 

time in cell culture medium.   Then, the specimens were placed in 6-well plates.  Each 

specimen was seeded with 500,000 cells in 500 µL of cell culture medium.  The plates were 

placed in the incubator at 37°C with humidified air containing 5% CO2 for at least 5 hours to 

allow the cells to adhere to the specimen surface.  After the 5 hours incubation time, 5 mL of 

additional cell culture medium was added to each well to support cell growth. 
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After that, the plates were returned to the incubator and incubated for another 2 days.  At the 

end of the incubation time, each of the specimens were washed three times with PBS to 

remove or dilute serum esterase activity prior to adding the LIVE/DEAD® Viability/Cytotoxicity 

staining solution for cell viability determination.   

 

4.8 Direct Contact Cell Proliferation for CDC layer 

This test was started by sterilizing the specimens by soaking the specimens in 70 v/v% 

ethanol/water for 30 minutes followed by washing the specimens 3 times in PBS, and one 

time in cell culture medium.   Then, the specimens were placed in 6-well plates.  Each 

specimen was seeded with 60,000 cells in 500 µL of cell culture medium.  The low seeding 

density is corresponding to the seeding density for cell culture of MG-63 in T-75 cell culture 

flasks.  The plates were placed in the incubator at 37°C with humidified air containing 5% 

CO2 for at least 5 hours to allow the cells to adhere to the specimen surface.  After the 5 hours 

incubation time, 5 mL of additional cell culture medium was added to each well to support 

cell growth. 

The 6-well plates were returned to the incubator and incubated for another 7 days. Cell 

culture medium was changed and replenished every other day throughout the 7-day period.  

At the end of the incubation time, the specimens were washed three times with PBS to 

remove or dilute serum esterase activity prior to adding the LIVE/DEAD® Viability/Cytotoxicity 

staining solution for cell viability determination.   
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4.9 Bio-tribological Test 

Ducom’s the advanced linear reciprocating tribometer was used for all the tribological testing 

in this research.  It has a ball-on-disc configuration as shown in Figure 10.  The reciprocating 

movement is a better simulation of the kinematics of a hip joint as compared to a pin-on-disc 

apparatus. 

 

Figure 10: Advanced Linear Reciprocating Tribometer 

The test variables include sliding counterpart, lubricant, lubricant temperature, sliding 

frequency, sliding distance, sliding time and normal load. Alumina balls with a diameter of 9 

mm were used as the sliding counterpart for all the experiments.  These balls were procured 

from McMaster Carr (Part number: 9599k15, Very High Temperature Nonporous High 

Alumina Ceramic balls).  It has a polished surface with roughness, Ra value of 38-51 nm (3 
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measurements).  The Young’s modulus and Poisson’s ratio for the alumina ball are 350 GPa 

and 0.3, respectively. 

Bovine Calf Serum (BCS) solution with protein concentration of 30g/L and a pH value of 7.6 

was used as the lubricant in this research.  Due to the design of the sample holder (made up 

of PEEK, a non-conductive material) the solution temperature was not controlled in all the 

tests. 

The effects of sliding frequency, sliding distance (displacement), and sliding time on wear 

rate were studied.  However, a more generally accepted testing conditions for hip joints were 

used as the standard conditions in this research.  The conditions are summarized as following: 

o Sliding frequency = 1 Hz 

o Sliding distance = 3 mm 

o Sliding time = 1 hour 

o Normal load = 12.5 N 

The normal load of 12.5 N was chosen based on stability of the friction coefficient readings 

during sliding and the fact that this is equivalent to a normal pressure for hip joint calculated 

using the Hertzian Contact Stress equation.  According to Hertzian’s theory, an elastic 

contact is established upon contact of a sphere and a plane material.  The area of contact, a, is 

calculated by: 

𝑎𝑎 = �
3 × 𝐹𝐹𝐹𝐹 × 𝑟𝑟

4 × 𝐸𝐸
�
1
3�
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,where Fn is the normal load, r is the radius of the sphere, E the elastic modulus which 

depends on Young’s modulus, and on the Poisson’s ratios for the materials of the plane (E1 

and v1, respectively) and of sphere (E2 and v2, respectively) as follow: 

1
𝐸𝐸

=
(1 − 𝑣𝑣12)

𝐸𝐸1
+

(1 − 𝑣𝑣22)
𝐸𝐸2

 

The resultant mean and maximum pressures are calculated by the following equations: 

𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
𝐹𝐹𝐹𝐹

𝜋𝜋 × 𝑎𝑎2
 

𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚 =
3 × 𝐹𝐹𝐹𝐹

2𝜋𝜋 × 𝑎𝑎2
 

Table 4 summarizes the mechanical properties and the corresponding initial Hertzian contact 

stresses for the materials used in this research.  The calculation was done using the standard 

tribological conditions.  Note that, a wide range of mean and maximum pressures were 

exerted on the materials, predominantly depending on the Young’s modulus value of the 

material.  

Table 4: Mechanical Properties and Initial Hertzian Contact Stress Values 

 

  

39 
 



4.10 CDC Sample Polishing 

 

CDC is very soft so the typical material polishing procedure is too harsh for it.  This also 

means that CDC a lot easier to polish as compared to SiC and other metals, which should be 

an advantage for commercializing the material.  The CDC specimens used in this research 

has a thickness of 3mm.  Therefore, a sample holder made out of aluminum was used to hold 

the sample during polishing. The first step in the polishing is to create some shallow lines on 

the specimen surface using a 1200 grit sand paper.  This was done by sliding the specimen 

gently over the sand paper, in a horizontal direction, 3-5 times.  The next step is to remove 

the lines by sliding the specimen on a polishing cloth that was sprayed with a Gamma 

Alumina power (0.05 µm) solution.  The sliding on the cloth was done in a circular motion.  

The polishing was considered done when all the visible lines are gone.  The last step in the 

procedure is to wash the specimen with an ethanol solution and dry the specimen using 

compressed air. 
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5.0 CHARACTERIZATION TECHNIQUES 

5.1 Raman Spectroscopy 

Raman spectroscopy has been widely used to observe vibrational, rotational, and other low-

frequency modes in materials and therefore indirect structural characterization. It utilizes 

inelastic scattering (or Raman scattering) of monochromatic light in the visible, near infrared 

and near ultraviolet range [52].  The Raman scattering occurs when an incident light strikes a 

material where the scattered light has mostly the same wavelength as the incident light except 

for a very small fraction of light which scattered at a different wavelength, also called as the 

Raman Effect.  The energy difference is proportional to the difference between two energy 

levels of a molecular vibration, and therefore a direct measure of the vibrational energies of 

the molecule [17].  

For graphite and graphitic carbon, the observed Raman spectrum is characterized by a G band 

located at 1580-1600 cm-1 and a D band located around 1360 cm-1.   The G band is associated 

with the in-plane vibrations of carbon atoms in graphite structure, while the D band 

corresponds to disordered graphite phase.  

In this research, a Renishaw 2000 Raman spectrometer (See Figure 11) was used for the 

characterization of CDC samples.  The system has a depth resolution of 2 µm and a spatial 

resolution of 1 µm. The Raman analyses were run at an output of 30 mW using an Argon ion 

green laser. A typical Raman spectrum for a CDC sample is shown in Figure 12.   
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Figure 11:  Renishaw 2000 Raman Spectrometer 

 

Figure 12: Raman Spectrum for Graphitic Carbon, CDC  
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5.2 Scanning Electron Microscopy  

SEM images in this research were taken with a Hitachi S-3000N and a JEOL JSM-6490LV 

scanning electron microscopes. Both microscopes are a Variable Pressure SEM with a 

tungsten electron source, which allows non-conducting specimens to be observed without 

coating with a conductive film in a variable pressure mode. The operating ranges for the 

instruments are voltages between 0.3-30 kV, with a resolution of 2.5-3 nm at 30 kV, 

maximum magnification of 300,000x and 100,000x for the Hitachi and the JEOL, 

respectively. Both instruments have an Oxford Inca EDX system with a light element X-ray 

detector therefore allow chemical analysis in additional to the morphology analysis.  

 

Figure 13: Hitachi S-3000N Variable Pressure SEM 
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Figure 14: JEOL JSM-6490 LV SEM 

 

5.3 Energy Dispersive X-ray Spectroscopy 

Chemical compositional analysis in this research was conducted with energy dispersive 

spectroscopy (EDS) which is equipped with the SEM microscopes.  EDS utilizes the fact that 

energy levels of electrons in all elements are different and the energy of each X-ray photon is 

characteristic of the element from which it was emitted.   Therefore, by analyzing the emitted 

X-rays from the specimen EDS can predict the composition for the specimen. 
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5.4 Quantitative Cell Viability using CCK-8 

CCK-8 is a commercially available cell proliferation and cell cytotoxicity assay. It uses WST-8, a 

highly water-soluble tetrazolium salt, which can be reduced by enzyme activity in cells to 

give a yellow colored product, formazan (absorbance at 450nm) [53]. Molecular structure of 

WST-8 and formazan are depicted in Figure 15.  The amount of the formazan dye produced 

by the activity in cells is closely proportional to the number of living cells [53].  This allows 

quantification of living cells based on the intensity of the absorbance reading upon 

establishment of a calibration curve (number or living cells vs. absorbance intensity).  

Synergy HT Multi-Mode Microplate Reader was used in this research to obtain the 

absorbance reading from a 96-well plate. 

           
 

Figure 15: Tetrazolium Salt (WST-8) and Colored Product Formazan in CCK-8 [53] 

 
CCK-8 assay was evaluated and optimized for use in this research. Test method variables 

evaluated include: 

• Plate Reading Mode – End point, area scanning 

• CCK-8 Incubation time – 1, 2, 3, 4 hours 
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• Cell seeding density (cells/well) – 5000, 7500, 10,000 cells/well 

• CCK-8 buffer solution – Phosphate-buffered saline solution (PBS), media 

 

A screen print of the plate reader’s local display is shown in Figure 16.  As can be seen that 

MG-63 cells have a higher affinity to adhere and grow on the edges of the wells and 

exhibited a non-uniform cell distribution in the wells.  Given this, it was clear that area 

scanning mode is more appropriate and can give more representative absorbance readings. 

                
Figure 16: MG-63 Cells Distribution in a 96-well Plate 

Area scanning can be carried out with different numbers of scan (3x3, 5x5, 6x6, and etc) to 

obtain the desired representative result.  9-scan and 25-scan were evaluated using a same set 

of samples.  The samples were processed per the predefined procedures and added to a 

monolayer of cells in a 96-well plate. Each sample extract was added to 4 wells (n = 4).  

After the predefined CCK-8 incubation time had elapsed, the absorbance reading of the plate 

was taken with 9-scan followed by 25-scan. Figure 17 shows a comparison of the test results 

between the 9-scan and the 25-scan.  Standard deviation of the test results are shown by the 
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error bars.  As shown that comparable results were obtained from both scans.  The results 

show that the 25-scan did not result in lower standard deviation as compared to the test 

results obtained from the 9-scan.  It was noted that the 25-scan gave slightly higher 

absorbance readings as compared to the absorbance readings from the 9-scan.  This could be 

due to the fact that 25-scan allows better coverage on the edges of wells where there are more 

cells and therefore higher intensity of the formazan color.  It was concluded that both scans 

gave representative result and 9-scan is more efficient. 

 

Figure 17: Cell Viability Results for 9-Scan and 25-Scan 

 
CCK-8 incubation times of 1, 2, 3, and 4 hours were studied to ensure that the reduction 

process is linear with time.  Figure 18 shows the absorbance readings of 3 seeding densities 
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after each of the incubation times.  The test results confirmed that the reduction process is 

linear from 1 to 4 hours, with 4 hours gave the highest absorbance readings. 

       

 
 

Figure 18: Absorbance Reading vs.CCK-8 Incubation Time 

Seeding density is one of the key variables in the test method as it is critical to achieve a 

monolayer of cells in the wells prior to exposure to the sample extract.  Three seeding 

densities were evaluated (5000, 7500 and 10,000 cells/well) at 2 time intervals (1 and 3 

days).  After the desired amount of cells were seeded per well, the 96-well plates were 

incubated for one and three days.  CCK-8 was added to each well with PBS as buffer solution 

and incubated for 4 hours prior to taking the absorbance reading.  Figure 19 shows the 

absorbance readings at day 1 and day 3.  As expected that higher seeding densities gave 

higher absorbance readings.  At day 3, 7500 cells/well was ~80% confluent and 10000 

cells/well was ~100% confluent based on visual observation using an optical microscope.  

The results support that seeding densities of 8000-10,000 cells/well are appropriate 
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depending on the cells exposure time (the length of the experiment).  It was determined that 

8000 cells/well is suitable for a 4-day experiment and 10,000 cells/well is appropriate for a 2 

days experiment. 

       
 

Figure 19: Absorbance Readings at Day 1 and Day 3 for Different Seeding Densities 

 

Phosphate-buffered saline solution (PBS) and cell culture medium were evaluated as the 

buffer solution of the CCK-8 assay.  Figure 20 shows the absorbance readings for 3 seeding 

densities in PBS and cell culture medium as the buffer solution.  As shown that, the cell 

culture medium gave significant higher absorbance readings as compared to the PBS.  Both 

7500 cells/well and 10000 cells/well in cell culture medium gave the desired level of 

absorbance readings (over 1.00). 
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Figure 20: Absorbance Reading in PBS and Cell Culture Medium 

To summarize the CCK-8 assay optimization work, it was determined that area scanning with 

9-scan, CCK-8 incubation time of 4 hours, cell seeding density in 96-well of 8,000-10,000 

cells/well, and using cell culture medium as buffer are the optimized conditions for the cell, 

MG-63.  These were the conditions used for the assay throughout this research.   

The optimized assay was used to generate a calibration curve of absorbance reading vs. 

viable cells per well.  Three calibration curves were obtained in three different days using 

three different passages of cells.  Each curve was obtained by seeding a known amount of 

cells to 4 wells (n = 4), incubated in 37°C with 5% CO2 air overnight, and determined the 

amount of viable cells per well using the optimized CCK-8 assay.  Figure 21 shows the 

average absorbance reading vs. number of viable cells per well for the three different days.  

In general, a linear relationship was observed up to ~ 10,000 cells per well for all three 

curves.  A significant variability can be seen from the measurements taken among the 
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different days which was mainly attributed by the cell hemocytometer measurement.  Figure 

22 shows the linear range of the curves with a relationship of:  

                                          Viable cell per well = 𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨
𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎

 

This relationship was used to quantify the number of viable cells per well throughout this 

research. 

 
 

Figure 21: Absorbance Readings vs. Viable Cells per Well at Three Different Days 
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Figure 22: Calibration Curve of Absorbance Reading vs Viable Cells per Well 

5.5 Qualitative Cell Viability using Live/dead Cell Viability Kit 

LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells is a commercially available two-

color fluorescence cell viability assay.  This assay utilizes membrane-permeant calcein AM and 

membrane-impermeant ethidium homodimer (EthD-1) to simultaneously determine live and dead 

cells [54]. Live cells are characterized by intact plasma membranes and abundant intracellular 

esterase activity. The intracellular esterase activity of live cells will convert permeated 

nonfluorescent calcein AM to intensely green fluorescent calcein at ~495nm/515nm [54]. Dead 

cells with damaged membranes allow EthD-1 to enter and bind to nucleic acids.  Upon binding, 

EthD-1 undergoes a 40-fold fluorescence enhancement, producing a bright red fluorescence in 

dead cells at ~495nm/~635nm [54]. 
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MG-63 cells are adherent cells.  To determine the viability of MG-63 cells, first of all a known 

quantity of MG-63 cells are seeded on the surfaces of sterilized specimens.  The specimens were 

incubated at 37°C in a humidified environment with 5% C02 air for a predefined period of time.  

At the end of the incubation time, the cells were washed twice with PBS to remove or dilute serum 

esterase activity prior to adding the LIVE/DEAD® Viability/Cytotoxicity staining solution.  The 

staining solution was prepared by adding 20 µL of 2 mM EthD-1 to 10 mL of PBS and mixed. 

Then, followed by adding 5 µL of 4 mM Calcien AM to the same 10 mL of PBS and applied 

thorough mixing after the addition. 

A sufficient quantity of the staining solution was added to each specimen to thoroughly cover the 

cells with the solution. The specimens were incubated in an incubator at 37°C for 30 minutes.  

Following the incubation time, each specimen was washed with PBS three times to remove any 

excess staining solution.  It should be mentioned that extra caution should be practiced when 

washing the cells to avoid cell detachment and to minimize the time duration where cells are not 

immersed in the PBS, also called the “dry” time.  Extended period of the “dry” time will result in 

unintentional cell death and/or unintentional change of cell morphology due to procedural errors. 

Specimens should be immersed in the PBS at all time until they are ready to be analyzed.    Finally 

the cell morphology and optical density were viewed and recorded by a fluorescent microscope 

(Nikon Eclipse 80i, Nikon Instrument Inc, NY). 
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5.6 Protein Adsorption using PierceTM Bicinchoninic Acid (BCA) Protein Assay Kit 

PierceTM BCA Protein Assay Kit was used to measure the amount of protein adsorbs onto the 

CDC surface upon a predefined period of exposure time.   The BCA Protein Assay consists 

of two reagents, A and B [55].  Reagent A contains sodium bicarbonate, sodium carbonate, 

bicinchoninic acid and sodium tartrate in 0.1M sodium hydroxide.  Reagent B contains 4% of 

cupric sulfate. The presence of protein will reduce Cu2+ to Cu1+ in the alkaline medium. 

Subsequently, BCA reacts with the reduced cuprous cation to form an intense purple-colored 

product. “The BCA/copper complex is water-soluble and exhibits a strong linear absorbance 

at 562 nm with increasing protein concentrations” [55].  This allows quantification of the 

absorbed protein based on the intensity of the absorbance reading upon establishment of a 

calibration curve (known protein concentration vs. absorbance intensity).  Synergy HT Multi-

Mode Microplate Reader was used in this research to obtain the absorbance reading from a 

96-well plate. 

The test was started by cleaning each of the CDC specimens with sonication in 200-proof ethanol 

for 5 minutes, followed by rinsing the specimens with copious amount of distilled water. Then, the 

specimens were placed in 6-well plates where 2 mL of BCS solution (the same solution used in 

tribology testing) was added to each well. After that, the specimens were stored at 37°C for 90 

minutes to allow the protein to adsorb onto the specimens’ surface.   After the exposure time, each 

specimen was washed PBS 5 times to remove any excess and non-absorbed protein.  

Subsequently, 1 mL of SDS (surfactant) was added to each well and then the 6-well plates were 

shook at 50 rpm for 60 minutes to detach any absorbed protein.  Then, the amount of protein in 

SDS was analyzed with the BCA protein assay. 
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5.7 Volumetric Wear Rate Determination with Zygo 

Wear rates in this research were determined using a 3-D non-contacting optical surface 

profiler that uses a white light interferometer system, Zygo New View 6300.  It offers high 

precision and accuracy on topography measurement, which can measure worn volume 

directly without any calculations or conversions. Furthermore, sample preparation is not 

required for the use of this microscope, providing that the sample is free of loose wear debris.  

Zygo offers a field stitching feature which allow scan and display areas up to 203 x 203 mm 

[56].  A zoom lens of 2.0X was used in all the measurement in this research.  A schematic of 

the microscope is shown in Figure 23. 

The system is based on scanning white light interferometry which can be described as a 

pattern of dark and bright lines results from an optical path difference between a sample 

beam and a reference. First of all, incoming light is split into two: one goes to an internal 

reference surface and the other goes to the sample surface.  The beams reflect and then 

undergo constructive and destructive interferences which produce the bright and dark lines or 

patterns. These patterns are then processed by vertical scanning transducer and camera to 

generate 3-D interferogram of the surface. Subsequently, it is transformed to 3-D images by 

frequency domain analysis in the computer. 
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Figure 23: Schematic of the Zygo New View 6300 [56] 
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6.0 RESULTS AND DISCUSSIONS 

6.1 Determine the Effect of Residual Chlorine and Submicron CDC Particles on the 
Biocompatibility of CDC Powder 

 

Despite the fact that cytotoxicity of CDC has not been studied, a lot of studies have been 

conducted to study the cytotoxicity of CNTs, another carbon material.  Undoubtedly, 

cytotoxicity of CNTs is a very complex manner.  Even though there are no definitive findings 

from these studies, collectively the data suggest that the physiochemical properties of CNTs 

are likely to impact the cytotoxicity of CNTs (see Section 2.6, Biocompatibility and Toxicity 

of CNTs).  EDS analysis on CDC powder produced from a standard chlorination conditions 

(1000 ⁰C and 6 hours) show that the CDC powder contains Si, O, C and Cl atoms as 

summarized in Table 5. Based on this, it was hypothesized that the physiochemical properties 

that could impact the cytotoxicity of CDC include functionalized or non-functionalized 

residual chlorine in CDC, CDC particle size, CDC particle shape, CDC concentration 

(amount of CDC), and CDC surface properties, as shown in Figure 24. 

Table 5: Chemical Composition of CDC Powder 
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Figure 24: Fish Bone Diagram of CDC Cytotoxicity 

 

Experiments were conducted to study the effect of chemical and physical properties 

independently on CDC cytotoxicity.  To study the effect of chemical properties (residual 

chlorine), CDC powder were treated in a high temperature (1400 ⁰C) vacuum furnace for 8 

hours to remove all the residual chlorine.  EDS analysis of the furnace treated CDC 

confirmed that chlorine was not detected at a test method detection limit of 0.1 wt %.   

To study the effect of physical properties, submicron particles in the CDC sample were 

removed using high speed centrifugation to increase the magnitude of the gravitational field 

(See Section 4.4, Indirect Contact Cytotoxicity for CDC Powder).  SEM analysis of furnace 

treated CDC samples with and without centrifugation confirmed that sub-micron particles 

were removed via the centrifugation step, as shown in Figures 25 and 26. 
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Figure 25: SEM Image of Furnace Treated CDC Sample – Visible Sub-micron Particles  

 

Figure 26: SEM Image of Centrifuged CDC Sample – No Sub-micron Particles  
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Biocompatibility of the CDC powder samples (“as-is”, with furnace treatment and/or 

centrifuged) were tested following the procedures described in Section 4.4, Indirect Contact 

Cytotoxicity for CDC powder. 

Figure 27 shows the quantitative cytotoxicity result of the CDC powder samples.  Each 

sample was tested in 4 replicates (n = 4) and standard deviations are shown as the error bars 

on the figure.  The test result shows that both the furnace treated and centrifuged CDC 

samples are not cytotoxic, and sub-micron CDC particles are cytotoxic only when residual 

chlorine is present. This result is consistent with the finding from the previous CNT 

cytotoxicity study where the study concluded that frustrated phagocytosis is uncommon in a 

CNT dimension < 5 µm [42].  Additionally, this result confirms that biocompatible CDC 

powder can be produced using the extreme post-chlorination treatment to remove the residual 

chlorine. 

 

Figure 27: Cytotoxicity of CDC Powder Samples 
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Fluorescence images (qualitative cytotoxicity result) for the CDC and furnace treated CDC 

samples are shown in Figure 28.  The fluorescence images show that CDC powder sample is 

cytotoxic where almost all the cells were dead, as shown by the red color round cells.  On the 

other hand, the images show healthy live cells for the furnace treated CDC powder sample, as 

shown by the green spindle shape cells.  Collectively, the qualitative result is consistent with 

the quantitative cytotoxicity result therefore verified the result. 

 

Figure 28: Fluorescence Images of CDC Powder Samples 
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Table 6 summarizes the EDS analysis result for the CDC powder samples before and after 

extraction, with or without centrifugation.  Five to ten scans were taken for each sample for 

the EDS analysis.  Minimum and maximum values for each sample are listed in the table for 

comparison purposes.  The data show that the residual chlorine in the CDC sample and CDC 

samples after extraction, with or without centrifugation are very similar.  This data indicates 

that extraction in cell culture medium at 37°C for 3 days did not appear to remove significant 

amount of chlorine even though the sample extract was colorless, indicating acidic as the cell 

culture medium contains Phenol Red indicator. This data also confirms that the additional 

washing/centrifugation steps did not remove significant amount of chlorine and support the 

hypothesis that the residual chlorine in CDC could be chemically bonded.   

Sodium (Na) and aluminum (Al) are components of PBS and cell culture medium therefore it 

is not surprising to see some residual PBS and cell culture medium elements in the CDC wet 

cake samples after extraction.  

Table 6:  EDS Analysis Result for the CDC Powder Samples Before and After 

Extraction 
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In addition, SEM and EDS analysis were conducted to determine the chemical composition 

of the sub-micron particles.  Figure 29 shows the high magnification SEM image and EDS 

spectrum for the CDC powder.  As expected, sub-micron particles were visible on the CDC 

particle surface.  EDS analysis on the sub-micron particles show no detectable different 

between the CDC surface and the sub-micron particles where only C, O, and Cl were 

detected.   The technique used to acquire the chemical composition was proven to be 

discriminative as it was able to detect composition difference between loose particles and the 

substrate on another CDC specimen obtained from a company in Europe. 

      

Figure 29: SEM and EDS for the Sub-Micron Particles  
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6.2 Determine the Effects of key CDC Processing Parameters on Tribological 
Properties of CDC Specimens under Physiological Simulated Conditions  

The key processing parameters studied include chlorination temperature, chlorination time, 

post chlorination treatment gas mixture, and post chlorination treatment time, as summarized 

in Table 7. 

Table 7: Summary of Processing Parameters Studied 

 

A full blown design of experiment (DOE) was not conducted to study all the potential main 

and secondary interactions between the parameters.  Instead, the study was conducted in a 

step-wise manner where the design of the study was determined based on the outcome of the 

previous set of experiments, also known as the one-factor-at-a-time (OFAT) experiments.  

There is no doubt that a DOE is a much more superior approach than an OFAT approach. 

However, a DOE approach requires a lot more experiments which can be very resource 

draining and not feasible at times.  In this study, the OFAT experiments are summarized as 

following, in a sequential manner: 

• Effect of chlorination and post treatment times (≤ 8, 8  vs.19, 24 hours) 

• Effect of chlorination temperature (1000 vs. 1100 °C) 

• Effect of post treatment gas mixture ( H2-Ar, NH3-Ar, vacuum) 

• Effect of post chlorination treatment time (3, 8 and 24 hours) 
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6.2.1 Effect of Polishing on Wear Rate 

 

Previous studies concluded that CDC is a soft material that is highly lubricious [5] [8] [9] 

[10].  Therefore, surface roughness may not be as critical in terms of its effect on wear rate.  

To determine the effect of polishing on wear rate, tribological testing was conducted on 4 

CDC specimens before and after polishing (See Section 4.10 for CDC polishing procedure). 

The tribological testing was done using the standard parameters listed below: 

o Sliding frequency = 1 Hz 

o Sliding distance = 3 mm 

o Sliding time = 1 hour (3600 cycles) 

o Normal load = 12.5 N 

Wear rates for the specimens before and after polishing are tabulated in Table 8 and depicted 

in Figure 30.  As shown that lower wear rates were consistently obtained from all the 

polished specimens.  Each of the polished specimens was tested 2 to 4 times (n= 2 or 4) 

where the respectively standard deviation of the tests is shown as the error bars on the figure.  

It is believed that the polishing removed majority of the loosely adherent particles and allows 

more consistent evaluation of CDC microstructure effect on the wear rate.  The loose 

particles once get into the BCS solution could act as third party particles and promote 

mechanical wear during the tribological testing therefore resulted in the higher wear rate 

values observed in the unpolished specimens.  Based on this finding, all the specimens were 

polished prior to the tribological testing for the remaining studies in this research. 
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Table 8: Summary of Polishing Effect Data 

 

 

Figure 30: Wear Rate of CDC Specimens before and after Polishing 
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6.2.2 Effect of Sliding Frequency on Wear Rate 

Biomechanical analysis of hip joints during normal gait cycle revealed that longer than 3 Hz 

is representing standing action [57].   It is well accepted that 1 Hz is representative of normal 

walking action.  However, human hip joints may experience higher frequency during more 

aggressive activities such as running, jumping, sudden fall, and etc.   Therefore, it is 

interesting to see the effect of sliding frequency on CDC wear rate.  In this portion of the 

study, each specimen was tested at 3 sliding frequencies (10 Hz, 5 Hz and 1 Hz) for a total of 

3600 cycles for each test. A sliding distance of 3mm and a normal load of 12.5 N were used 

in all the tests.  Ti6Al4V and UHMWPE specimens were also tested in this study for 

comparison purposes.  Some of the specimens were tested for 2-3 replicates (n = 2 or 3).  

Wear rate and standard deviation values for the tests are summarized in Table 9 and visually 

depicted in Figure 31. 

As can be seen that different sliding frequencies has the most impact on the wear rates of 

Ti6Al4V specimens where higher wear rates were obtained at higher sliding frequencies.  On 

the contrary, UHMWPE and CDC wear rates were not affected by the different sliding 

frequencies.  It is well known that different sliding frequencies give different dwell times 

where a higher frequency gives a shorter dwell time. A short dwell time could impact the 

ability of oxide film formation on the Ti4Al4V specimens therefore resulted in higher wear 

rates due to tribocorrosion.  The effect could be compounded as there could be a synergistic 

effect between tribocorrosion and mechanical wear [48].  Both UHMWPE and CDC 

specimens are non-corrosive materials with mechanical wear as the primary wear 

mechanism.  Hence, it is conceivable that different dwell times have negligible impact on the 

wear rate of UHMWPE and CDC specimens.  
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Table 9: Summary of Sliding Frequency Effect on Wear Rate 

 

 

Figure 31:  Wear rate of CDC and Standard Specimens at Different Sliding Frequencies  
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6.2.3 Effect of Sliding Time/Cycle on Wear Rate 

It is well accepted that ~ 1 million step cycles is representing one year of in vivo use [57].   

However, 1 million cycles at sliding frequency of 1 Hz means a total testing time of 11.6 

days.  To make effective use of time, the effect of sliding time on wear rate was studied to 

determine the appropriate testing time for the initial screening tests in this research.  In this 

part of the research, CDC specimens and standard materials (Ti6Al4V and UHMWPE) were 

tested for 60, 120, 240, and 480 minutes or sliding cycles.  A sliding frequency of 1 Hz, 

sliding distance of 3 mm and a normal load of 12.5 N were used for all the tests.  Multiple 

replicates were conducted for some of the specimens.  All the test conditions, wear rates and 

standard deviations are summarized in Table 10.  Additionally, the wear rate results are 

visually presented in Figure 32. 

Higher wear rates were observed at lower sliding times for all type of specimens.  It should 

be pointed out that the CDC specimens have significantly lower wear rates as compared to 

the wear rates of Ti6Al4V and UHMWPE specimens.  The higher wear rates observed at 

lower sliding times in all the specimens could be explained by the high initial wear, also 

known as the run-in-period.  The effect of this severe initial wear will be diminished (or 

diluted) with increasing sliding time/cycle.  As a result, siding times of 60 and 120 minutes 

provide more discriminative wear rates and could indicate the enhanced tribological 

properties of CDC and the effect of processing parameters on wear rate.  It is understood that 

the lower testing time will give lower wear volume and therefore higher variability in the 

wear volume measurement.    

A testing time of 60 minutes was used as the standard testing time for the vast majority tests 

in this research.  Multiple replicates were done for these 60-minute tests to address the wear 

volume measurement variability. 
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Table 10: Summary of Sliding Time Effect on Wear Rate 
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Figure 32: Wear rate of CDC and Standard Specimens at Different Sliding Time/Cycle 

 

6.2.4 Effect of Processing Parameters on Friction Coefficient and Wear Rate  

 

As shown that, wear rates of CDC specimens are significantly lower than the wear rates of 

UHMWPE and Ti6Al4V.  Additionally, it was determined that lower sliding times gave more 

discriminative wear rates among the specimens tested therefore could be used to determine 

the low wear rate differences among the CDC specimens that were produced from different 

processing parameters. 

As mentioned that an OFAT approach was used to study the effects of key processing 

parameters on wear rate. The key parameters studied and the respective experiments are 

summarized in Table 11.  The OFAT experiments are listed in Table 12.  Tribological test 
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results and SEM images can be found in Table 13 and Figures 33-38. The test results include 

(1) Maximum friction coefficient (CoF-max), (2) Average final friction coefficient (CoF-

end), (3) Wear rate, and (4) Standard deviation values.  

 

Table 11: Summary of Processing Parameters Studied and the Respective Experiments 

 

Table 12: Summary of OFAT Experiments 
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Table 13: Summary of Processing Parameters Effect on CDC Wear Rate 
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Processing Times Effect on Wear Rate - Figure 33 shows the average wear rate of CDC 

specimens produced from short and long processing times.  Short and long processing times 

represent 8 hours of chlorination time followed by 8 hours of post treatment time, and 19 

hours of chlorination time followed by 24 hours of post treatment time, respectively.  The 

same chlorination temperature (1000 °C) and post treatment gas mixture (H2-Ar) were used 

in this set of experiments.  It should be mentioned that CDC-29 was only chlorinated with no 

post treatment.  It represents the chlorinated state of CDC-19 and CDC-22, and has a total 

processing time of 19 hours which is closer to the total short processing time of 16 hours.  

Substantial standard deviation values were obtained from the replicates of the tests which 

could be attributed to the low wear rates (higher measurement variability) and the fact that 

the replicates were conducted at months apart where other test variables such as BCS solution 

quality, specimen integrity and etc, could play a role.  In general, no significant different was 

observed from the wear rates of CDC specimens produced from short and long processing 

times. 

  

Figure 33: Wear rate of CDC Specimens at Different Processing Times 
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Chlorination Temperature Effect on Wear Rate - Previous study reported that 

rhombohedral crystalline graphitic structure was produced at a chlorination temperature of 

1200°C and therefore improved the tribological properties of CDC due to the self-lubricating 

properties of rhombohedral crystalline graphitic structure [13].  However, another study 

reported that chlorination temperature beyond 1000°C result in CDC with predominantly 

graphitic structure and therefore shrinkage of the material [30].  Two temperatures, 1000 °C 

and 1100°C, was studied in this research to further investigate the effect of chlorination 

temperature on CDC wear rate. 

CDC specimens chlorinated at the 2 temperatures before (CDC-29, CDC-30) and after post 

treatment (CDC-19, CDC-22, CDC-25) were tested using the standard tribological testing 

conditions (1 Hz, 3 mm, 12.5 N and 3600 cycles).  As shown in Figure 34, no noticeable 

different in wear rate was observed among the 2 set of specimens that were produced at the 2 

temperatures.   

It should be pointed out that, some shallow and light cracks were observed on the CDC 

specimens chlorinated at 1000°C for 19 hours and post chlorination treated for 24 hours.  On 

the other hand, more severe cracks were observed on CDC specimens produced from 

chlorination temperature of 1100°C, most noticeably on CDC-25 (chlorinated at 1100°C and 

post chlorination treated for 24 hours).  SEM images of these CDC specimens are shown in 

Figure 35.  It is believed that the cracks were caused by shrinkage of the CDC microstructure 

when converting to the most thermodynamic stable form, the graphitic structure.  The result 

suggests that the CDC microstructure form conversion is a function of temperature and time. 

Review of tribological data for the CDC specimens with and without post chlorination 

hydrogen treatment revealed that the post treatment did not reduce the friction coefficient 
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and/or wear rate of the CDC specimen, which is inconsistent with the finding from the 

previous study.   

 

Figure 34: Wear rate of CDC Specimens at Different Chlorination Temperatures 

  

Figure 35: SEM Images of CDC Specimens at 100x Magnification   

CDC-14 CDC-17 
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Figure 35: SEM Images of CDC Specimens at 100x Magnification (cont’d)  

CDC-24 

CDC-22 CDC-23 

CDC-25 

CDC-29 CDC-30 
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Post Treatment Gas Mixture Effect on Wear Rate - As known that gas treatment is a 

commonly used method to change the surface chemistry of materials.  For an example, some 

of the commercially available tissue culture plates are vacuum gas plasma treated to improve 

cell attachment. It was reported that ammonia treatment leads to increased protein adsorption 

at neutral pH [58].  In this study, post treatment with 5% H2-Ar, 5% NH3-Ar and vacuum 

were studied.  Long processing times (19 hours chlorination and 24 hours post treatment 

times) were used for this set of experiments to produce thicker layer of CDC since no 

significant different in wear rate was found between the short and long processing times. The 

experiments were conducted at chlorination temperature of 1000°C (H2: CDC-19, CDC-22; 

NH3: CDC-27; vacuum: CDC-24) and 1100°C (H2: CDC-25; NH3: CDC-28; vacuum: CDC-

26). 

The CDC specimens treated in 5% NH3-Ar (CDC-27 and CDC-28) were severely cracked 

where the CDC layers were completely delaminated upon rubbing, therefore were not tested 

for tribological properties.  SEM images of CDC-28 are shown in Figure 36.   EDS analysis 

of CDC-28 revealed that only C, O, Cl and Si (substrate effect) are present on the specimen 

surface.  The EDS result is summarized in Table 14.  Wear rates of CDC specimens treated 

with 5% H2-Ar and vacuum are shown in Figure 37.  Once again, no significant different in 

wear rate was observed from the CDC specimens treated with 5% H2-Ar and vacuum. 
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Table 14: EDS Result for CDC-28 
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Figure 36: SEM Images of CDC-28 
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Figure 37: Wear rate of CDC Specimens with Different Post Treatment Gas Mixutres 

 

Experimental data up to this point show that: 

• Short vs. long chlorination times did not appear to impact the CDC wear rate.  Some 

light cracks were observed on the specimens produced from the long processing 

times. 

• Chlorination temperature at 1000°C and 1100°C with long chlorination times did not 

seem to impact the CDC wear rate, however, cracks were observed on the specimens 

produced at chlorination temperature of 1100°C. 

• Post chlorination treatment with H2 and vacuum using the long processing times 

produced CDC specimens with similar wear rates.  

• CDC specimens treated by NH3 post treatment with the long processing times were 

severely cracked.   
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With these findings, the next 2 questions were: 

(1) The surface cracking at chlorination temperature of 1100°C, was it due to the higher 

temperature or the long post treatment time?  Will the specimen still be cracked if it 

was produced at 1100°C but post treated for a short period of time. To answer this 

question, CDC-1b was produced using chlorination temperature of 1100°C and 

vacuum post treated for 3 hours. 

(2) The crack phenomenon on the specimens treated by NH3 was it due to the post 

treatment gas mixture or the long post treatment time.  For this, CDC-23 was 

produced using chlorination of 1000°C and NH3 post treated for < 4 hours. 

No crack was observed on both CDC-1b and CDC-23 which indicates that the crack 

phenomenon is a function of temperature, treatment gas and time, and the phenomenon 

could be alleviated by shorter processing time.  Wear rates of these CDC specimens were 

compared to the CDC specimens produced at chlorination temperature of 1000°C with 

short (CDC-17) and long (CDC-19 and CDC-22) processing times as shown in Figure 

38.   Again, no significant different in wear rate was observed. 
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Figure 38: Wear rate of CDC Specimens with Different Post Treatment Times 

Collectively, the data show that no detectable and measurable wear rate difference among the 

CDC samples produced from the different processing parameters studied.   This also means 

that CDC with excellent wear rate can be produced via a wide range of parameters.   

To further confirm this finding, tribological testing with 100,000 sliding cycles was 

conducted on the 2 CDC specimens produced at 1000°C with the short (CDC-17) and long 

(CDC-19) processing times. Each specimen was tested in two replicates (n = 2).   Due to the 

long testing time (~ 27.8 hours), it was noticed that the BCS solution was thickening over the 

testing period due to evaporation.  As known that given a constant surface area, the 

evaporation rate is primarily affected by the temperature and humidity in the air/environment.   

Friction coefficient curves for the tests are shown in Figure 39 where evident of BCS solution 

thickening over the testing period can be deduced from the increased of the curves.  Note 

that, CDC-19 Trial 1 exhibited higher friction coefficient values as compared to the other 

tests, and something happened at around 1000 minutes where there was a sudden drop in the 
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friction coefficient values.  It is believed that the sudden drop was due to drying out of the 

BCS solution.  As a result, CDC delamination was observed on the wear scar of CDC-19 

Trial 1, which was likely occurred when lifting the alumina ball from the specimen therefore 

the wear scar was not further analyzed. On the contrary, CDC-19 Trial 2 exhibited slightly 

higher friction coefficient values in the beginning of the test as compared to the CDC-17 

tests, however, there was not much increase in the friction coefficient values over the testing 

period.  This clearly shows the effect of testing environment on BCS evaporation rate and 

therefore the protein concentration which directly impacts the friction coefficient and the 

wear rate.  The effect of protein on wear rate and friction coefficient is documented in the 

next section.  In general, CDC’s wear rate increases with protein concentration.  Given that, 

the wear rate results in this study should represent the absolute worst case as the testing 

environment was not controlled and the protein concentration increased over the testing 

period. 

 

Figure 39:  Friction Coefficient Curves for CDC-17 and CDC-19 in BCS Solution 
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Wear rate results and Zygo images of the wear scars are presented in Figures 40 and 41, 

respectively.  A slightly lower wear rate was observed for CDC-19 as compared to the wear 

rate of CDC-17.  This is probably due to the lower evaporation rate/lower protein 

concentration for the CDC-19 test.  Despite the testing environment variability, the wear rates 

of the CDC specimens are still significantly lower than the wear rate of CoCrMo. 

The Zygo images show that CDC-17 exhibited more uniform surface as compared to CDC-

19, a replicate run of CDC-22.  As shown in Figure 35, some shallow and light cracks were 

observed from the CDC specimens produced from chlorination temperature of 1000°C with 

long processing times (CDC-22, CDC-23, and CDC-24) while no crack was observed from 

the CDC specimens produced from the same temperature with short processing times (CDC-

14 and CDC-17).  It appeared that the shallow and light cracks did not significantly affect the 

CDC wear rate.   

 

Figure 40: 100,000 Cycle Wear Rate Comparison between CDC-17 and CDC-19  
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   CDC-17     CDC-19 

  

  

 

   

Figure 41: Zygo Images of 100,000 Sliding Cycles Wear Scars  
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6.2.5 Effect of Protein on Friction Coefficient and Wear Rate 

As mentioned that protein concentration and the adherence of proteins to the material surface 

could effectively increase surface roughness and reduce the effectiveness of lubricant film 

thickness.  A study of PTFE wear against stainless steel reported that higher wear rates were 

observed with increasing protein concentration [59].  Two other studies reported reduced 

wear of CoCrMo with increasing protein concentration as protein can effectively reduce the 

corrosion potential [48] [60]. CDC surface characterization to better understand protein 

adsorption ability was studied in this portion of the study.  In addition, tribological testing 

was conducted with the two extreme CDC specimens (CDC-17 and CDC-19) using BCS and 

distilled water as the tribological testing solutions.  The BCS solution has a protein 

concentration of 30g/L and a pH value of 7.6.  The distilled water contains 0 g/L of protein 

and a pH of 6.8-7.0. 

Protein adsorption testing was conducted using PierceTM Bicinchoninic Acid (BCA) protein 

assay kit.  Please refer to section 5.6 for the testing procedures.   Table 15 summarizes the 

adsorbed protein concentration, standard deviation of the protein concentration and the 

corresponding wear rates for the CDC specimens. Figure 42 shows the protein adsorption 

result for CDC specimens.  A plot of average wear rate vs. adsorbed protein is shown in 

Figure 43. 

The result shows that only a small amount (194-517 µg/mL ≡ 9-25%) of bovine serum 

albumin (BSA) protein was adsorbed on the CDC surface.  The BCS solution contained ~ 

2100 µg/mL of BSA protein.  No definitive correlation between adsorbed protein and wear 

rate was observed in Figure 43.  
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Table 15: Summary of Protein Adsorption Test Result 

 

 

Figure 42: Protein Adsorption Result for CDC Specimens 
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Figure 43: Average Wear Rate vs. Adsorbed Protein for CDC Specimens 

The averaged wear rates and standard deviations for the tribological tests in BCS and distilled 

water are summarized in Table 16 and visually depicted in Figure 44.  Lower wear rates were 

obtained from distilled water tests for both CDC-17 and CDC-19. This result is consistent 

with the PFTE study where higher wear was observed with increasing protein concentration.  

The presence of protein could increase the CDC surface roughness and reduce the 

effectiveness of lubricant film thickness.  Reviews of friction coefficient (CoF) curves for 

these runs, as shown in Figure 45, found that CoF reduced with sliding time for the runs 

conducted in distilled water while CoF stayed constant throughout the testing  period for the 

runs conducted in BCS. 
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Table 16: Summary of Protein Concentration Effect on Wear Rate 

 

 

 

Figure 44: Summary of Protein Concentration Effect on Wear Rate 
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Figure 45: Effect of Protein Concentration on Friction Coefficient Curves 

 

To further confirm this finding, tribological testing with 100,000 sliding cycles was 

conducted with CDC-19 using BCS and distilled water as the lubricant.  Friction coefficient 

and wear scar data are tabulated in Table 17, and depicted in Figures 46 and 47.  The result is 

consistent with the finding from the 3600 sliding cycles runs (Figure 44) therefore confirming 

the test result. 

Table 17: Summary of Protein Concentration Effect on Wear Rate (100,000 Cycle)  
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Figure 46: Summary of Protein Concentration Effect on Wear Rate (100,000 Cycles) 

 

Figure 47: Effect of Protein Concentration on Friction Coefficient Curves (100,000 

Cycles) 
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6.2.6   Comparison of 100,000 Sliding Cycles Data between CDC and CoCrMo 

 

The CDC and CoCrMo specimens were tested in 2 different (but comparable) tribometer 

apparatus.  BCS solutions with 30g/L of protein and alumina balls were used as the sliding 

counterpart for both the tests.  The tribometer used for the CDC specimens is described in 

Section 4.9 (Bio-tribological Test).  In general, the wear tests were conducted using a normal 

load of 12.5 N, sliding frequency of 1 Hz, and sliding distance of 3 mm, and with 9 mm 

diameter alumina balls sliding on CDC surfaces for 100,000 cycles. 

For the CoCrMo, a cylindrical pin of CoCrMo with 12mm diameter were articulated against a 

28 mm diameter alumina ball in a custom designed pin-on-ball set up [48].  The contact 

surface of the CoCrMo pin was polished to a surface roughness of 9.4 ± 2.6 nm Ra using 

standard metallographic methods [60]. To summarize, the wear tests were conducted using a 

ball rotation of ± 15°, a normal load of 16 N and at 1 Hz for 100,000 cycles.   

A summary of the wear test conditions, and the corresponding initial Hertzian contact 

pressures and the wear rate results are presented in Table 18.  As shown that for both CDC 

and CoCrMo, the initial Hertzian contact pressures for the linear reciprocating tribometer are 

significantly higher than the initial Hertzian contact pressures for the custom designed 

tribometer.  Therefore, it can be concluded that the testing conditions for the linear 

reciprocating tribometer are more severe than the testing conditions for the custom designed 

tribometer.  Despite with the more severe testing conditions, CDC still exhibit significantly 

lower wear rate as compared to the wear rate of CoCrMo, as shown in Figure 48. 
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Table 18: Summary of 100,000 Cycle Wear Test Conditions and Results for CDC and 

CoCrMo  

 

 

 

Figure 48: Comparison of 100,000 Cycle Wear Test Results between CDC-17 and 

CoCrMo   
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6.2.7   Wear volume of the Counterpart (alumina ball) 

Due to the hardness difference between the test specimens and the alumina balls, and the 

mechanical action during the tribological test, some degrees of wear is expected on the 

alumina balls.  Hardness and wear volume/rate values for SiC and CDC specimens are 

summarized in Table 19 and Figure 49.  As expected that, alumina ball sliding on SiC 

resulted in a higher wear volume on the alumina ball while lower wear volumes were 

observed for alumina ball sliding on CDC specimens.  This could be due to the fact that SiC 

is much harder than alumina and CDC is a lot softer than the alumina ball.  In addition, 

similar wear volumes were obtained for the CDC specimens sliding for 28,800 and 100,000 

cycles.  This result supports the hypothesis that CDC will form a smooth layer after the run-

in-period and further reduce the friction coefficient and wear on the contacting parts. 

Table 19: Summary of Hardness and Wear Result on the Alumina Balls [61] 
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Figure 49: Wear Result on the Alumina Balls 

 

6.3  Determine the Effect of Post Chlorination Treatments on the Biocompatibility of 
the CDC Specimens.  

 

In this research, biocompatibility was determined by cell viability, which is defined as the 

number of healthy cells in a 96-well or on the test specimen. Four tests utilized 2 cell 

viability assays were completed for the study in order to confirm the test results of the 

individual test/assay. To recapture, the 4 test are: 

• Indirect contact cytotoxicity test – high cell seeding density with 2 days exposure time 

• Indirect contact cell proliferation – low cell seeding density and cell viability was 

determined over 7 days 
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• Direct contact cytotoxicity test - high cell seeding density and cell viability was 

determined after 2 days 

• Direct contact cell proliferation test – low cell seeding density and cell viability was 

determined after 7 days 

And, the 2 assays are (1) Quantitative cell viability using CCK-8, and (2) Qualitative cell 

viability using live/dead cell viability kit.  To minimize the test method variability and 

standardization of the test result for ease of comparison, all the quantitative cell viability 

results are presented in percentage of the negative control result, UHMWPE.  

It should be reiterated that, prolonged extraction times and higher solid-to-solvent ratio than 

the recommended conditions listed in ISO were used in this study because the CDC 

specimens are not very toxic so the severe conditions are needed to give discriminative test 

results.  Test procedure details can be found in section 4.5 through section 4.8.   

For the biocompatibility study, CDC specimens with and without post treatment were tested 

for cell viability, as summarized in Table 20.  CDC-7 was chlorinated at 1000°C for 5 hours 

with no post treatment whereas CDC-13 and CDC-14 were also chlorinated at1000°C for 5 

hours plus 8 hours of hydrogen treatment. Both CDC-29 and CDC-30 were chlorinated for 19 

hours at 1000°C and 1100°C, respectively.  In short, CDC specimens chlorinated similarly 

are listed on the same row under the respectively post treatment column. 

CDC-27 and CDC-28 were chlorinated for 19 hours at 1000°C and 1100°C, respectively.  

Both specimens were treated in NH3 for 24 hours.  However, the specimens were severely 

cracked therefore were not furthered evaluated. 
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Table 20: Summary of CDC Specimens with and without Post Treatment 

* Specimen damaged and was not tested. 

 

 

6.3.1 Effect of Hydrogen Post Treatment on Biocompatibility of CDC Specimens 

Quantitative test results for hydrogen treated specimens are summarized in Table 21 and 

visually depicted in Figure 50.  Appropriate test system response and background response 

were confirmed based on the desired positive control and negative control results where a lot 

of viable cells were detected from the negative control specimen and very few viable cells 

were detected from the positive control specimen.  As expected, cell culture medium (media 

control) control shows slightly higher viable cell count as compared to the negative control. 

Titanium type V alloy (Ti6Al4V), one of the materials used in commercial hip implants, 

shows comparable biocompatibility result as the negative control for the indirect contact 

cytotoxicity test.  However, it exhibited only 75-90% cell viability for the indirect contact 

cell proliferation test, a more stringent test than the cytotoxicity test.   

The indirect contact cell proliferation test was executed with prolonged extraction time (7 

days vs. 3 days in the indirect contact cytotoxicity test vs. ISO recommendation of 1 day) and 

higher solid-to-solvent ratio (7.5-15 cm2/mL vs. ISO requirement of < 6 cm2/mL) therefore 

should be more indicative than the indirect contact cytotoxicity test.   
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For the cell proliferation test, each of the 96-well was seeded with 2200 cells.  At day 4, cell 

growth was observed on all the specimens except for the positive control.  However, cell 

reduction was observed on all the CDC specimens on day 7, although the degrees of 

reduction were different among the CDC specimens.  Less than 50% of viable cell was 

observed from CDC-7, CDC-29 and CDC-30, the specimens with no hydrogen post 

treatment.  CDC-13 and CDC-14 exhibited over 100% of viable cell at day 7, followed by 

CDC-19 with 86% viable cell then CDC-25 with 58% viable cell.  Test results with similar 

trend were obtained from the indirect contact cytotoxicity test therefore confirming the test 

result.  Collectively, the test results show that post chlorination hydrogen treatment improved 

the biocompatibility of the CDC specimens, and the treatment effect is higher on the CDC 

specimens produced from the short processing times (with thinner CDC layer). 

Table 21: Summary of Hydrogen Post Treatment Effect on Biocompatibility of CDC 
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Figure 50: Summary of Hydrogen Post Treatment Effect on Biocompatibility  

 

EDS analysis of these CDC specimens revealed that the biocompatibility results are 

somewhat correlating to the amount of residual chlorine in the CDC specimens.  A summary 

of the EDS test result is provided in Table 22 and depicted in Figure 51.  
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Table 22: EDS Test Result for CDC Specimens with and without Hydrogen Treatment 

 

 

Figure 51: Percent Viable Cell of PE vs. Residual Chlorine for Hydrogen Treated 

Specimens 
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Direct contact cytotoxicity test was conducted on Ti6Al4V, CDC-29, CDC-30, CDC-13, 

CDC-19 and CDC-25 and the resultant fluorescence images for the test are presented in 

Figures 52-57.  In addition, direct contact cell proliferation test was conducted on Ti6Al4V, 

CDC-13 and CDC-19 and the respective fluorescence images are shown in Figure 58-60. 

In general, predominantly live cells with some dead cells are shown on all the images 

including the CDC samples with no hydrogen post treatment (CDC-29 and CDC-30).  This 

result is not too surprising since it was learned that the CDC samples are not very toxic and 

more stringent extraction and cytotoxicity test conditions were required for the indirect 

cytotoxicity and cell proliferation tests to be discriminative. 

As known that the most challenging factor in live-cell imaging is control of cell culture 

environment, from cell staining to cell imaging, to maintain overall cell health and prevent 

false negative result (cell death causes by the artifact). Additionally, live-cell imaging is 

extremely analyst technique dependent and is a highly subjective qualitative test.  For an 

example, the imaging cell density result is affected by cell seeding technique and the 

selection of area (view) to image.  Therefore, live-cell imaging should always be done in 

conjunction to another test to verify the test result. 

Based on the imaging result and considering the nature of live-cell imaging, it is reasonable 

to believe that all the CDC specimens tested in this section are relatively biocompatible. 
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Figure 52: Fluorescence Images for Ti6Al4V at Day 2 of Cytotoxicity Test 
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Figure 53: Fluorescence Images for CDC-29 at Day 2 of Cytotoxicity Test 
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Figure 54: Fluorescence Images for CDC-30 at Day 2 of Cytotoxicity Test 

105 
 



  

 

Figure 55: Fluorescence Images for CDC-13 at Day 2 of Cytotoxicity Test 
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Figure 56: Fluorescence Images for CDC-19 at Day 2 of Cytotoxicity Test 
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Figure 57: Fluorescence Images for CDC-25 at Day 2 of Cytotoxicity Test 

108 
 



 

 

Figure 58: Fluorescence Images of Ti6Al4V at Day 7 of Cell Proliferation Test 
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Figure 59: Fluorescence Images of CDC-13 at Day 7 of Cell Proliferation Test 

110 
 



 

Figure 60: Fluorescence Images of CDC-19 at Day 7 of Cell Proliferation Test 
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6.3.2 Effect of Vacuum Post Treatment on Biocompatibility of CDC Specimens 

 

Quantitative test results for vacuum treated specimens are summarized in Table 23 and 

visually depicted in Figure 61.  The indirect contact cytotoxicity result shows that the 

chlorinated CDC samples (CDC-29 and CDC-30) and the vacuum treated CDC samples 

(CDC-24, CDC-26 and CDC-1b) are cytotoxic. 

For the indirect contact cell proliferation test, cell growth was observed on day 4 for all the 

CDC samples and viable cell reduction to < 50% was observed for all the CDC samples at 

day 7.  This result is rather interesting. Further study should include study of mechanism of 

cell death to determine whether the death was due to apoptosis or necrosis.  Apoptosis is 

programmed cell death to remove unwanted cells during normal development, and can also 

occur when a cell is undergoing a period of stress and damaged beyond repair [62].  On the 

other hand, necrosis is traumatic cell death and occurs due to toxins, infection or trauma [62]. 

In summary, the test results show that vacuum treated CDC samples are not as biocompatible 

as the negative control and the Ti4Al4V samples.  Additionally, the vacuum treated CDC 

samples exhibited similar cytotoxicity as the chlorinated CDC samples, and more 

biocompatible than the positive control sample. 
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Table  23: Summary of Vacuum Post Treatment Effect on Biocompatibility of CDC 

 

 

Figure 61: Summary of Vacuum Post Treatment Effect on Biocompatibility of CDC 
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EDS analysis results for the vacuum treated CDC samples are shown in Table 24.  Significant 

lower levels ( ≤ 0.5 vs ≥ 1.9 w/w%) of residual chlorine were observed from the vacuum 

treated CDC samples as compared to the chlorinated (with no post treatment) samples.  As 

shown that residual chlorine was not detected in CDC-24 and some of the scans for CDC-26 

and CDC-1b.  In general, low levels of residual chlorine was detected on the vacuum treated 

samples and the level varied depending on the location of the scan.  Despite the low level of 

residual chlorine, the vacuum treated samples are cytotoxic and the toxicity level is 

comparable to the chlorinated samples.  This could be due to the fact that all the vacuum 

treated samples were cracked and submicron CDC particles could get into the extraction 

solution during the biocompatibilty testing and resulted cytotoxicity.  This hypothesis is 

supported by the earlier finding in this research where it was demonstrated that submicron 

CDC particles are cytotoxic only when residual chlorine is present.   

 

Table 24: EDS Test Result for CDC Specimens with and without Vacuum Treatment 

 

CDC-24 and CDC-26 were tested with direct contact cytotoxicity and fluorescence images 

for the cytotoxicity test can be found in Figures 62-63.  Detached live cells (as shown by the 
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round shape cells) and dead cells are shown on these figures therefore confirming the 

quantitative cytotoxicity result. 

   

 

Figure 62: Fluorescence Image for CDC-24 at Day 2 of Cytotoxicity Test 
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Figure 63: Fluorescence Images for CDC-26 at Day 2 of Cytotoxicity Test 

 

6.3.3 Effect of Ammonia Post Treatment on Biocompatibility of CDC Specimens 

 

As mentioned that 2 out of the 3 ammonia treated CDC specimens were severely cracked 

therefore were not further evaluated.  Quantitative biocompatibility test results for the 

remaining ammonia treated specimen (CDC-23) and the respective chlorinated specimen 

(CDC-29) are summarized in Table 25 and illustrated in Figure 64.  Both the indirect contact 

cytotoxicity and cell proliferation results show that the ammonia treated sample is cytotoxic 

with toxicity level similar to the positive control.    
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Table  25: Summary of Ammonia Post Treatment Effect on Biocompatibility of CDC  

 

 

Figure 64: Summary of Ammonia Post Treatment Effect on Biocompatibility of CDC 
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EDS analysis and biocompatibility results for the ammonia treated CDC sample are shown in 

Table 26.  The results show that the ammonia treatment was able to remove significant 

amount of residual chlorine in CDC samples, and there is no unexpected chemical 

composition on the treated CDC samples.  Despite the finding, the amount treated sample is 

very toxic, significantly more toxic than the chlorinated CDC samples with no post treatment 

(CDC-29 and CDC-30). 

CDC-23 was tested with direct contact cytotoxicity test and the resultant fluorescence images 

for the cytotoxicity test are presented in Figure 65.  Detached live cells (shown by round 

cells) and dead cells are shown on these figures therefore confirming the quantitative 

cytotoxicity result. 

Table 26: EDS Test Result for CDC Specimens with and without Ammonia Treatment 
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Figure 65: Fluorescence Images for CDC-23 of Cytotoxicity Test 

 

119 
 



7.0      CONCLUSIONS 

The research was conducted in three parts: 

Part 1: Determine the effects of residual chlorine and sub-micron CDC particles on the 

biocompatibility of CDC powder. 

Part 2: Determine the effects of key CDC processing parameters on the tribological 

properties of CDC specimens under physiological simulated conditions. 

 Part 3: Determine the effects of post-chlorination treatments on the biocompatibility of the 

CDC specimens. 

In Part 1, experiments were conducted to study the effect of residual chlorine and submicron 

particles independently on CDC cytotoxicity.  High temperature (1400°C) vacuum treatment 

and high speed centrifugation were used to remove residual chlorine and submicron particles 

from the CDC samples.  Subsequently, energy dispersive spectroscopy (EDS) analysis of the 

furnace-treated and centrifuged CDC samples confirmed the complete removal of residual 

chlorine and submicron CDC particles in the treated samples.  Indirect cytotoxicity tests were 

conducted on CDC powder and furnace-treated CDC sample, both with and without 

centrifugation.  The test results showed that both the furnace-treated (no residual chlorine) 

and centrifuged (no submicron particles) CDC samples were not cytotoxic, and the 

submicron CDC particles are cytotoxic only when residual chlorine is present. 

Scanning electron microscopy (SEM) and EDS analysis results confirmed that there was no 

detectable chemical compositional difference between the submicron particles and the CDC 
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layer.  Additionally, the analysis results indicated that the extraction and the additional 

centrifugation/washing steps did not remove a significant amount of residual chlorine from 

the CDC samples, therefore supporting previous findings that the residual chlorine is 

chemically bonded to the CDC structure. 

In Part 2, tribological test variables such as polishing of specimens, sliding frequencies, and 

sliding time were studied to determine the appropriate test parameters for this research.  It 

was learned that CDC specimens should be lightly polished to remove loosely adhered 

particles before their use in tribological testing to allow consistent evaluation of CDC 

microstructure effect on the wear rate.  As expected,  the different sliding frequencies 

(different dwell times) studied had negligible impact on the wear rate of CDC and on ultra-

high molecular weight polyethylene (UHMWPE) specimens as these materials are non-

corrosive and do not need a minimum time to form an oxide layer.  In addition, higher wear 

rates were observed at lower sliding times for all types of specimens (UHMWPE, titanium 

and CDC).  It is believed that this was due to the higher initial wear rate, also known as the 

“run-in-period”.  Given this, a short sliding time of 60 minutes was used as the standard 

testing time in hope of observing more discriminative wear rates. 

The effects of chlorination temperature (1000°C and 1100°C), chlorination time (≤ 8 hours 

and 19 hours) and post-chlorination treatment gas mixture (H2, NH3 and vacuum) on wear 

rate were studied.  In general, the experimental data showed no significant wear rate 

difference from CDC produced as the result of: 

• Long vs. short processing times 

• Chlorination temperature of 1000°C vs. 1100°C 

• Post-chlorination treatment with H2 and vacuum 
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However, SEM analysis revealed that the extensive processing conditions (long processing 

time and high temperature) resulted in cracks on the CDC layer which was believed to be 

caused by shrinkage of CDC microstructure when it was converting to the graphitic structure.  

Additionally, the results also indicated that the form transformation was a function of post-

treatment gas mixture, with NH3 being the most aggressive. 

The effect of protein concentration in the tribological testing solution on wear rate was 

studied using bovine calf serum (BCS) solution (30 g/L of protein) and distilled water (0 g/L 

of protein).  Lower wear rate and friction coefficient were obtained on the tests conducted in 

distilled water.  The finding was confirmed by conducting 100,000 Cycle (27.8 hours) sliding 

tests, and  further investigated with protein adsorption test using PierceTM Bicinchoninic Acid 

(BCA) protein assay kit.  The test results showed that only a small amount of BSA protein (9-

25 %) was adsorbed on the CDC surface.  It is possible that the presence of protein increased 

the CDC surface roughness and reduced the effectiveness of the lubricant film thickness, 

therefore resulting in a higher wear rate. 

CDC wear rates were compared to CoCrMo (the “gold standard” of existing hip implants) 

wear rates tested under comparable testing apparatus and conditions.  This comparison 

showed that CDC exhibited significantly lower wear rate when compared to the wear rate of 

CoCrMo. 

Due to the hardness difference between the test specimens and the alumina balls, and the 

mechanical action applied during the tribological test, some wear on the alumina balls were 

observed.  To support the hypothesis that CDC will form a smooth layer after the run-in 

period, wear volumes on the alumina balls after selected tribological test were measured. As 

expected, sliding relatively hard SiC on the alumina balls resulted in a higher wear volume 
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when compared to that observed for CDC specimens sliding on alumina balls.  Additionally, 

similar wear volumes were obtained for the CDC specimens sliding for 28,800 and 100,000 

cycles, which indicates further reduction of the friction coefficient and wear on the contacting 

components. 

In Part 3, the effect of post-chlorination hydrogen treatment on biocompatibility of CDC 

specimens were studied using 4 tests and 2 cell viability assays.  It was learned that the CDC 

specimens were not very toxic, therefore more severe testing conditions were needed to 

produce discriminative test results.  Collectively, the test results indicated that the post-

chlorination hydrogen treatment improved the biocompatibility of the CDC specimens, and 

the treatment effect was more pronounced on the CDC specimens produced from the short 

processing times, which should have thinner CDC layers.  Overall, it can be concluded that 

the CDC layers are relatively biocompatible.  CDC layers with similar biocompatibility as the 

Ti6Al4V alloys can be produced by the selected chlorination conditions and post-chlorination 

hydrogen treatment. 

The effect of post-chlorination vacuum treatment on the biocompatibility of CDC specimen 

was also studied.  Study results showed that the vacuum treatment appeared to be able to 

remove a significant amount of residual chlorine in CDC samples, however the resultant 

CDC samples were still cytotoxic.  It is believed that the cytotoxicity of the vacuum treated 

CDC samples was due to the presence of submicron CDC particles in the samples; visible 

cracks in the samples indicated that the integrity of the samples was compromised. 

The effect of post-chlorination ammonia treatment on the biocompatibility of CDC specimen 

was also studied.  Study results showed that the ammonia treatment appeared to be able to 

remove significant amount of residual chlorine in CDC samples, but the resultant CDC 
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sample was very cytotoxic.  EDS analysis of the ammonia treated sample showed that the 

treatment did not generate unexpected chemical composition.   

Conclusion: 

Biocompatible CDC layers can be produced by modulating chlorination conditions and 

application of a post-chlorination hydrogen treatment.  Excessive processing conditions (high 

temperature and long processing time) are not recommended as these will affect the integrity 

of the resulting CDC layer. 
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