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Current Ti-based dental implants exhibit failure (2-10%), due to various mechanisms, including 

chemical corrosion of the surface of the TiO2 naturally covered Ti-based implants. This thesis 

focused on developing a unique biocompatible/bio-inert/corrosion resistant/low cost 

Ultrananocrystalline Diamond (UNCD) coating (with 3-5 nm grain size) for encapsulation of Ti-

based micro-implants to potentially eliminate the corrosion/mechanical induced failure of current 

commercial Ti-based dental implants. Microwave Plasma Chemical Vapor Deposition (MPCVD) 

and Hot Filament Chemical Vapor Deposition (HFCVD) processes were used to grow UNCD 

coatings. The surface topography and chemistry of UNCD coatings were characterized using 

scanning electron microscopy (SEM), Raman, and X-ray photoelectron spectroscopies (XPS) 

respectively. In conclusion, this thesis contributed to establish the optimal conditions to grow 

UNCD coatings on the complex 3-D geometry of Ti-based micro-implants, with geometry similar 

to real implants, relevant to developing UNCD-coated Ti–based dental implants with superior 

mechanical/chemical performance than current Ti-based implants.  
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CHAPTER 1. INTRODUCTION 

1.1 Background Information on Current Dental Implant Technologies 

Titanium (Ti) or Ti-based alloys are widely used to make different prostheses fabricated to 

replace degraded or destroyed natural components of the human body (e.g., teeth, hips, knees and 

other joints). Ti or Ti-alloys are used for implants because early R&D demonstrated that these 

materials were biocompatible and would be resistant to the chemical and mechanical environment 

of the body. However, in recent years, many studies in academic, industrial and medical 

communities have demonstrated that metal-based prostheses undergo many types of failure, in 

most cases with substantial contribution of chemical and mechanical environment of the body. In 

the case of dental implants, there is now an extensive literature revealing failure of metal-based 

dental implants due to chemical and mechanical environment of mouth and body, for which 

selective references are included here due to constrained space [1-5]. When corrosion happens on 

the surface of Ti-based implants, due to electrochemical process induced by the body fluids, 

titanium dioxide (TiO2) particles from the oxidized Ti metal (Ti and its alloys gets easily oxidized 

upon exposure to atmospheric environment) implant surface are dislodged and insert into the 

surrounding tissue, inducing inflammation and tissue death (necrosis), as shown for Ti-alloy dental 

implants [6-8]. In addition, particles may enter into the blood stream and insert into organs 

producing serious biological deleterious effects, as shown in recent studies by Auciello and 

collaborators who compared to effect of TiO2 and UNCD particles injected in lung and liver of 

Wistar rats [10]. TiO2 caused areas compatible with foci of necrosis in the liver and renal hyaline 

cylinders, while UNCD particles did not induce any membrane damage (thiobarbituric acid 
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reactive substances: TBARS) or mobilization of enzymatic antioxidants either in the lung or liver 

samples [10]. 

1.2 Justification for Thesis Objective of Investigating a Novel Biocompatible/Corrosion 

Resistant Ultrananocrystalline Diamond (UNCD) Coating on Metal Dental Implants  

Based on the information presented above, the objective of this thesis was to investigate the 

possibility of improving the performance of current metal dental implant systems. Specifically, the 

objective of this work was to investigate optimization procedures for deposition of a novel 

biocompatible/corrosion resistant coating made of ultrananocrystalline diamond (UNCD) films on 

the surface of spiral dental implants with grain size of 2-5 nm. The deposited coating is expected 

to protect the underlying metal from chemical and mechanical environment of mouth, thus 

practically eliminating the chemical attack-induced degradation observed in current metal-based 

dental implants [1-5]. The reasons for investigating the UNCD coating for dental implants are 

explained below:  

1) Auciello’s group demonstrated in prior R&D (2000-2010), involving a multidisciplinary team 

of researchers, that biocompatible/corrosion resistant UNCD films could be used very 

efficiently as encapsulating coatings of a silicon-based microchip, to enable implantation 

inside human eyes, as part of an artificial retina to restore partial vision to people blind by 

genetically induced degeneration of photoreceptors [11]. The R&D performed in that program 

demonstrated that the biocompatible/corrosion resistant UNCD coating [12,13] protected the 

silicon microchip from chemical attack by the eye’s humor, thus enabling implantation of the 

silicon microchip inside eyes for long time. Specifically, UNCD-coated silicon microchips 

were implanted inside rabbit’s eyes for up to 3 years without any chemical attack or 
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degradation, as observed by scanning electron microscopy (SEM) and X-ray photoelectron 

spectroscopy (XPS), which demonstrated no degradation of the surface topography of the 

UNCD coating (SEM images) and no chemical degradation of the UNCD surface (XPS surface 

analysis) [14]. 

2) Auciello and colleagues recently performed systematic detailed experiments to study the 

effects of TiO2 and UNCD particles injected in lungs and livers of Wistar rats. TiO2 particles 

caused areas compatible with foci of necrosis in the liver and renal hyaline cylinders, while 

UNCD particles did not induce any membrane damage (TBARS) or mobilization of enzymatic 

antioxidants either in the lung or liver samples [10]. This work demonstrated that UNCD is 

extremely biocompatible and does not induced any deleterious biological effects when inserted 

in animal organs, which indicate that it would also perform very well when inserted in the 

human body. 

3) More recent studies performed by Auciello’s and Mathew’s groups, [15] involving exposure 

of UNCD-coated Ti-6Al-4V alloy, used in current dental implants, to saliva revealed an 

excellent corrosion resistance of the UNCD coating in electrochemical tests. A systematic 

series of studies were performed to analyze Ti-6Al-4V alloy and UNCD-coated Ti-6Al-4V 

alloy samples, before and after exposure to saliva in electrochemical tests, using Scanning 

Electron Microscopy (SEM), White Light Interferometry (WLT), Atomic force microscopy 

(AFM), X-ray photoelectron spectroscopy (XPS) and Raman Spectroscopy. These studies 

revealed that cyclic polarization curves provide higher E-corr values for UNCD-coated Ti-

6Al-4V (-0.1 V vs SCE) and UNCD-coated Cp-Ti (-0.2V vs SCE) than uncoated titanium 

substrates, which were close to -0.5V vs SCE. Nyquist and BODE plots illustrated superior 

corrosion resistance for UNCD-coated titanium samples. A constant phase element circuit 
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model fitted the best for Cp-Ti, Ti-6Al-4V and UNCD-coated Ti-6Al-4V samples. UNCD-

coated Cp-Ti was modeled using REAP2CPE circuit due to two-time constant seen in the phase 

angle of the BODE plot. White Light interferometry 3-D image provided information on the 

surface topography, before and after corrosion, of Cp-Ti, UNCD-coated Cp-Ti, Ti-6Al-4V and 

UNCD-coated Ti-6Al-4V. The studies reported provide strong evidence that the 

biocompatible/corrosion resistant UNCD coating provides superior electrochemical corrosion 

resistance to oral fluids for meatal-based dental implants coated with UNCD [15]. 

Based on the information presented above, it is proposed that UNCD-coated metal dental 

implants may provide a superior prosthesis for people requiring dental implants. Even though 

the failure rate is about the 5% range [9], any implant improvement, that can benefit the people 

who are suffering from degradation of dental implants and require new implants, is justified. 

1.3 Thesis Objectives 

1) Development and optimization of a process to grow biocompatible extremely 

corrosion/abrasion resistant UNCD films to coat dental implants. This objective includes 

developing two film growth processes, namely: Microwave Plasma Chemical Vapor 

Deposition (MPCVD) and Hot Filament Chemical Vapor Deposition (HFCVD), to finally 

select the optimum process to produce UNCD-coated dental implants on an industrial scale.  

2) Study the surface topography of the UNCD coatings with the two developed methods, using 

Scanning Electron Microscopy (SEM), and study the chemical nature of the UNCD surface, 

using Raman spectroscopy and X-ray Photoelectron Spectroscopy (XPS), to understand the 

atoms chemical bonding, and how that parameter can affect the biological performance of the 

UNCD coating in an oral environment.  
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1.4 Terminology 

The glossary of terms and abbreviations are found page xii. In this section, only the 

fundamental terms that make up the main text of this report are defined, namely: 

¾ Ultrananocrystalline Diamond (UNCD) coating material, which has been developed in thin 

film form and exhibit multi-functionalities applicable to a broad range of macro to 

nanoscale multifunctional devices [12]. 

¾ UNCD films are grown by microwave plasma chemical vapor deposition (MPCVD) [12] 

or hot filament chemical vapor deposition (HFCVD) [12], using argon (Ar)-rich/methane 

(CH4) or hydrogen (H2)/CH4 plasma chemistries.  

¾ UNCD films exhibit a unique nanostructure with 2~5nm grain size and grain boundaries 

of 0.4~0.6nm for plain films, and grain sizes of 7~10 nm and grain boundaries of 2~4 nm 

when grown with nitrogen introduced in the Ar-rich/CH4 chemistry, to produce UNCD 

films with nitrogen incorporated in the grain boundaries, satisfying dangling C atoms bonds 

and releasing electrons that induce electrical conductivity up to semi-metallic level [12].   

1.5  Thesis Organization 

• Chapter 2 describes the chemical/biological process that destroy natural teeth, restoration 

approaches to replace destroyed natural teeth, and state of art for dental implants, to understand 

the current issues and challenges that need to be addressed to improve materials, develop 

biocompatible/corrosion resistant coatings, and design of dental implants.   

• Chapter 3 provides description of processes involved in the growth of UNCD coating on micro-

implants. The fundamentals of UNCD coatings on micro-implants are discussed (i.e., gas 

mixtures used to grow the films, growth temperature, growth time necessary to cover the 
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micro-implants with pinhole free UNCD coatings). In addition, analysis of experimental results 

is described in order to understand the materials science related to UNCD coating on micro-

implants.  

• Chapter 4 shows information from characterization of the topography and chemical nature 

(atomic bonding) of the surface of UNCD coatings grown on Ti-6Al-4V alloy micro-implants. 

The studies of surface topography and chemical nature of the UNCD coatings were performed 

using SEM and Raman and XPS analysis, respectively.  

• Chapter 5 provides a summary of the scientific observations and present conclusions with 

recommendations for future R&D. References is presented at the end of the report.  
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CHAPTER 2. PHYSICAL AND CHEMICAL EFFECTS ON DENTAL IMPLANTS 

2.1 Chemical/Biological Process Destroying Natural Teeth 

According to the American Dental Association (ADA), tooth decay is caused by acids and 

carbohydrates, such as sugars and starches, which are contained in the food. In this respect, milk, 

fruit, cookies, and/or candy are the common elements of food that are left on the teeth after eating. 

These are the favorite foods with which bacteria that live in the mouth react chemically to produce 

acids. Over a period of time, the acids produced by the bacteria-food interaction may destroy the 

tooth enamel, resulting in tooth decay [16]. 

The bacteria-induced breakdown of enamel, which is the hard tissue of the tooth, causes caries on 

the teeth. The teeth decay process is a result of chemical reaction of bacteria with sugars, starches 

or debris from the food left on the tooth surface, resulting in acids formation, which may destroy 

the enamel on the teeth. Minerals entering into the mouth present another risk factor since they are 

released from the teeth surface when the breakdown is bigger than the source that buildup in the 

saliva. Diabetes mellitus is another condition that results in reducing saliva which can be a risk 

factor, as well as medications, such as antihistamines and antidepressants, which also reduce saliva. 

Finally, caries can also be caused by poorly cleaned teeth and receding gums which will affect the 

roots of the teeth [17-19]. 

Tooth caries are also well known as cavities, or decay, produced by bacteria activity on the teeth 

[20]. The effect of the caries results in pain and difficulty to eat. The color of the caries can expand 

a range from yellow to black [21, 22]. Caries results in infection, tooth loss, and abscess formation, 

as well as tissue inflammation around the teeth [21, 23, 24]. 



 

 

8 

The loss of natural teeth requires replacement with an artificial dental implant. According to the 

American Association of Oral and Maxillofacial Surgeons (AAOMS), about 69% of adults 

between ages of 35 and 44 lost at least one natural tooth by gum disease, tooth caries, failed root 

canal, or accident. Also, about 26% of people in the 70s lose all of their natural teeth [20]. 

According to American Academy of Implant Density, U.S. statistics reveal that about 500,000 

dental implants are inserted in the mouth of patients per year [25]. Worldwide, published statistics 

reveals that in 2013 about 12-millions of dental implants were placed in the mouth of patients per 

year. Therefore, taking into account that these numbers show that about 5% are failing [9], that 

means that at least about 600,000 patients are suffering from dental implant failure, which justify 

developing new technologies to help mitigate failure modes leading to implant loss [26]. 

Due to the rapid growth of the dental implant world market and cosmetic dentistry, it is expected 

that R&D to develop new dental implant materials, coatings and fabrication process will increase 

in the near future [27-29]. 

Dental caries may be prevented by routine brushing of the teeth with small amount of fluoride and 

limiting to low sugar diets [30, 31]. Fluoride may be from ordinary toothpastes, salt or even water. 

Experts recommend brushing twice daily and flossing between the teeth once daily [25, 31]. Early 

screening and detection may lead to prompt treatment. Depending on the extent of destruction, 

numerous treatment options are available from restoring a tooth's proper function via minor 

procedure to complete tooth extraction, since there is no method of growing back a natural tooth 

again as of today. However, limited treatments are often available in developing countries. Some 

treatment with drugs to control dental pains include: acetaminophen with or without codeine, 

hydrocodone or ibuprofen [25]. 
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2.2 Replacement of Destroyed Natural Teeth 

Solutions to treat loss of natural teeth include: 

¾ Dental implants 

¾ Fixed bridge, also called Fixed Partial Denture (FPD) 

¾ Removable partial denture 

¾ Other dental bridge types 

¾ Stem cells in the future 

To replace the roots of the teeth, dental implants are placed below the gum line to anchor 

with the bone as shown in Figure 1. Above the gum line they are normally protected with a ceramic 

crown. The major reason why a missing tooth must be replaced with dental implant is to stop the 

jawbone from collapsing, re-stablish function and also for esthetics reasons [33]. The dental 

implant stimulates the normal jawbone functionality. In addition, for the bone to remain healthy, 

it needs stimulation [34]. 

 
Figure 1. Dental implant [34] 

However, most importantly, replacement of a natural tooth with a dental implant, immediately 

after extraction of the tooth, will provide protection against bone resorption. Research by several 
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groups has shown that there is less resorption (about 75%) when the missing tooth area is replaced 

by a dental implant than leaving the empty space in the bone. It has been determined that it is 

critical to insert a dental implant within a year after losing a tooth, since most of the bone resorption 

happens during this period of time [33]. 

Replacement of teeth in the back region of the denture, is more frequently done via insertion of a 

three-unit Fixed Partial Denture (FPD), also called a fixed bridge, even though it is not the best 

approach. An alternative way to insert a replacement tooth in the back part of the molar is by 

positioning the tooth between two teeth with abutment, which are crowned and support a “Pontic” 

as shown in Figure 2. 

 
Figure 2. Bridge: crown in the middle [34] 

The fixed bridge can function well, looks like a real tooth and potentially last long time if it is well 

made, but recent research shows that within 7 years about 75% of the three-unit FPD failed [35]. 

As shown in Figure 2, two of the teeth are connected together with the middle tooth which is the 

ceramic crown. This is one of the main reasons why there is high percentage of failure with fixed 

bridges. Another reason for failure is since three teeth are connected when people chew, there will 

be extra stress on both teeth that are supporting the crown in the middle and this can cause the 

mechanical breakdown. However, even with these problems, the fixed bridge is still the most 

common treatment and choice by the patients [35]. 
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Although most dental implant systems perform successfully, it has been reported in the literature 

that corrosion is a potential failure mode [1]. Figure 3a shows a figure of a Ti-based dental implant 

and Figure 3b indicates that in some cases it maybe extensively corroded by oral fluids, which 

shows a picture of a Ti-based dental implant extracted from a patient. Other than corrosion, both 

early and late stage dental implants failure can be due to one or a combination of events such as 

patient related factors, surgical skills, loss of osseointegration due to infection, tissue damage, 

overloading, and sinus problem [31]. 

 
Figure 3.  a) Schematic of Ti-based dental implants; b) explanted Ti dental implant corroded by 
oral fluids 
 

2.3 Restoration Types 

2.3.1  Crown 

 A crown known as a “cap”, is used to cover the damaged tooth and also top section of the 

dental implant. The dentist will prepare the tooth, which needs to be crowned. The data collected 

by the dentist will contain the shape of the patient’s tooth and which materials is to be used to 

build the cap, since there are lots of different materials and methods to fabricate the crown. Some 

of the crown fabrication methods use materials such as gold, other metals, zirconia oxide and 
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porcelain mixture. For higher translucency and durability, the zirconia oxide crown is used more 

often than porcelain crowns [36]. 

2.3.2  Bridge 

In order to fix the missing tooth space, a bridge method can be used to connect the tooth and 

abutment to the tooth placed to hold up the bridge. Therefore, it can cast or fuse the crowns together 

to fix partial denture, and the abutment is used to replace the missing tooth [36, 37]. 

2.3.3 Inlay and Onlay 

If there is less than half destruction between the cusp tips, the technique called inlay is used. 

An inlay is a repair that is done on the cusps and in preparation less tooth structure needs to be 

removed. Similar to inlay, there is a technique called onlay. It does repair to one or more cusps to 

reinforce, protects or cover from further destruction. When there is major destruction because of 

trauma or cavities, the onlay technique is often used instead of the inlay approach [36, 38]. 

2.3.4 Veneer 

A veneer, is a technique to repair a destructed tooth surface or to refine the look of the tooth 

better by putting a thin layer of new material which includes porcelain and composite over the 

surface of the tooth [36, 39]. 

2.4 State of Art for Dental Implants 

2.4.1 What are dental Implants? 

As seen in Figure 1 above, the dental implant is a metallic artificial tooth root to replace the 

natural root to hold the rest of dental implant including the ceramic crown. Titanium has been 
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considered as compatible and resistant to chemical and mechanical environment of mouth and 

body. Therefore, dental implants are made of pure Titanium or some are made of Ti-alloy. Once a 

biocompatible dental implant is placed in a jaw, it will integrate with the bones around it and 

become part of the jaw. Therefore, for the missing teeth, dental implants are the safe, permanent, 

well integrating, and effective solution with high long-term success rates (~95%) as reported in 

the literature [31]. That means 5% of the dental implants are still failing, which justifies developing 

better dental implant technology. 

2.4.2 Why should teeth be replaced? 

Teeth are not only used when we eat, speak and smile, they hold the jawbone together to 

prevent the change of facial outline. If a person loose one tooth, the dental implant keep the shape 

of the molar outline. When forces are created during the process of chewing down, the load is 

transmitted to the jawbone and bone loss will occur when there is tooth missing. Replacement of 

a lost tooth by placing a dental implant will prevent bone loss, since once the density on the bone 

increases by loading an implant, the jawbone will react. Dental implants have the ability to 

discontinue the bone loss and contribute to recover the facial skeletal profile with improving 

nutrition significantly [40]. 

2.4.3 What are some of the benefits of dental implants? 

The biggest benefit of a dental implant is that it looks and feels like a natural tooth and feeling 

that the person might not even realize it is the dental implant. For a patient missing a tooth, having 

difficulty chewing and not smiling because not wanting to reveal a missing tooth, or may have a 

denture that does not feel secure, a dental implant provides a solution. By placing a dental implant  
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in a patient, even though he/she has one or more missing teeth, the patient will be able to chew 

properly, smile, and speak with confidence. Also, for patients who cannot wear the removable 

dentures anymore, the dental implant will be very practical [40], providing: 

¾ Renewed ability to chew and speak properly 

¾ Restoration of facial aesthetics 

¾ Preservation of remaining jawbone structure 

¾ Recovery of the natural appearance and function of teeth 

¾ Increased confidence and self-esteem 

2.5 Materials/Coating Components for Dental Implants 

There are over 60 manufacturers of dental implants and materials used to create restorations 

such as abutments and crowns. The major players in the dental implants markets include: Dentsply 

International (USA), Zimmer Dental (USA), Biomet 3i (USA), BioHorizons, Inc. (USA), 3M 

Company (USA), Nobel Biocare Holdings AG (Switzerland), Straumann (Switzerland), and 

Ivoclar Vivadent AG (Liechtenstein). For this reason, dentists have a variety of options to find the 

implant treatment that is best for the specific needs of their patient. The vast majority of dental 

implants are made of titanium, but the surface material of the implant varies. The material used is 

a major factor in the treatment’s stability, long-term strength and osseointegration of dental 

implant. To achieve great osseointegration, the contact between bone and the surface of implant is 

very important. Numerous studies have shown that roughness of dental implant surface affect the 

growth rate of bone cells on the surface of implant, which impacts osseointegration [41]. Research 

by several groups, have shown that a porous surface, produced by chemical, electrochemical, 

mechanical and/or laser treatment, enables better osseointegration of the dental implant into the 
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maxillary bone, due to enhanced bone cells interaction with the rough surface, compared to a 

smooth titanium surface [41]. Types of implant surface treatments include: a) acid-etching, which 

involves exposing the surface of the implant to a strong acid to induce surface roughness of the 

implant, via chemical etching; b) anodization to induce surface roughens by electrochemical 

process, c) plasma-spraying of the implant surface, exposing the surface to a plasma torch at high 

temperature in combination with injection of titanium powder over the implant surface; d) 

hydroxyapatite (HA) coating for creating stronger bond between implant and the maxillary bone, 

since HA is an osseoconductive material that can be blasted onto the implant surface, jointly with 

TiO2, and AlO2 particles, propelled at with high speed through a nozzle onto the implant surface 

to induce surface roughness. [41, 42]. Figure 4 shows the classification based on surface of the 

implant.  

 
Figure 4. Classification based on surface of the dental implant. [42] 
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2.6 Type of Surface Treatment of Implants  

Figure 5 shows the classification based on the macroscopic body design of implant and 

following paragraphs will explain the design of implants.  

 
Figure 5.  Classification based on macroscopic body design of implant. [42] 

2.6.1  Screw-type (Thread) implants 

The most used type in dental implant is the screw type implant. This type is widely used and 

it includes tapered root form and straight known as parallel walled implants. It will transmit the 

chewing force productively to the bone and can be put in smaller sockets than the one with blade 

implants which was used before [42].  

2.6.2 Cylinder-form implants 

Another widely used type of dental implant is the cylindrical implant. It does not have screw 

threads; it has cylindrical shape so it can be easily placed in the jawbone. However, since the 

surface area of the cylindrical implant is smaller than the screw form implant, it does not show 

enough primary stability. Therefore, it is indicated with the two-stage method [43]. 
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2.6.3 Hollow implants 

The hollow implant is similar to the screw type shape implant, but as indicated by the name, 

they are hollow and there are multiple holes in their lateral surface. The reason why there are 

multiple holes in the surface of the implant is to increase the bone growth on the implant. Therefore, 

the surface of the implant is increased and a higher bonding force can be built while the bone tissue 

will penetrate into this implant holes. However, a critical disadvantage of the hollow implant is 

that due to the holes on the implant the strength is weak, so it has a risk of breaking [43]. 

2.6.4 Blade implants 

The blade implant has narrow width and thin plates form. It has been used previously in the 

case of placing in a narrow bone width. However, since it is thin and has narrow width, the 

disadvantages are that this implant has weak strength, it is easily broken, and induce bone 

resorption, which means reduction in volume of the bone is caused by dissolution of bone or 

destruction [43]. 

2.7  Challenges with Current Materials in Dental Implants 

About 90-95% of dental implants are working without failures [31, 44], after they are 

implanted in people. However, according to other statistics some of the dental implants could have 

problems such as not ossification, the bone infection, the broken prosthesis and the infection 

around the gum after implanted and smoking and intake of antidepressants may be increasing of 

influencing factors [44].  
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2.7.1 Implant does not Ossify 

The dental implant becomes part of the bone when it is inserted in the jawbone, but problems 

do occur when there is ossification between bone and implant such as that the implant does not 

fuse to the bone in the right way. It is important for dentists to check for a few months how is the 

implant reacting in the patient’s jawbone, to make sure it is fusing in the right way, since the 

ossification problem can happen within a few months after the implant is placed in the jawbone. 

However, ossification problems may occur due to external actions such as smoking, osteoporosis, 

diabetes and some medicines that can increase the risk such as cortisone and cytostatic [45].  

2.7.2  Connective tissue infection 

Peri-mucositis is an infection around the dental implant caused by microbes living in the 

mouth. Once this infection moves from implant to the bone to spread around, this condition is 

called peri-implantitis. In this condition, the bone that is holding the implant is destroyed and the 

implant needs to be detoxified to remove biofilm, or the implant will have to be removed. This is 

the same condition as periodontitis in the original tooth. Peri-mucositis and peri-implantitis happen 

to patients who do not have maintenance regularly done by the dentist, and have poor oral hygiene. 

Also, those patients who are heavy smokers and/or have diabetes, do suffer serious problems of 

connective tissue diseases, since they are more expose to higher risks [45]. 

2.7.3 Broken prosthesis and implants 

Dental prosthesis and implants may break or have cracks, like the original teeth, resulting 

from the patient chewing something hard and while healing process of premature loading. Also, it 

can happen because of failure in fabrication or design of the implant. Most small cracks of 
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prosthesis can be fixed by grinding and filling, however some of bigger cracks of broken prosthesis 

need to be fixed by the dental laboratory. When there is damage on the dental implants, which 

cannot be fixed, the implant needs to be extracted from the patient [45]. 

2.8  Fundamentals of UNCD Film Growth Process 

UNCD films discussed in this review are produced by microwave plasma-enhanced chemical 

vapor deposition (MPCVD). This process uses a novel argon-rich chemistry [Ar (99%)/CH4(1%)] 

with no or very little H2 added [12], which in turn produces carbon molecules dimers (C2) in the 

plasma, from methane decomposition, via reactions (1) and (2) below: 

2CH4     →    C2H2   +    3H2                    [1] 

C2H2   +  Ar collision with  C2H2    →    C2  +  H2            [2] 

While the Ar-rich/CH4 plasma produces a complex mixture of carbon (C2 dimers) and hydrocarbon 

species, including CHx (x=1, 2, 3) hydrocarbons, the C2 dimers have been proposed to play a 

critical role in the UNCD nucleation and growth process [12]. Calculations predict that the C2 

dimers have low activation energy (∼6 kcal/mol) for insertion into the surface of the growing film, 

thus establishing the growth characteristic of UNCD films. A critical outcome of the UNCD 

nucleation and growth processes is that these films have been demonstrated to grow at 

temperatures as low as 350–400 °C, as determined not only by thermocouple measurements during 

growth [12], but most importantly by the demonstration that CMOS devices exhibit practically the 

same performance before and after growing UNCD film on them [12], because the growth at 350–

400 °C is within the thermal budget of CMOS devices, which do not degrade when heated to that 

temperature range. 
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The UNCD nucleation and growth process results in a unique film nanostructure consisting of 

equiaxed 3–5 nm grains and 0.4 nm wide grain boundaries (Fig. 10(b)) films, and extremely 

smooth as grown surface (∼4–6 nm). 

2.9  Hypothesis and Goals for this Thesis 

In an attempt to improve performance with dental implants described above, many types of 

coatings have been and are still being developed to cover the surface of the metal implant. However, 

not all of the dental implants are failing due cracks or breakage, they also can fail to become 

osseointegrated with the maxillary bone. The osseointegration between the dental implant surface 

and the human jawbone happens when there is a functional and structural connection. As explained 

in previous sections, the roughness of the dental implant surface can increase the rate of bone cells 

growth that promotes osseointegration. From Auciello’s group R&D, which showed that 

embryonic stem, neural and other cells grow very efficiently on the surface of UNCD coatings 

[13], and recent work that showed excellent osseointegration of UNCD-coated flat Ti-alloy 

samples implanted in rat bones [13], it is projected that bone cells will also grow efficiently on the 

surface of UNCD coated Ti-based dental implants and enhance osseointegration. For the research 

related to this thesis, micro-implants will be used instead of manufactured dental implants, for 

optimization of the UNCD coating, because UNCD-coated micro-implants will be used in in-vivo 

tests in rat bones, which are too small to insert the real dental implants. The main focus of this 

thesis is to develop and optimize conditions for fully coating Ti-alloy micro-implants with uniform 

pin-hole free UNCD film. 
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CHAPTER 3. GROWTH OF UNCD COATINGS ON MICRO-IMPLANTS  

UNCD is a capable of inducing growth and migration of embryonic epidermal stem cells and 

neural cells on the surface of the film, as demonstrated in recent work by Auciello’s group [13]. 

The hypothesis is that the surface of UNCD is formed by carbon atoms (a main element in human 

cells), and it has been demonstrated to be extremely biocompatible [13]. To develop a better dental 

implant based on an any coating, biocompatibility is the most important issue, since it plays a 

major role in preventing early infection which can cause premature failure [47].  

3.1 Fundamentals of UNCD Coating on Micro-Implants 

3.1.1 Methodology, process, procedure and description 

The implant used to do research for this thesis is a machined thread spiral no head type micro-

implant NH1312-05 Ti-alloy (Ti-6Al-4V) manufactured by Abs Anchor Dentos. 

 
Figure 6.  Micro-implant NH1312-05 (Ti-6Al-4V) Ti-alloy 

The Ti-based material used for research in this thesis was Ti-6Al-4V, because is the main 

Ti-based material used by the colleagues we have been collaborating with in doing the chemical 

corrosion studies and the three companies we have been talking, who are interested in the UNCD 

coating for Ti-based dental implants. from our discussion with people manufacturing dental 

implants, there are several using Ti-alloys as opposed to pure Ti even though majority are made 

by pure Ti. In addition, there are several Ti-alloys used in other prostheses, for which UNCD 

coating are being developed (see Table 1) [49]. 



 

 

22 

As it can beset from this table there are several Ti-alloys used for prostheses, including the one 

used for research in this thesis. 

ASTM BS/ISO Alloy(s) Designation(s) 

F67 Part 2 Unalloyed titanium – CP grades 1-4 (ASTM F1341 specifies wire) 

F136 Part 3 Ti6Al4V ELI wrought (ASTM F620 specifies ELI forgings) 

F1472 Part 3 Ti6Al4V standard grade (SG) wrought (F1108 specifies SG castings) 

F1295 Part 11 Ti6Al7Nb wrought 

- Part 10 Ti5Al2.5Fe wrought 

F1580 - CP and Ti6Al4V SG powders for coating implants 

F1713 - Ti13Nb13Zr wrought 

F1813 - Ti12Mo6Zr2Fe wrought 

 
Table 1. Titanium alloys suitable for medical applications 

The first step is to insert nanodiamond particles on the surface of the substrate, such that the 

particles behave as “seed” upon which the UNCD films grow. In the seeding process, which takes 

about 1 hour, micro-implants are immersed in a solution of Methanol (DMSO Na NODIA) with 

nanocrystalline diamond particles in an ultrasonic system, where the sound waves shake the 

diamond particles embedding them on the surface of the metal, for them to act as “seeds” on which 

the UNCD films grow, using ether the HFCVD or MPCVD techniques [12]. 

Seeding Procedure 

1. The first step involves cleaning the sample surface by blowing with nitrogen (N2) spray to 

remove dust particles, and subsequently insert the sample in a methanol solution with 

nanocrystallline diamond particles. 
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2. The second step involves doing a pre-shaking of a solution of methanol with suspended 

nanocrystalline diamond particles in and ultrasonic vibration bath for 5 minutes to 

homogenize the solution. 

3. The third step involves pouring the diamond nanoparticles/methanol solution in a glass 

container where the implant is immersed into the solution, following by covering the glass 

container with an aluminum foil to avoid the possibility of water from the sonicator’s bath 

to spill into the solution. The ultrasonic bath is activated for 30 minutes. 

4. Following the seeding process, the implant is transferred immediately into a container with 

methanol, which is inserted into the sonicator bath for 5 minutes. 

5. After the methanol cleaning, the sample is inserted into a container with isopropyl alcohol 

(IPA), and inserted into the sonicator bath for 1min, followed insertion into acetone for 

1min, methanol for 1min, IPA for 1min, and finally drying the surface by blowing N2 spray. 

3.2 Methods for Growing UNCD Coating 

Many different types of diamond thin films such as Micro Crystalline Diamond (MCD), 

Nano Crystalline Diamond (NCD), and UNCD have been synthesized and systematically studied 

[13] and also, demonstrated on different microstructures, surface morphologies, and properties. As 

a result, the diamond films have been grown on the surfaces of metals, insulators, semiconductors. 

However, before growing the UNCD films, the surface of the substrate is seeded with 

nanocrystalline diamond particles, as explained in the seeding procedure section above. After 

seeding, the implant is inserted in a Hot Filament Chemical Vapor Deposition (HFCVD) system 

or a Microwave plasma-enhanced Chemical Vapor Deposition (MPCVD) system, where the 

UNCD films are grown [13]. 

3.2.1 Hot filament chemical vapor deposition 

The Hot Filament Chemical Vapor Deposition (HFCVD) technique to grow diamond films  
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was invented by a Japanese group lead by Matsumoto in 1982 [50]. HFCVD used in this study is 

manufactured by the Blue Wave Semiconductor Company (Maryland, USA) and it is capable to 

of coating up to 100 mm diameter substrates. The substrate is rotated to induce excellent uniformity 

of film thickness. The distance between the filaments and the substrate can be changed by moving 

the substrate holder in the Z direction, in order to set the substrate at the optimum position for 

UNCD film growth. The substrates can be heated to different temperatures in the range 400-800 

˚C. The filaments are heated to about 2000-2200 ˚C by passing an electric current through them, 

in order to induce cracking of CH4 molecules hitting the hot filament surface. A mixture of gases 

H2, CH4, and Ar gases is flown into the system. The CH4 molecules crack upon hitting the hot 

surface of the filaments to produce CHx (x = 1, 2, 3) radicals that contribute to the growth of the 

diamond films [51, 52]. The HFCVD system features a main chamber where the film growth 

occurs and a load lock chamber, where samples are introduced and extracted from the system, 

without having to turn the filaments off. The HFCVD process include the heated filaments, gas 

mixture flow, substrate heater to heat the substrate, rotating plate to rotate the substrate during film 

growth to produce uniformity in film thickness, laser thermometer, two color pyrometer, cooling 

system and pressure controller. The most valuable parameters to be controlled in the HFCVD 

process are the filament temperature, the substrate surface temperature, produced by a combination 

of heating from the heater and radiation from the hot filaments, and the pressure and ratio of the 

gas mixture. Even though there are different methods to grow diamond films, the HFCVD is still 

one of the most popular methods. Figure 7a shows and schematic of the HFCVD system and how 

the precursors species to grow UNCD to MCD films are produced. Figure 7b shows a top view 

schematic of the array of parallel filaments installed in the Blue Wave system in the UTD lab 

where UNCD films were grown on metal-based micro-implants. Figure 7c shows a picture of the 
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Blue Wave HFCVD system in operation when growing a UNCD film. Figure 8a shows the Blue 

Wave HFCVD system, while Figure 8b and 8c show side and top views, respectively of UNCD 

films being grown on a 100mm diameter Si wafer.  

 
Figure 7. a) Schematic of the HFCVD system showing the array of parallel filaments opposite the 
substrate holder and the gas components in the system; b) shows the top view of the array of 
parallel filaments; c) shows the system when transferring a substrate into position under the hot 
filaments to grow a UNCD film on a Si substrate. [53] 

 

 

Figure 8. a) HFCVD system currently operational at UTD used to perform the R&D for this thesis; 
b) and c) a view of the main chamber and 10 filaments heated to 2200˚C to break the CH4 
molecules to grow the UNCD films on substrates with diameter up to a maximum of 100 mm in 
diameter. 

 

(a) (b) (c) 
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HFCVD procedure and parameters setting to grow UNCD films 

 
Figure 9. Schematic of Hot Filament Chemical Vapor Deposition system. 

1. Place the holder plate and the micro-implant on the plate in the load lock chamber. 

2. Open the valve connecting the mechanical pump to the load lock chamber and pump until 3 

x 10-2 Torr of vacuum. Then open gate valve 2 to enable pumping with the turbomolecular 

pump and produce high vacuum (in the range of 3~4 x 10-6 Torr) to produce an appropriate 

vacuum to eliminate any interference atmospheric gases during growth of the UNCD films. 

3. Open the gas flows into the main chamber, which is isolated form the load-lock chamber, 

until H2 = 100 sccm and CH4 = 20 sccm, and increase the filament current up to 70 Amps. 

4. Change the gas mixture to H2 = 50 sccm, CH4 = 2 sccm, and Ar = 50 sccm gas flows to the 

flow conditions for growing UNCD films (make sure the filament temperature do not go 

over 2200°C). 

5. Close valve connecting to turbomolecular pump in the load-lock chamber and insert Ar gas 

to equilibrate to pressure in the main chamber (about 10 Torrs with gas flows) 

6. Open valve connecting the load-lock and man chamber and move the holder containing the 

micro-implant into the main chamber (if needed adjust height and left or right of the arm to 

place correctly on the substrate plate). 

7. Adjust the height of the substrate to 2 cm and turn on rotation of the substrate holder and 

turn on the heater and set to the 650°C. 

8. Increase the current until the filament temperature reaches close to 2200°C to crack CH4 

molecules to produce the precursor species to grow the UNCD film. 



 

 

27 

3.2.2 Microwave plasma chemical vapor deposition  

The Microwave Plasma Chemical Vapor Deposition (MPCVD) is the other technique widely 

used to grow diamond films. The MPCVD method was also developed by the same Japanese group 

that developed the HFCVD method in 1983 [50]. The synthesis conditions are very similar to the 

HFCVD system, however, instead of using tungsten hot filaments to crack the CH4 molecules, the 

MPCVD process uses microwave power to crack the CH4 molecules (the main molecule providing 

the CHx (x=1, 2, 3) radicals that play a critical role in growing the UNCD films) via creation of a 

plasma, which also contains Ar and H+ ions that play a role in enhancing the action of the C-based 

species to grow the UCD films. [12] The MPCVD process, used in this study, was implemented 

in an IPLAS MPCVD system (Innovative Plasma Systems, MBHG Germany). An important 

feature of the MPCVD system is that it is capable of growing UNCD films on up to 200 mm 

diameter substrate, and providing the means for optimization of the film thickness and uniformity 

by moving the substrate position up and down to optimize the plasma interaction with the surface 

of the substrates. The MPCVD system involves a two-stage chamber, with the upper part used for 

the deposition process and the lower part, with door, used as load lock chamber to insert and extract 

samples. For the MPCVD method, a gas mixture of Ar, H2, CH4 are inserted to the air evacuated 

chamber and the power that is generated by microwave couples to the gas to create a plasma 

involving ionized and neutral atoms (Ar, C, CHx (x (=1, 2, 3), and H) [12], that contribute to the 

growth of the UNCD films. Figure 10a, shows a picture of the IPLAS MPCVD system in 

Auciello’s Laboratory, with the capability for performing research and development, and industrial 

manufacturing scale. The systems consist of a microwave power generator, a substrate heater, a  
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laser thermometer, 2 color pyrometers, a substrate holder, gas mixture flowing in to the chamber, 

cooling system, control monitor system, and pressure detector. Similar to the case of the HFCVD 

process, the important parameters in the MPCVD process are, the plasma, substrate surface 

temperature, gas pressure and the ratio of gas mixture during film growth. MPCVD is also one of 

the popular methods to grow diamond films and a very important feature is that the system does 

not need any retooling like the HFCVD, which requires changing the filaments after 35 to 70 hours 

of use, because of filaments burning out, depending on the growth conditions used for producing 

different diamond films.  

 

Figure 10. a) Large area MPCVD system currently operational in Auciello’s lab at UTD used for 
the R&D performed for this thesis, showing in the inset a view of an extremely uniform plasma to 
grow UNCD films on up to 200 mm in diameter substrates; b) and c) HRTEM images of UNCD 
films produced by the MPCVD process 

3.2.2.1 MPCVD UNCD film growth process 

The MPCVD process to grow UNCD films involves the use of a novel (patented) argon-rich 

gas mixture [Ar (99%)/CH4 (1%)] [12], flowing the gas in to the main chamber, where microwave 

power is coupled to break the CH4 molecules into CH3, CH2, and C2H2 radicals, and the Ar ions 

colliding with the C2H2 radicals produce carbon dimers (C2) as mention in chapter 2.8. 

Initial work indicated that C2 dimers play a critical role in the UNCD film nucleation and growth. 

Recent modeling indicates that while the C2 population in the plasma is high, other hydrocarbon 

radicals (e.g., CH3, C2H2) contribute also to the UNCD film growth [12].  
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MPCVD procedure and parameters setting to grow UNCD films by MPCVD 

Figure 11. Schematic of Microwave Plasma Chemical Vapor Deposition system. 

1. Place the holder plate and the micro-implant on the plate into load lock using nitrogen to 

adjust the pressure to open the load lock door  

2. Open the valve connecting the mechanical pump to the load lock chamber and pump until 3 

x 10-2 Torr of vacuum. Then open the turbomolecular pump and produce high vacuum (in 

the range of 3~4 x 10-6 Torr) to achieve high vacuum eliminating gases from atmospheric 

environment. 

3. Set the sample height to 15 inch and turn on the heater and set the temperature to 600°C to 

heat the substrate. 

4. While heating the substrate open the main valves of the gas (Ar, CH4, H2) containers. 

5. Preheat the microwave power source and set E (9.20) and H (25.02) to set the microwave 

reflected power to zero for maximum efficiency in plasma parameters to grow UNCD films. 

6. When system is ready, press plasma from the main system to inject Ar = 30 sccm, CH4 = 0.9  

sccm, H2 = 10 sccm with pressure of 20 mbar and wait until plasma turns on with power of 

1900 W to press process. 

7. Make sure to check reflected power, substrate heater, temperature and main chamber 

pressure to maintain at the set value for the UNCD film growth. 
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3.2.3 UNCD coating on micro-implant (horizontal, vertical) using the HFCVD process 

In the HFCVD process, micro-implants were coated by positioning them in a horizontal and 

a vertical position to determine what is the best approach for coating the implants with uniform 

UNCD films. The parameters window for growing uniform UNCD films on micro-implants, using 

the HFCVD process are in a very narrow range [53, 54]. That is, the surface temperature of the 

implant is critical, as well as the substrate to the filament distance. If the appropriate substrate 

temperature and the substrate to the filament distance is not accurately controlled, the films may 

exhibit a mixture of UNCD and graphite or be totally made of graphite [54, 55]. 

 
Figure 12. a) UNCD coated micro-implants in horizontal position; b) UNCD growth on implants 
in vertical and horizontal positions simultaneously, both in the HFCVD system; c) growth of 
UNCD coating on micro-implants using the BEN-BEG process (Notice the plasma created around 
the substrate holder) 

When UNCD films are grown by positioning the micro-implants horizontal on the holder the 

coating is developed on one side. Thus, after growing on one side, the sample has to be turned 

around to coat the other side. However, it is difficult to accurately control the growth all around, 

since the implant has a circular shape. When the implant was positioned in a vertical position, the 

problem observed was that the middle part and under the thread of the implant, the UNCD coating 

was too thin or is not growing well. However, an important point is that more implants can be 

coated by positioning vertically than horizontally. Therefore, vertically the head and tail were 

Horizontal (2h) 

Tail top (1h) 

Head top (2h) 

(b) (a) (c) 
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always coated well but in order to cover the complete implant, more growth time was required. 

About 8 hours with head up and another 8 hours with tail up, that is a total of 16-hour growth time 

is needed which will result in an expensive manufacturing process. 

In order to shorten the total UNCD film growth time, using the HFCVD process, a new process 

was explored, named Bias Enhanced Nucleation-Bias Enhanced Growth (BEN-BEG). This 

process involves biasing the substrate holder with a negative voltage to create a plasma between 

the filaments and the substrate, and accelerate the positively charges species (Ar+, CHx+, C+, and 

H+) towards the substrate to induce an enhanced growth process (see Figure 12c). However, it 

created sparks because micro-implants have a pointed end, since BEN-BEG is the plasma created 

by voltage and because sparks turn off the plasma which makes growth unstable. 

3.2.4 UNCD coating on micro-implant (vertical) using the MPCVD process 

In the MPCVD growth process, micro-implants were coated with UNCD films only in the 

vertical position. Since in this system, diamond films are grown using a plasma, the parameters 

window to grow UNCD films is wider than for the HFCVD process. First, implants were 

positioned with the head of the implant on the top and the UNCD films were grown for 3 hours, 

following by cooling down in a flow of H2 gas. The implants were subsequently turned around 

positioning them with the tail up and the head down and coated with UNCD films for another 3 

hours. The total 6 hours coating process produces micro-implants fully encapsulated with the 

UNCD coating. However, the head needs one more hour of coating to fill little spaces that were 

not filled and 1hour less on the tail since it is too thick of a coating. In any case, up to now, without 

optimization, the MPCVD process produce very uniform UNCD coatings in a total of 6-hour 

process, which is shorter than for the HFCVD grown films. In addition, it was determined, using 
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complementary Raman and SEM analysis, that the MPCVD process produces a much more 

uniform UNCD film all along the implant surface. Also, it has been demonstrated that the MPCVD 

process produced uniform UNCD coatings on 7 screws on which the films were grown 

simultaneously. This experiment already showed the pathway for an industrial low cost type 

coating process. Calculations, taking into account the size of the implants (~ 8 mm long x 3-4 mm 

in diameter) and the size of the substrate holder of the MPCVD system (200 mm in diameter), 

indicate that up 500 implants can be coated simultaneously with a cost per implant of about $5 

dollars, which is a very good cost for a high value product. Work is proceeding to optimize the 

UNCD film growth process by MPCVD, to try to minimize the coating growth time, optimize the 

implant substrate holder geometry to accept the largest number of implants, and explore using 

BEG to minimize growth time and enhance film adhesion on the surface of the Ti-alloy metal-

based implant. Figure 13 below shows pictures taking during growth of UNCD coatings on 7 

micro-implants simultaneously. 

 

 
Figure 13. a) view of the MPCVD chamber during plasma-assisted growth of UNCD coatings 
simultaneously on 7 implants (the bright spots are the implants with the plasma around them; b) 
UNCD-coated implants after deposition (head on top); c) after deposition (tail on top). 

 

(a) (b) (c) 
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3.3 Characterization of The Surface of UNCD Coated Micro-Implants 

UNCD coated micro-implants were characterized via Raman spectroscopy, using a Thermo 

Scientific DXR Raman Spectroscopy system, to determine the chemical bonds of C atoms in the 

films, Scanning Electron Microscopy, using a Zeiss Supra 40 SEM, to determine surface 

morphology and X-ray Photoelectron Spectroscopy, using a PHI Versa Probe II scanning XPS 

microprobe, to also determine surface chemistry. The measurements described above provide 

valuable information on surface molecules identification, surface morphology, and film thickness.  

3.3.1 Raman Spectroscopy 

Raman spectroscopy is one of the most widely used vibrational spectroscopies technique for 

assessing molecular chemical bonds in materials, based on inelastic scattering of a monochromatic 

light source, which excite vibrational and/or rotational molecular states, resulting in 

electromagnetic waves that are recorded in a sensor providing information about the chemical state 

of the molecules in the material. Raman spectroscopy can be used to analyze materials in solid, 

liquid or gas states. It provides molecular analysis of bulk materials and thin films, such as the  

UNCD coatings analyzed in this thesis. The advantages of using Raman spectroscopy are that, the 

information on molecular species can be compound, phase specific, and it can be analyzed without 

sample preparation. The disadvantages are that Raman analysis has relatively poor sensitivity, and 

some materials cannot be analyzed by Raman spectroscopy due to the materials being not Raman 

active. With Raman spectroscopy, all of the micro-implants coated by HFCVD and MPCVD were 

characterized to determine the chemical bond of coated implant surface spots from head to tail. 
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3.3.2 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) produces images of a sample by scanning an 

electromagnetically focused electron beam on the surface of the material. The electrons impacting 

in the sample can give energy to electron bonds, to atoms and/or molecules in the solid, ejecting 

those electrons from the atoms/molecules and finally from the surface of the sample, and these 

electrons named “secondary electrons” produce the SEM image known as “secondary electron 

image”. Alternatively, some electrons are scattered from atoms/molecules in the solid, and they 

are detected by another detector positioned opposite the surface of the sample, producing the so 

called “backscattered electron image”. SEM analysis provides valuable information on the surface 

topography of the sample. In addition, SEM includes a chemical analytical component named 

Energy Dispersive Spectroscopy (EDS), which can provide in-situ chemical analysis of the sample 

revealing chemical composition and eventually revealing also if there are contaminant species in 

the sample. With SEM, not all of the UNCD coated micro-implants were characterized, the 

implants were characterized after confirming with Raman spectroscopy that coated film on the 

micro-implant is UNCD. Therefore 5 micro-implants coated by HFCVD and 10 micro-implants 

coated by MPCVD in characterized by SEM. 

3.3.3 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) analysis is a powerful analytical technique that 

provides valuable information on the surface chemistry (chemical bonds of atoms and/or 

molecules on the surface of the coating). In the XPS analysis, an x-ray beam extracted from an x-

ray source is delivered at 45º angle of incidence with respect to the normal direction to the surface 

of the substrate. The x-rays deliver energy to electrons bound to the core orbital around the nucleus 
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of atoms in the material. The electron excited by the x-ray energy is ejected from the orbital and 

from the substrate material, and it is inserted into the energy analyzer and directed to a detector, 

which process the data and plot intensity of electrons ejected from the sample vs binding energy 

into the atom orbital. This data provides information about the chemical bonds of carbon atoms in 

the UNCD coated micro-implant. Sputtering was done to clean the surface of UNCD coating was 

done by Ar ion beam in-situ XPS system with the ion beam directed at grazed incident (2~3 degree 

respected to the surface) to sputter conterminal atoms from surface without producing practically 

any damage in the sub surface of the region of the materials. For the XPS survey experiment we 

have analyzed 3 spots on the micro-implants which are head, middle thread, and tip of the implant. 

7 UNCD coated micro-implants by MPCVD were characterized for XPS survey and C 1s peak to 

get the surface chemistry data. 
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CHAPTER 4. TEST AND DISCUSSION 

Figure 14 shows the seven micro-implants coated with UNCD films in the simultaneous 

MPCVD growth process described above, after they were extracted from the MPCVD system. The 

picture shows a uniform dark color corresponding to the UNCD coating, as opposed to the original 

bright metallic color before coating as shown in Figure 14. 

Figure 14. a) and b) seven micro-implants coated with UNCD films after being extracted from 
the growth chamber, showing a fairly uniform color of the UNCD coated all along the implants 

The data presented below show results from characterization of UNCD films grown on Ti-6Al-4V 

micro-implant using both HFCVD and MPCVD processes. Results and discussion are presented, 

which provide valuable information on the quality of the UNCD coatings, from the chemical point 

of view, and surface morphological and thickness points of view, to optimize the process to achieve 

the uniform coated micro-implant with moderate thickness (0.5 ~ 1.0 µm). 

4.1  Raman Spectroscopy Studies 

4.1.1 Raman Analysis of UNCD Coatings Grown by the HFCVD Process 

Figure 15 shows Raman data from analysis of UNCD coated micro-implant using the HFCVD 

process. The Raman spectra shown in the figure was obtained via analysis measured from the head 

to the tail of the micro-implant and head section, which is subdivided in 4 sections represented by  

(a) (b) 



 

 

37 

¾ Head Center top  

¾ Head Edge 

¾ Head Middle 

¾ Head Bottom  

 
Figure 15. Raman data of UNCD coated micro-implant by HFCVD. 

On the threaded portion, the analysis was done on 6 sections which in the graph are labeled 1st 

Thread Top, Bottom, 4th Thread Top, Bottom, 8th Thread Top, and Bottom. This graph clearly 

shows that top of the upper head and bottom portion of threaded section is pure UNCD. Because 

compare to the previous work done by Auciello’s research, with this Raman data we can confirm 

that it is good UNCD due to the graph showing a characteristic D band at 1341.7 cm− 1 and G band 

at 1588.5 cm− 1 peaks [53, 54]. However, the middle section starting from middle of the head to 

the middle of the threaded section is a combination of UNCD and graphite, which is revealed by 

the sharper structure of the two main peaks revealing in the figure [53, 54]. 

The different chemical structure of the UNCD coatings along the micro-implant length may be 

due to temperature difference between implant positions, when head or tail are on the top position. 
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The surface temperature on the top of the micro-implant when the implant is positioned with the 

top up is close to 650 ºC since the top receives substantial radiation from the filaments, adding to 

the thermal transmission from the heated substrate. However, the middle section will be at lower 

temperature than the top surface, due to the lower conductivity of titanium. Another effect that 

should be considered is the shape of the implant, which in the threaded portion may perform as an 

umbrella or holes on the middle of the head. 

4.1.2 Raman analysis of UNCD coatings grown by the MPCVD process 

Figure 16 show spectra from Raman analysis of 7 metals based micro-implants coated 

simultaneously with UNCD films grown by the MPCVD process. The UNCD coated micro-

implants were analyzed from head to the tail of the micro-implant and head section, subdivided in 

2 sections represented by Head Center, and Head Bottom. On the threaded portion, the Raman 

spectra is subdivided in 9 sections which are in the graph labeled 1st Thread Top, Bottom, 3th 

Thread Top, Bottom, 5th Thread Top, Bottom, 7th Thread Top, Bottom and Tail Tip. Following the 

analysis on one implant, 6 other micro-implants were analyzed in 3 different sections represented 

by Head, Middle and Tail. The data revealed that all UNCD coatings are very uniform as grown 

simultaneously of 7 micro-implants, using the MPCVD process.  

The Raman spectra shown in Figure 16 below reveal good uniformity in the UNCD films on the 

head, tail and even middle thread section, with uniform thickness around all surface [12, 13]. Since 

the MPCVD growth process involves using a plasma to grow UNCD films. The data shows that 

the plasma process induced the uniform coating at the bottom thread which could be hidden from 

the top thread that was hard to be coated by the HFCVD process. Also, the hole in the middle of 

the head was uniformly coated as shown in scanning electron microscopy (SEM) images (see 
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Figure 20). Another critical outcome of the most critical issue with UNCD coating of micro-

implants is whether uniform UNCD coating can be grown simultaneously and reproducibly on 

many micro-implants. 

 

 

 

 

 

 

 
Figure 16. Raman spectra from analysis of 7 UNCD-coated micro-implants using the MPCVD 
process. a) head to tail full scan data of one micro-implant sample; b), c), d), e), f), and g) head, 
middle, and tail data of other 6 micro-implant samples. 
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Figure 17, shows extreme uniformity from Raman analysis on UNCD coatings grown 

simultaneously on 7 micro-implants. The information presented in Figure 17 is supported by SEM 

images of UNCD coatings (see Figure 20) which confirms the uniformity of the UNCD coatings 

grown simultaneously on all 7 micro-implants. 

 
Figure 17. Raman spectra obtained on all 7 UNCD coated micro-implants using the MPCVD  

4.2  Scanning Electron Microscopy Studies 

The Raman studies of UNCD coating grown by the MPCVD process on Ti-alloy micro-

implants, shown in Figures 16 and 17 above, provide strong evidence of excellent chemical 

bonding uniformity on the UNCD films grown simultaneously on several micro-implants, are 

strongly supported by SEM studies. Figure 18a below shows a Ti-6Al-4V alloy micro-implant 

coated extremely uniformly by a UNCD film (Figure 18b), as shown by the schematic on Figure 

18c. Therefore, 5 of micro-implants coated by HFCVD and 10 of micro-implants coated by 

MPCVD in characterized by SEM. 
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Figure. 18. a) Optical picture of Ti-alloy micro-implant coated with a UNCD films; b) Cross 
section SEM image of the UNCD conformal coating shown in (a) on the threaded micro-implant, 
with the film obtained on all seven UNCD coated micro-implants using the MPCVD process; c) 
schematic of the conformal UNCD coating on the micro-implant. 

4.2.1 SEM Studies of UNCD coatings gown on micro-implants using the HFCVD Process  

Figure 19 shows high resolution SEM images of the UNCD coating on a Ti-alloy micro-

implant produced with the HFCVD process (Figure 19a-b) and specific sections (Figure 19c-f).  

 
Figure 19. SEM images of micro-implant coated with UNCD by HFCVD a) head section of 
implant (100µm resolution); b) thread section of implant (100µm resolution); c) middle top of the 
thread section (10µm resolution); d) tip of the threaded section (10µm resolution); e) higher 
magnification image of edge of the head (10µm resolution); f) highest magnification that can be 
obtained with SEM on the side section of the head (1µm resolution). 

(a) (b) (c) 

(d) (e) (f) 

(a) 

(c) 

(b) 
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4.2.2 SEM Studies of UNCD coating grown on micro-implants using the MPCVD process 

 

 
Figure 20. SEM images of micro-implant coated with UNCD by MPCVD a) whole micro-implant 
(200 µm resolution); b) inner hole side of micro-implant (100 µm resolution); c) top section of the 
thread (20 µm resolution); d) bottom section of the thread (10 µm resolution); e) side section of 
bottom part of the head (10 µm resolution); f) higher magnification image of UNCD coated micro-
implant surface (2µm resolution); g) highest magnification that can be obtained with SEM on 
micro-implant (1µm resolution). 

Figure 20 above shows high resolution SEM images of a Ti-alloy micro-implant coated with 

a UNCD coating by MPCVD on the whole micro-implant (Figure 20a) and specific sections 

(Figure 20b-g). UNCD can be coated with HFCVD and MPCVD as demonstrated with Raman 

data, however with high magnification picture by SEM, it is possible to check the difference 

between HFCVD and MPCVD. The head surface, where it is flat in both HFCVD and MPCVD, 

(a) 

(b) (c) (d) 

(e) (f) (g) 
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shows very uniform and well grown UNCD on the surface even though there is deposition time 

difference. However, on the threaded section it shows less growing on the bottom part of the thread 

which is grown by HFCVD, but with MPCVD it shows uniform film grown on the surface. 

4.3 X-ray Photoelectron Spectroscopy Studies 

4.3.1 XPS studies of UNCD coatings grown on micro-implants using the MPCVD process 

XPS detects the elements on the surface of the object in this case with micro-implant. 

Figure 21 (a, b, c, and d) shows the points we analyzed on UNCD coated micro-implant with 

XPS 1 head, 2 thread, and 3 tip. 

Figure 21. XPS data of UNCD coated micro-implant a) picture of XPS signal position on micro-
implant; b), c), and d) magnified picture of the 3 spots where XPS analysis was done on the 
micro-implant. 
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Looking at XPS survey (Figure 22a-c) spectra, oxygen and carbon peaks can be spotted, the little 

peak at 540 eV on the graph represent oxygen and the bigger peak at 290 eV represent carbon. 

Figure 22. a), b), and c) XPS survey spectra on 3 different spots of the UNCD coated micro-
implant, showing the surface chemistry of the UNCD coating; d), e), and f) XPS spectra showing 
the C 1s peak on the UNCD coating on (d) the head, (e) middle thread position, and (f) tip 
position  

(a) 

(b) 

(c) 

(d) (e) (f) 
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The XPS analysis was focused on analyzing the UNCD-coated Ti-alloy micro-implant, since this 

film was the focus of our studies, and it is not critical to do XPS analysis on Ti, as that analysis 

would not add valuable information in relation to characterization of the UNCD coating. The 

surface of the UNCD coating on the Ti-alloy micro-implant was slightly sputtered at grazing 

incidence to remove contaminants from exposure of the surface to atmospheric environment, using 

1kv of Ar ion for 30 seconds to clean the surface and to get the signal from the actual UNCD 

surface. As shown in Figure 22, the C 1s peak (Figure 22d-f) appears at the energy characteristic 

of C sp3 bonding, which corresponds to diamond. A comprehensive study of UNCD films suing 

XPS analysis has been performed by Auciello’s group in the last year, which enabled to determine 

with great accuracy the position of C peaks in the XOS spectra to characterize graphite vs diamond 

structures (paper under preparation) [55].  
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS 

In conclusion, systematic R&D was performed focused on investigating the conditions to 

grow biocompatible/corrosion resistant UNCD coatings on Ti-alloy micro-implants. The purpose 

of this is to protect them from chemical and mechanical environment of mouth and body, which 

currently is a main contributor to failure of commercial Ti-alloy based dental implants. Two 

processes were investigated to grow UNCD coatings, namely: a) Hot Filament Chemical Vapor 

Deposition (HFCVD) and b) Microwave Chemical Vapor Deposition (MPCVD), in order to 

determine which is the best process to grow UNCD films on large number of dental implants to 

develop a low cost industrial growth process. The fully optimized MPCVD growth process 

developed during this thesis research produced dense/pinhole-free UNCD film in about 6 hours (3 

hours with the micro-implants vertically positioned with the tip into the plasma and 3 hours with 

the micro-implant positioned with the head into the plasma), 1 hour of diamond particle seeding 

of the micro-implant surface is added to the overall process. The key features of the new generation 

of micro-implants proposed here rely on the unique set of properties of the UNCD coatings, 

relevant to protection of metal-based dental implants from chemical and mechanical environment 

of mouth and body corrosion, namely: a) excellent conformal growth on 3-D structures such as 

dental implants, b) extreme resistance to chemical attack by strong acids, like hydrofluoric, and 

body fluids, including oral fluids, critical to degradation of metal-based dental implants; c) 

excellent surface chemistry based on carbon atoms, which has been proven to facilitate extremely 

efficient growth of biological cells (e.g., embryonic stem cells, neural cells, fibroblast cells), thus, 

potentially inducing efficient maxillary bone cell growth on the UNCD surface to produce strong 

osseointegration of UNCD-coated metal dental implants in the maxillary bone; d) lowest  
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coefficient of friction compared to other materials, which can facilitate insertion of the screw-type 

dental implant into the maxillary bone with minimal mechanical induced degradation of the bone. 

Raman and XPS analysis revealed that the surface of the UNCD coatings exhibit C-atoms sp3 

chemical bonds characteristic of diamond, which provide the excellent resistant to chemical attack 

because there are not chemical bonds open for atoms from corroding fluids to react with.  

High resolution SEM studies revealed that the hitherto optimized MPCVD process produces dense 

pinhole-free UNCD coatings with extreme conformity on the screw-type structure of micro-

implants, which indicate that similar performance can be expected for coating real dental implants, 

in order to provide the protection against chemical and mechanical environment of mouth. 

The demonstration that several micro-implants can be coated simultaneously, as shown in Figures 

13 and 14, prompted us to perform calculations to determine how many dental implants could be 

coated in a single growth process to produce a low cost industrial manufacturing process for 

coating dental implants with UNCD films. It was determined that the 200 mm in diameter holder 

in the MPCVD system can hold up to 500 dental implants (~8mm high, 3~5mm diameter) 

positioned in the industrial MPCVD system to demonstrate industrial production capabilities 

growing UNCD films on large number of dental implants in a single deposition process. 

The current MPCVD process to grow UNCD films involves seeding the surface of the substrate 

with nanocrystalline diamond particles in a wet chemical process that insert about 1 hour extra 

time in the overall process. Therefore, it is desirable to eliminate the wet chemical seeding process 

to reduce cost. In this respect, Auciello’s group recently demonstrated a new process named Bias 

Enhanced Nucleation-Bias Enhanced Growth (BEN-BEG), using the MPCVD and HFCVD 

methods. In the BEN-BEG process, the substrate is biased with a negative voltage, which enable 

to attract positive C and CHx (x=1, 2 , 3) ions generated in a plasma, towards the substrate surface 
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impacting with a relatively high energy (~100-200eV), which results in sub-implantation of C and 

CHx (x=1, 2 , 3) ions on the surface of the metal dental implant or other prostheses generating a 

carbide template layer that induce the growth of the UNCD film, without the need for a wet 

chemical diamond seeding process, thus reducing fabrication cost by at least an order of magnitude. 

The other big advantage of the BEN-BEG process is that because of the energetic insertion of the 

C-based ionic species on the surface of the implant, the adhesive force of UNCD coating has the 

potential of being a magnitude higher than for the conventional growth process, thus eliminating 

potential generation of cracks or delamination of the coating. 

The next critical stage in the development of UNCD-coated micro-implants is to perform in-vivo 

animal studies, via implantation of UNCD coated micro-implants in animal bones, to test their 

performance from the point of view of corrosion resistance and osseointegration with the bone. 

We are currently coating a series of Ti-6Al-4V micro-implants that will be sent to Argentina for 

systematic biological studies via implantation in rat bones.  

The UNCD coated micro-implant is in the final stage to optimize the manufacturing process. The 

major parameters to optimize UNCD coating method include to increase the growth rate and 

adhesive force, decrease the deposition time for better performance and reduce the manufacturing 

cost. The projected new R&D will focus on investigating the real size Ti-based dental implants 

coated with UNCD and in the near future will focus on testing the growth rate of bone cells on the 

surface of Ti-based and UNCD-coated Ti-based dental implants to determine the potential 

improvement on osseointegration on UNCD coated metal dental implants with respect to uncoated 

ones. Also, once a systematic series test of implantation in animal bones and biological studies are 

approved, request for approval of clinical trials in human will be presented to regulatory agencies 

in Argentina, México and the USA to try to expedite the process. 
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