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The study aimed to evaluate the surface, mechanical, and biological 

properties of graphene oxide/silver nanocomposite (GO/Ag) coated NiTi alloy. 
Substrates were coated using the electrophoretic deposition at 30 V for 1, 5, and 10 
min, and were characterized by scanning electron microscope, Raman spectroscopy, 
energy dispersive spectroscopy, surface profilometer, and atomic fluoroscope force 
microscopy (AFM). Hardness, modulus of elasticity, and friction were done and 
surface adhesion was measured from AFM. Biocompatibility testing was done on 
human gingival fibroblasts using 3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium 
bromide (MTT) assay. Data were analyzed using SPSS 16; One-way ANOVA with post 
hoc Scheffe Test (P = 0.05). The coatings were confirmed from Raman 

spectroscopy (D bands at ∼1300 cm−1, G bands at ∼1600 cm−1 and ratio of D and 
G band was 0.83). The thickness of the coatings ranged from 0.34 to 1.12 µm for the 
GO and 0.45 to 1.33 µm for the GO/Ag coatings. Increasing coating time increased 
the roughness, thickness, and Young’s modulus but decreased the hardness. The 
friction of the coated alloy was lower than the uncoated alloy. Uncoated NiTi group 
showed less viable cells than the coated and control group. 10 min coatings showed 
higher viable cells than 1 and 5 min. The GO and the GO/Ag-coated NiTi alloys can 
be used for biomedical applications. 
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CHAPTER I 

INTRODUCTION 

 

 

1.1 Background and Rationale 

Although the use of biomaterials have a long history, the need for safe, useful 

and suitable materials is increasing in medical field due to the increasing longevity of 

people’s life and high functional and esthetic demands [1]. A biomaterial used in a 

body made from biocompatible material that is used for medical devices is anticipated 

to interact with integrative biology in order to access, treat, enhance or replace an 

organ or function of the body [2]. 

Majority of the materials used in biomedical applications in the human body 

are made from metals. Commonly used metallic biomaterials are commercially 

titanium (Ti) and its alloys, such as nickel-titanium (NiTi), stainless steel (SS), cobalt-

chrome (Co-Cr), ceramics, gold based materials, dental amalgam [3, 4]. 

NiTi alloy is the most elastic and biocompatible alloy compared with other Ni 

alloys [5]. NiTi alloy fully recovers from 8% deformation strain compared to SS, which 

recovers only from less than 1% deformation [6]. Common biomedical applications of 
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NiTi alloys include vascular stents, staples, catheter guide wires, bone fracture fixtures, 

orthodontic wires, and endodontic files and reamers. 

Although there are numerous biomaterials with suitable bulk properties still it 

is difficult to find an ideal material with excellent surface properties with truly 

biocompatible for applications in clinics. A biocompatible modified layer with 

possesses suitable mechanical properties is added to alleviate the above problems. 

Furthermore, the mechanical properties of materials are determined by the bulk 

properties, and the tissue biomaterial interactions are determined by the surface 

properties. These interactions would occur by a very thin layer (<1 µm) on the 

biomaterial [7]. The mechanical and tribological behavior of biomedical devices is 

rarely investigated. Friction between wires and brackets in orthodontics causes a 

reduction in the forces that are applied for tooth movement, prolonging the treatment 

duration [8]. Similarly, the friction and wear properties of biomaterials can result in 

hemolysis and thrombus formation in blood vessels or biomaterial/medical device 

failure [9]. 

Graphene is a thin sheet of sp2 carbon atoms that creates a 2-dimensional (2D) 

hexagonal honeycomb structure [10]. Graphene oxide (GO) is typically prepared by 

oxidizing graphite using Hummers’ method [11]. The GO carbon atoms have oxidized 

functional hydroxyl, epoxy, and carboxylic acid groups [12]. These functional groups 

on GO produce diverse compounds with improved physical, mechanical, and biological 
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properties [13-17]. Graphene and GO is an attractive choice for fabricating various 

nanocomposites with different polymer matrixes because of its excellent properties 

such as good biocompatibility, strength, and good stability [10, 18-20]. In addition, the 

lubrication and friction reduction effects of graphene-based coatings have wide 

potential for biomedical uses such as orthodontic wires, prostheses, vascular stents, 

staples, and catheter guide wires [9, 21]. GO and reduced GO have demonstrated 

antibacterial effects against S. aureus and E. coli [22]. However, Das et al.[23] found 

no antibacterial effects of GO against E. coli and P. aeruginosa. These conflicting results 

have led to the use of other antibacterial agent surface coatings. 

Similarly, silver nanoparticles (AgNPs) are strong antibacterial agents with great 

potential as a surface coating which improves the properties of biomaterials in addition 

to other uses of AgNPs [24]. Ag composite coatings are antibacterial against both Gram+ 

and Gram- strains, including S. aureus and E. coli, whereas they are non-cytotoxic to 

adipose stem cells, human fibroblasts, and osteoblasts-like cells [25]. 

Electrodeposition (EPD) is a cost-effective surface coating technique that 

produces a thin uniform coating with excellent mechanical properties [26-28]. Under 

an electric field, the charged particles in solution migrate and deposit on the metallic 

substrate. EPD is a biomaterial and bioactive coating processing technique. Graphene 

based coatings can be fabricated using EPD for various uses [21, 27, 29-31]. 
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It is necessary improve surface properties of a biomaterials using a 

biocompatible coating. Thus, the aim of our research was to produce a graphene 

oxide/silver (GO/Ag) nanocomposite coating on NiTi alloy using EPD to improve surface, 

mechanical and biological properties for biomedical applications. We hypothesized 

that GO/Ag nanocomposite coatings on NiTi substrates would improve their 

mechanical and tribological properties. 

 

1.2 Objectives of this study 

The main objectives of our research are: 

1) To develop GO coating on NiTi alloy. 

2) To develop GO/Ag nanocomposite coating on NiTi alloy. 

3) To study the surface, mechanical properties, and biocompatibility of GO and 

GO/Ag nanocomposite coated NiTi alloy. 

 

1.3 Research Hypothesis 

There are no significant differences of the surface, mechanical properties, and 

the biocompatibility of GO and GO/Ag nanocomposite coating between uncoated and 

coated NiTi alloy. 
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1.4 Scope of this Study 

Although, Ti and its alloys are considered as the most biocompatible metallic 

materials are used widespread in medical devices in human body, these materials have 

side effects Ni toxicity and sensitization. This study will develop the GO and GO/Ag 

nanocomposite coating on NiTi alloy which will can be implemented in medicine and 

dentistry for better surface and mechanical properties. 

In addition, this study will also compare the surface properties (surface 

structure, topography, roughness and thickness), mechanical properties (wear and 

friction, hardness, elastic modulus, and adhesion) of the GO and GO/Ag nanocomposite 

coated NiTi alloy to uncoated NiTi alloy.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

21 

 

CHAPTER II 

LITERATURE REVIEW 

 

 

2.1 Biomaterials 

At present, due to the advancements in material science, it has assumed 

greater significance in various aspects in medicine (dentistry, orthopedics, surgery, 

ophthalmology, immunology, histopathology) and veterinary. Improvements are being 

made in the field of dental materials science which suggest that intriguing changes are 

occurring in the clinical practice of dentistry and medicine. Various medical device and 

implants are used to diagnose disease/ conditions, to treat, or to prevent, or to affect 

the structure or any function of the body [32, 33]. Therefore, it is necessary to know 

the benefits and limitations of these biomaterials before their selection in clinical 

practice. 

Dental biomaterial is the science which deals with the materials used in 

dentistry, their physical, chemical and mechanical properties, their manipulation and 

uses. The American Dental Association [34] have evaluated the physiochemical 

properties of dental biomaterials, instruments and test methods to formulate 

standards or specification for dental materials and to certify the products which meet 

those requirements [35]. 
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2.2 Biocompatibility 

The concept of biocompatibility is given by Williams [36]. According to him, it 

is the capacity of a biomaterial to perform its function without creating any undesirable 

effects (local or systemic) during treatment with positive effects at the cellular or tissue 

level clinically improving the performance. An inert and biologically stable biomaterials 

are expected toremain unchanged in the body, such as Ti and its alloys remain [2]. 

FDA has divided medical devices into 3 classes according to their risks, safety 

and effectiveness [32]. 

Class I devices: Low risk and are subjected to the lowest regulatory controls to 

provide reasonable assurance. These devices have the lowest risk to the patient. For 

example, dental floss. 

• Class II devices: Higher risk than Class I and require greater controls. These 

devices have the moderate risk. For example, elastic bandages. 

• Class III devices: Have the highest risk and require the highest level of control. 

These devices have the highest risk. For example, replacement heart valves 

2.3 Requirements of Biomaterials 

The important requirement of the biomaterial is its acceptability by the human 

body. The success of a biomaterial depends on three major factors: 

A. Biological and biocompatibility, 

B. Physical and mechanical properties, 
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C. Health state of the recipient, and 

D. Competency of the surgeon. 

Firstly, there should not be any adverse effects like inflammation, allergy, 

carcinogenicity and toxicity from the biomaterial. Secondly, it should have adequate 

mechanical properties; mechanical strength to withstand the forces under varying 

loading conditions, wear resistance in corrosive human body environment. Thirdly, 

biomaterial should not cause any adverse effect on the recipient. In addition, a 

biomaterial should remain intact for required time period without failure, i.e. 15-20 

years in older patients and >20 years for younger patients in implanted biomaterials. 

In certain cases, biomaterials that are placed for certain period only for example in 

drug delivery and in orthodontics, it should not be stable for the required duration 

without adverse effects. 

Biomaterials are selected based on above criteria although function the 

biomaterials are still found to deteriorate and fail over the period of about 12-15 years. 

In such cases, a revision surgery or new biomaterial is needed in order to regain the 

functionality of the system [33]. The main concern in selecting material metals for 

biomedical applications are biocompatibility, appropriate mechanical properties, and 

the cost. The reasons for their failure are manifold which includes mechanical, 

chemical, biological, surgical, manufacturing and biocompatibility issues. Elements 

such as Ni, Co and Cr are found to be released from their respective alloys due to the 
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corrosion in the body environment [37]. Thus, the surface modification and coatings of 

these materials have been applied and developed which will be discussed later. 

 

2.4 Types of Biomaterials 

Broadly, biomaterials used in human body can be broadly classified as: (1) 

metals, (2) ceramics and (3) polymers as described follows [38]: 

 

2.4.1 Metals 

Metallic biomaterials are mainly used for the load bearing implants in body 

due to their superior mechanical properties [1]. High strength can be provided metal 

alloys. Their applications include implant devices, such as hip joint prostheses, knee 

joint prostheses, dental implants, cardiovascular devices, surgical instruments, etc as 

shown in Figure 1 [33]. 

Majority of the materials used in biomedical applications in the human body 

are made from metals [e.g. Commercially pure Titanium (CP-Ti) and its alloys, stainless 

steel (SS), cobalt-chrome (Co-Cr) alloys, nickel-chrome (Ni-Cr)], ceramics [Aluminum 

oxide (Al2O3), Zirconia (Zr), Calcium phosphates (CaP)], gold based materials, dental 

amalgam and synthetic and natural polymers [3, 4]. 
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Figure  1 Various biomaterial applications of in the human body [33]. 
 

Metal alloys can be of (a) noble (precious) metals such as gold (Au), palladium 

(Pd), and silver (Ag), and (b) non-precious metal alloys which include SS, Co-Cr, and Ti 

alloys. High strength metallic biomaterials are made from non-precious metal alloys, 

and less often precious metals. Alloys of precious metals are usually employed 

because of their biocompatibility and castability, as compared to those of non-precious 

metals. 

A variety of metallic dental devices includes inlays, crowns, bridges, clasps, 

dentures, dental implants composed of a fixture and an abutment, and fixed braces. 
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In dentistry, both precious and non-precious metal alloys are used [39]. Biomaterials 

for dental applications require a stable due to the variation of the temperature and 

pH in the oral environment. 

 

2.4.2 Ceramics 

Bioceramics have been extensively employed in dentistry and orthopedics [40]. 

Nowadays, these materials are employed in numerous applications including crowns, 

cements, dentures, coatings on metal implants, heart valve, and carriers for drug 

delivery [41]. According to their biological response, bioceramics can be categorized 

into 3 groups: bioinert (carbon, alumina, zirconia ceramics), bioactive [hydroxyapatite 

(HA), bioactive glasses, glass ceramics], and bioresorbable (tricalcium phosphate, 

calcium aluminate] [41]. HA is a representative of calcium phosphate-based 

bioceramics which is widely used for biomedical applications [41]. Bioinert ceramics 

are much less applied in orthopedics as they lead to the non-adherent fibrous capsule 

around the implant, whereas bioactive ceramics in various forms (bulk, coatings, 

powder, and porous) are universally adopted as orthopedic materials to trigger a 

chemical bonding with living tissue, which permits not only a mechanical but also 

biological fixation and thereby avoids implant failure consequences [42]. Ceramics 

used in dentistry are mostly based on silicon, and usually in the form of silica or various 

silicates [41, 43]. 
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2.4.3 Polymers 

Polymers are macromolecules with high molecular mass [44]. Polymers are 

gaining popular in various fields of medical science. They are widely used in surgery, 

prosthetic systems and drug delivery. At present, special polymers; shape memory 

polymers have been used increasingly [45-47]. 

Polymers can be natural, semisynthetic or synthetic [48]. Polymers are formed 

by chemical reactions in which large number of monomers which are joined 

sequentially forming a chain. Mostly, polymers use only one monomer but some may 

use more than 2 different monomers [48]. Graphene is a kind of polymeric material. 

 

2.5 NiTi Alloy 

Ti and its alloys are considered as the most biocompatible metallic materials 

[49, 50]. CP-Ti has various degrees of purity (graded from 1 to 4) which is characterized 

by oxygen, carbon and iron content. Other elements are added to increase the tensile 

strength and to reduce its ductility [51]. The NiTi alloys used in medicine and dentistry 

mostly contain approximately 56% (by wt) Ni and 44% (by wt) Ti. Their properties 

include great tensile strength, high strength to weight ratio, flexibility, machinability, 

formability, and apparent biocompatibility are shown in Table 1 and their properties 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

28 

 

can be varied according to the composition and thermomechanical processing 

techniques [4, 6, 36, 52]. 

Table  1 Physical and mechanical properties of NiTi alloy [6, 52, 53]. 
Properties Value 
Physical 
Properties 

Density  
Melting point  
Latent heat of transformation 
Thermal conductivity 
Electrical resistivity 
Hardness 950 °C (Furnace cooled) 
Hardness 950 °C (Quenched-R.T. water) 

6.45 gm/cm3 
1310 °C 

11.0 x106/°C 
23.26 kJ/kg 

100 x 10-6 Ω-cm 
89 HRB 
89 HRB  

Mechanical 
Properties 

Young’s modulus 
Yield strength 
Ultimate tensile strength 
Poisson’s ratio 
Elongation 
Shape memory recoverable strain 
Super-elastic recoverable strain 
Hysteresis 
Transformation strain 

• for a single cycle 

• for 100 cycles 

• for 100,000 cycles 

120 GPa 
379 MPa 

690 – 1380 MPa 
0.33 

13 – 40% 
6.5 – 8.5 % 
up to 8 % 
30 – 50 °C 

 
maximum 8% 

6 % 
4 % 

Ti is an allotropic material and exists as a hexagonal close-packed structure 

(hcp, α-Ti) till 882 oC and above this temperature it behaves as body-centered cubic 

structure (bcc, β-Ti). Addition of alloying elements to Ti enables it to have a broad 
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range of types, including α-type, β-type and α+β-type alloys [54]. They have an ability 

to alter their atomic bonding which causes unique and significant changes in the 

mechanical properties and crystallographic arrangement of the alloy. These changes 

occur under the changes of temperature and stress. The austenite phase is a stable, 

body-centered cubic lattice structure of NiTi alloy at high temperature (100 oC). There 

is martensitic transformation while change in pressure and temperature (Figure 2). 

 

Figure  2 Austenite to martensite transformation, shape memory effect and 
superelastic hysteresis of NiTi alloy application in stent [55]. 

 

These transformation result in changes in the physical properties of the alloy; 

shape memory effect [56] and super-elasticity [55, 57]. These two unique features are 

of relevance to medicine [6]. These properties of NiTi alloys are mainly used for various 

purposed in medicine and dental applications, such as in making intravascular stents, 
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catheter guide wire, bone fracture fixtures and staples for healing small bone fractures, 

orthodontic archwires, endodontic reamers and files (Table 2 and Figure 3) [4, 6, 52]. 

Cardiac stent, an expandable metal mesh device, is used to treat narrowed or 

blocked coronary arteries. The combination of angioplasty and stent can save a life, 

especially when performed immediately after a heart attack. The stents are widely 

used in the management of gastrointestinal obstruction as they provide significantly 

lower morbidity and mortality rates than surgical alternatives [58]. 

Table  2 Biomedical applications of NiTi alloy [6, 52]. 
Applications Shape memory and Superelastic Effects 

Vascular applications Venous filters, devices for closing ventricular septal 
defects, self-expandable vascular stents, stent-graft, and 
percutaneous devices to treat valvular diseases 

Orthopedic 
applications 

Intraspinal implants, intramedullary nails, staples or plates, 
devices for correcting scoliosis, spinal vertebrae spacer, 
intramedullary nails and devices for physiotherapy 

Surgical applications Coils, stents, microguide wires and surgical instruments 

Dental applications Arch wires, endodontic files and tooth distractors. 
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Figure  3 Biomedical applications of NiTi superelastic and shape memory alloy 
(vascular stent, intra-aortic balloon pump, self-expandable stent, surgical 

endoscopic, and orthodontic archwire) [52, 59]. 
 

Patients may experience an allergic reaction to the medications or materials 

used for angioplasty and stenting. Angioplasty may also cause bleeding, damage to 

your blood vessel or heart, or irregular heartbeat [60]. Other rare potential 

complications include heart attack, kidney failure, and stroke. Following insertion and 

removal of the stent, a scar tissue can form. If that happens, a second procedure may 

be needed. There’s also a risk of blood clots forming within your stent. Studies strongly 

suggest that the metallic alloy used has a direct impact on the extent of 

neointima/restenosis formation [60]. Thus, metallic alloys differ not only with respect 

to mechanical features, but also by their biocompatible properties. These two factors 

are of major importance in the induction of vessel wall injury, inflammatory processes 

and cell proliferation. A biocompatible layer is added to alleviate the above problems. 
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Furthermore, the mechanical properties of biomaterials are dictated by the 

bulk properties, whereas, the tissue biomaterial interactions are governed by surface 

properties [7]. Ti has very high attraction for the oxygen and it forms an oxide film 

spontaneously [61]. Usually, the composition of the protective oxide film is based on 

TiO, TiO2, or Ti2O3 [49, 62]. Ti and its alloys in vivo environments is actually have ability 

to form a stable, adherent protective oxide layer on their surface [62, 63]. Although 

the oxide layer is thermodynamically stable, metal ions is still being released through 

a passive-dissolution mechanism. Hence, the main disadvantage of NiTi alloys is the 

release of potentially toxic ions of aluminum (Al), vanadium (V), Ni and Ti and can 

cause cytotoxicity [64]. Two factors play role in the release of metal ions: thin oxide 

layer (0.1-10 µm) and the protective oxide layer is not superelastic and tendency to 

crack under strains [4]. 

It is found that NiTi alloy exhibited pitting type attack compared to compared 

with SS, Co-Cr and β-Ti [65]. The Ni released from NiTi and stainless steel orthodontic 

wires, known as allergen, causes the oral signs and symptoms such as; gingival 

hyperplasia, stomatitis, angular cheilitis, perioral rash, erythema multiforme, burning 

sensation, and loss of taste [66, 67].  

Another important property of devices used in medicine and dentistry is the 

frictional force generated during various biomaterials used in the body, such as while 

using stents and in orthodontic mechanotherapy. Generally, it has become an 
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accepted principle in orthodontics that light continuous forces are desirable to achieve 

physiologic and controlled tooth movement with minimum pathologic repercussions 

on the teeth and their surrounding tissues. Orthodontic archwires that can deliver such 

light forces over long distances would appear to be most useful to clinical 

professionals during the initial alignment phase of fixed appliance treatment [68]. Bravo 

et al. [69] compared friction test of coated vs uncoated NiTi wires. Frictional tests 

performed on the achwires under scrutiny on the two different types of brackets (316L 

stainless steel and the Ti6-Al-4V alloy) provided the values for the static and dynamic 

friction coefficients. It can be observed that the polymer static and dynamic friction 

coefficients are lower than β-Ti and CP-Ti, NiTi and NiTiCu orthodontic archwires in 

both bracket materials tested. The results showed that, the wear rate of polymeric 

wires is much lower than metallic wires. This contribution evaluated static as well as 

dynamic friction, and the results indicated a lower friction at the archwire-bracket 

interface when a polymer and Ti–6Al–4V or 316L stainless steel are used in comparison 

with the other 4 alloy archwires. Clinically, this means that the net force required for 

translator movement will be lower for polymer and higher when Ti-based and 

superelastic alloys (NiTi and NiTiCu) wires are used [70]. 
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2.6 Graphene 

Graphene has been described as the “thinnest material in the universe”, has 

attracted attention in various fields including dentistry because it has dramatically 

improved mechanical properties [71, 72]. Graphene, discovered in 2004 [73], is a carbon 

nanofiller with a one-atom-thick planar sheet of sp2 bonded carbon atoms that are 

densely packed in a honeycomb crystal lattice [10, 74]. It can be synthesized by 4 

methods: (a) chemical vapour deposition (CVD) such as the decomposition of ethylene 

on metal surface, (b) micromechanical exfoliation of graphite, (c) epitaxial growth on 

electrically insulating surfaces, such as SiC, and (d) solution-based reduction of GO [10]. 

2.6.1 Mechanical properties of graphene 

Mechanical properties of graphene and GO are mentioned below which 

includes unique properties [75]: 

• Mechanical stiffness, 

• Very high mechanical strength, 

• Very high electrical and thermal conductivity, 

• Optical properties, 

• Elasticity and can serve as a solid or colloidal lubricant. 

• Unique friction and wear properties, and 

• Hydrophobic and stable in polar solvents (with addition of surfactant). 
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GO is a oxygen-containing graphene [76]. Both for graphene and GO indicates 

the presence of oxygen on the surface of the protected steel surface (28 % for 

graphene flakes and 43% for GO layers) [77]. Reduced GO (rGO) is the reduction 

derivative of GO, although the electrical, thermal, mechanical properties and surface 

morphology of RGO and pristine graphene are similar [78]. GO reduction is a process 

that converts sp3 carbon to sp2 carbon. Various agents to reduce GO to rGO includes 

hydrazine hydrate, dimethyl-hydrazine, hydroquinone and sodium tetrahydridoborate 

[78]. 

Various methods used for graphene coating are CVD [79, 80], electrophoretic 

deposition (EPD), spin coating, dip coating, layer-by-layer self-assembling, sol-gel 

process, spray coating and liquid exfoliation [81]. The physical and mechanical 

properties of graphene GO and reduced GO (rGO) are shown in Table 3. 

Table  3 Physical and mechanical properties of graphene [10, 82]. 

Properties Graphene GO rGO 

Electrical Resistivity 
Thermal conductivity 
Optical Transmission 
Coefficient of thermal expansion 
Electrical conductivity 
Young’s modulus 
Tensile strength 
Poisson’s ratio 

10-6 Ω-cm 
5000 W/m-K 

97.7% 
-6×10-4/ K 
104 S/cm 

1 TPa 
130 GPa 

0.18 

NA 
2000 W/m-K 

<50% 
NA 

10-1 S/cm 
0.22 TPa 
120 GPa 

- 

NA 
0.14-0.87 W/mK 

60–90% 
NA 

200–35,000 S/cm 
NA 
NA 
- 
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2.6.2 Biocompatibility and Biomedical uses of Graphene 

Graphene is a biocompatible biomaterial and used of GO materials in fabricating 

nanocomposites with different polymer [10, 83]. Graphene is considered as an ideal 

candidate for implant surface coatings as it is chemically inert, atomically smooth and 

highly durable. Graphene materials are commonly used in biomedical engineering and 

biotechnology such as nanoelectronics, sensors, energy technology, and composite 

materials. The biomedical applications of graphene include biosensing/ bioimaging, 

drug delivery, cancer photothermal therapy, antibacterial materials, biomedical 

engineering, biotechnology and regenerative medicine [84]. 

Graphene can be incorporated with nanoparticles to make antibacterial coating. 

Nanosilver is also regarded as an antibacterial agent as it has great potential to be 

utilized in antibacterial surface coatings for dental biomaterials. Recently, polymers 

have been employed to fabricate nanocomposite coatings with nanosilver for better 

properties with enhanced antibacterial activity [25]. In addition, silver nanoparticles 

(AgNPs) were deposited onto the functionalized hybrid graphene. shows better 

antimicrobial activity both against Gram+ S. aureus and Gram– E. coli at lower 

concentration compared to without applying AgNPs. Such biocompatible antimicrobial 

polymeric films of graphene have good potential for various dental biomaterial, such 

as prosthesis, archwires and endodontic files. 
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2.6.3 Surface Characterization of Graphene 

The commonly used method to study the surface characteristics of the 

graphene oxide coatings on NiTi alloy methods are: Scanning electronic microscope 

(SEM), transmission electron microscopy (TEM), Energy dispersive spectroscopy (EDS), 

Surface profilometer, Raman spectroscopy, Atomic force microscopy (AFM), and X-ray 

diffraction (XRD) [85]. SEM and TEM is used to study the surface microstructure. In 

addition, transmission electron microscopy. Surface profilometer can be used to 

determine the thickness of GO. It also helps to measure the mean roughness (Ra) and 

maximum roughness depth (Rmax) of the irregularities of the GO coating NiTi alloy [85]. 

Raman spectra is a useful for studying carbon structure. The Raman spectrum 

of graphene shows a distinct D band at approx. 1,300 cm−1 and a G band at approx. 

1,600 cm−1 [86, 87]. The D band represents edges, other defects, disordered carbon 

due to the vibration of sp3 bonded carbon atoms, and impurities. The G band 

represents the zone center E2g mode, corresponding to ordered sp2 bonded carbon 

atoms [78]. Singh et al. [86] found the ratio of D band and G bands (ID/IG) of GO 

composite coating to be 0.85 (D and G bands at 1353 cm-1 and 1591 cm-1, respectively), 

whereas, of rGO composite coating to be 0.937 (D and G bands at 1353 cm-1 and 1584 

cm-1, respectively). The Raman spectra of the graphene/Ag nanocomposite, D and G 

bands, and ID/IG  is slightly increased [88]. The increase may be related to an increase 

in the degree of disorder of the GO matrix, in part due to chemical bonds between 
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the GO matrix and Ag nanoparticles [88]. The presence of AgNPs in the GO 

nanocomposite can be also confirmed from EDS and XRD. AFM allows to observe 

molecular and atomic level features. The surface roughness (Ra) can be also studied 

from surface profilometer or AFM. EDS helps to investigate the elemental analysis, 

such as carbon (C), oxygen (O), and elements, such as Ni, Ti in GO and Ag, in GO/Ag 

nanocomposite [89]. 

 

Figure  4 Raman spectra of GO/Ag nanocomposite [90]. 
 

The thickness of a single layer graphene is found to be 0.35 nm [91]. Few-layer 

graphene is a few atomic-layer-thick material with interlayer spacing of 0.34 nm, and it 

exhibits substrate dependent properties of electronic, photonic, thermal and 

photoelectric properties [92]. A number of techniques to determine the thickness of 

graphene films includes optical contrast, Raman scattering and scanning probe 

microscopy [93]. An AFM can be used to identify the number of graphene layers in 

addition to measure the wear depth. However, an inaccuracy of 0.4 to 1.7 nm for the 
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graphene thickness has been reported the AFM [93]. Raman spectroscopy can be also 

used to determine the number of graphene layers. The difference between the two 

subpeaks is referred to as the splitting value of D′ peak. The splitting of D′ peak as a 

function of the number of graphene layers can be calculated through a fitting process 

involving the Lorentzian peaks [94]. The D′ peak of a monolayer graphene is a single 

peak, while the D′ peak of a few-layer graphene consists of subpeaks as shown in Figure 

5 [95]. 

 

Figure  5 Raman spectra showing the D′ peaks of different layers of graphene [95]. 
 

2.6.4 Bonding (Adhesion) of Graphene to Metal 

Surface adhesion properties are important parameter for studying the 

graphene/metal interaction for various applications [96]. Graphene interacts with the 
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surface of pure metals, carbides of various types metals, and alloys including Ni, Ti, 

and NiTi alloy with a strong reactivity with carbon [97]. Graphene interacts with each 

metals differently, and the graphene/metal interaction can be studied from the binding 

energy and interface separation. 

Basically, two types of interactions have been found between graphene and 

metal substrate; chemisorbed (covalent) and physisorbed (noncovalent) [97-100]. In 

chemisorbed graphene, a relatively strong Pauli repulsion between graphene and the 

metal substrate is seen through a donation of electrons bonding, which is covalent in 

nature. Although the electronic interactions with the substrate significantly affect the 

electronic structure of graphene, the adsorption energy is still dominated by van der 

Waals interactions [98]. Whereas in physisorbed graphene, a weak Pauli repulsion 

equilibrates the van der Waals attraction; π-π interactions, ionic interactions, and 

hydrogen bonding occur without affecting the electronic structure of the graphene. In 

addition, the D band electrons are mainly responsible for the bonding between 

graphene and metal [101]. A strong metal interaction occurs when their D band center 

lies between the Fermi level (highest energy state of electrons) and a binding energy 

of 2 eV, and weak interaction occurs with their binding energies of below 2 eV [97]. 

The binding energy of graphene/Ni is –1.29 eV for Ni with an interface separation 

of 2.1 Å, whereas that of graphene/Cu is –2.67 eV, with an interface separation of 3.3 

Å [102]. The separation distance at a graphene/metal interface is directly related to its 
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electronic structure [97]. Graphene with a large separation from the substrate should 

show little change in its electronic structure, whereas a very strong interaction occurs 

when the energy of the lower frequency P band (250 to 500 MHz) is significantly altered 

[92]. Various factors affect the surface adhesion force of graphene on a metal substrate, 

such as the types of bond/interaction presented, the adhesion energy of multilayer 

graphene, the lattice structure, the hydrophobicity, and the roughness of the metal 

substrate. Abbas et al. [103] studied on the adhesion of graphene on Cu alloy using a 

tape test, and they found that hydrophobic surfaces ensure a good adhesion property. 

However, in our study, the hydrophobicity was not observed. 

 

2.6.5 Low Friction of Graphene 

Graphene based coatings have been used in lubrication and reducing friction. 

The tribological properties of GO was studied by adding GO monolayer sheets to water-

based lubricants that were applied to a sintered tungsten carbide ball and stainless 

steel flat plate [104]. Adding GO particles to water improved lubrication and provided 

a very low friction coefficient of approximately 0.05. Similar results were found by 

Berman et al. [105] who used graphene coating, and Lin et al. [95] who used a 

graphene platelet coating to reduce friction. Thus, graphene might be useful to reduce 

the friction of dental biomaterials such metal based prostheses used in dentistry [104]. 
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2.7 Surface Modifications of NiTi Alloy 

Researches have done to reduce the side effects of Ti and its alloys for better 

clinical applications with the surface modifications of NiTi and the development of 

new materials. The chief purpose of surface modification is to improve wear resistance, 

antibacterial property, bio-adhesion (bone ingrowth), and biocompatibility. Meanwhile, 

the important requirements such as adequate mechanical strength and processability 

are governed by the bulk material properties. Different surface modifications of NiTi 

alloy are done to enhance surface finishing (blasting, electro polishing), surface 

passivation (oxidation, nitriding), and surface coating [106]. 

 

2.8 Polymeric Coatings on NiTi Alloy 

Polymer composite coatings over NiTi alloy has become a new approach to 

prevent the corrosion but the challenge is to preserve the bulk properties of the alloy. 

Successful coating includes biocompatible, very thin, good adhesion, good flexibility, 

hardness and strength. Both synthetic and natural polymers are being extensively 

studied as polymeric biomaterials. Various polymers and polymer composites that 

have been tried to coat NiTi alloys includes pyrrole [107], polypyrrole/HA 

nanocomposite [108], polyurethane (PU) [109], graphite–polyurethane [110], 

polyamide [69], polyetheretherketone [111], polytetrafluoroethylene [112], parylene 

[113], hexamethyldisilazane [114], and copolymer of N-isopropylacrylamide/ N-tert-
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butylacrylamide [115]. The results of various polymer coatings tried for medical and 

dental applications from different techniques are shown in Table 4. Within the 

limitations of each research the polymer to some extent helps to improve the surface 

properties. 

Table  4 Different polymer coatings on NiTi alloys for biomedical applications. 

Polymer Technique Thickness Results Authors 

HFMA 
Plasma 
polymerization 

NA 

Coating increased in 
vitro hemocompatibility 
of NiTi for cardiovascular 
applications. 
Albumin/fibrinogen ratio 
increased and adherent 
platelets was reduced. 

Li et al. 
2014 [116] 

PET and 
PU 

NA 

0.41 mm 
(Polyethyle

ne) 
0.02 mm 

(Polyuretha
ne) 

PET coated stents 
showed good 
biocompatibility. 
Mechanical properties 
were similar to NiTi 
stents. Polyurethane-
coated stents showed 
often dislocation. 

Schellhamm
er et al. 
1999 [44] 

PTFE 
Plasma PVD 
Sputtering 

50 nm and 
100 nm 

Nanocomposite PTFE 
coating on NiTi alloy 
was clear, thin, 
hydrophobic, stable 
with low friction 
coefficients (0.1 to 0.2). 

Anjum et al. 
2012 [112] 
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Polyamid
e 

Dip coating NA 
Friction was lower. Ni 
release decreased by 
85% in coated NiTi wires 

Bravo et al. 
2014 [69] 

Parylene 
Plasma 
polymerization 

20 μm 
Coated NiTi archwire 
had roughness 12 times 
lower. 

Cho et al. 
2013 [113] 

PEEK and 
PEEK/ 
Bioglass 

EPD 3-5 μm 

Coating on NiTi wire was 
uniform, homogeneous. 
PEEK and PEEK/Bioglass 
may be used for 
biomedical applications. 

Boccaccini 
et al. 2006 
[111] 

HFMA: Hexafluorobutyl methacrylate; PET: Polyethylene terephthalate; PTFE: 
Polytetrafluoroethylene; PVD: Physical vapour deposition; HA: hydroxyapatite; PEEK: 
Polyetheretherketone. 

 
Although various polymer composite coating has been tried on NiTi alloy, but 

there has always difficult to make successful coatings [44, 69, 107]. The drawbacks of 

polymers coating include porosity with release of toxic components and roughness 

[117]. With use, the polymer film may detach from the substrate or wire. Figure 6 

shows the detachment of the pyrrole coating from NiTi alloy [107]. Research are 

focusing on development of biocompatible new composite coating with better and 

long-lasting performance. 
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Figure  6 Detachment of a polymer (pyrrole) coating from NiTi alloy [107]. 
 

2.9 Graphene Coatings 

Graphene based coatings have been well reported varying the performance [80, 

118, 119]. The tribological behavior of GO layers at macro-scale is found to be not much 

different from that of the graphene layers [77]. The results confirm that GO may also 

be used to lubricate steel at macroscale by providing the coefficient of friction below 

0.2. However, the wear rate stays at higher level than the ones for unmodified 

graphene. Berman et al. [105] found small amounts of graphene-containing ethanol 

solution decreased wear by almost 4 times and friction coefficients by a factor of 6 in 

sliding steel surfaces. Graphitic layers (which help in reducing friction and wear in 

artificial joints) have also been detected in metal-on-metal hip replacements [120]. 

The details of different studies of graphene and GO coatings on various substrates is 

shown in Table 5. The results from different studies show that the graphene coatings 

help to improve surface properties.  

Table  5 Different studies of graphene and GO coatings on various substrates. 
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Coating Method Thickness Results Authors 

Graphene 

CVD 

technique 

at 450 °C 

Few layers 

(20 µm) 

Strong oxidation resistance was 

obtained on Cu substrate 

confirmed by SEM, Raman 

spectroscopy and XPS. 

Kalita et 

al. 2014 

[79] 

Graphene 
Mechanical 

Exfoliation 

Multi-layer 

films (6-15 

layers) 

Graphene films exhibited 

much lower friction (0.36 to 

0.62 nN) than bare Si surface 

(1.1 to 4.3 nN). Detectable 

wear of graphene was seen 

under 5 μN load from AFM. 

Lin et al. 

2011 [121] 

GO EPD Multilayer 

Friction reduced to 1/6 and 

wear reduced to 1/24 of its 

value. 

Liang et 

al. 2013 

[122] 

Graphene 
Direct 

application 

Few-layers 

(2-3 

layers) 

Graphene-containing ethanol 

solution reduced wear by 4 

times and friction by 6 times. 

Berman et 

al. 2012 

[105] 
 

2.10 Silver Coatings 

Silver or silver composite coatings can be developed from various methods, 

such as using chemical bath (electroless deposition) or EPD on various substrate for 

various applications [123-125]. The results of different studies of Ag-coatings on various 

substrates is shown in Table 6. 

Table  6 Different studies of Ag-coatings on various substrates. 
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Coating Method Thickness Results Authors 

Ag film 
Chemical 

bath 
NA 

Thin Ag films on glass (SiO2) 

were investigated by SEM and 

Raman spectroscopy. 

Fine-grained films exhibited 3 

structures; fine nuclei on the 

glass, isolated strands of small 

crystals and individual 

octahedral micron-sized single 

crystals on surface. 

Buckley 

and Hope. 

2006 [123] 

Ag film 
Chemical 

bath 
NA 

Conductivity of the Ag films was 

determined by Raman 

spectroscopy. 

Naor and 

Avnir. 

[124] 

Ag and 

Ag/Cu/rut

henium 

(Ru) 

EPD Multilayer 

Ag and Ag/Cu/Ru multilayer 

prepared on Ru substrate were 

by electrodeposition. 

 

Cheng et 

al. 2003. 

[125]  

Ag film 
Chemical 

bath 
Multilayer 

Ultrafine Ag particles were 

anchored on Tin (Sn)-Ag 

membrane. 

Byeon and 

Kim. [126] 

 

2.11 Graphene Nanocomposite Coatings 

Various GO nanocomposites are fabricated to improve the properties (friction 

coefficient) of the coating [81, 127]. GO/Ag nanocomposites helped to inhibit microbial 

growth (P. aeruginosa) and prevent biofilm formation [90]. The nanocomposites could 
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be effective for the treatment of both cancer [128]. The details of different studies of 

graphene nanocomposite coatings on various substrates is shown in Table 7. 

Table  7 Different studies of graphene nanocomposite coatings on various 
substrates. 

Coating Method Thickness Results Authors 

Ag 
nanopartic
les doped 
GO 

In situ 
polymeriza
tion in 
solution 

NA 

Pseudo capacitive properties 
increased in the Ag doped 
samples resulting in an increase 
of the capacitance. It could be 
a good conductive electrode 
for energy storage devices and 
electrochemical sensors. 

Tran et 
al. 2015 
[129] 

GO sheets 
decorated 
with Ag 
nanopartic
les (GO–
Ag). 

Solution 
processed 
using Na 
(citrate as 
stabilizing 
agent) 

NA 

GO–Ag nanocomposites 
inhibited growth of microbial 
(P. aeruginosa) adhered cells 
and preventing biofilm 
formation on stainless steel. 

de Faria 
et al. 
2014. [90] 

rGO–Ag 
nanopartic
le 
nanocomp
osites 

Analytical 
techniques. 
Tilia 
amurensis 
plant 
extracts: 
(TAPE) 

NA 
rGO–Ag nanocomposites could 
be used for the treatment of 
cancer. 

Gurunath
an et al. 
2015 
[128] 
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2.12 Conceptual Framework of this Research 

Figure 7 shows the conceptual framework of our research. The factors that 

might affect the coatings includes alloy factor, solution factor and coating process. 

 

Figure  7 Conceptual framework of the study. 
 

Hence, our study aims to develop a GO and GO/Ag nanocomposite coating on 

NiTi alloy and study the surface properties (surface structure, topography, roughness 

and thickness), mechanical properties (friction and wear, hardness, modulus of 

elasticity, and surface adhesion), and biocompatibility of the GO and GO/Ag 

nanocomposite coated NiTi alloy.  
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CHAPTER III 

MATERIALS AND METHODS 

 

 

3.1 Overview of this Study 

The overview of the experiment details of this study is shown in Figure 8. 

 

Figure  8 Overview of the experiment details this study. 
 

3.2 Sample Preparation 

Medical grade NiTi alloy substrates consisting of Ni (55.7 wt%), Ti (44.8 wt%), 

and other elements (0.2 wt%) (Baoji Seabird Metal Material Co., Ltd, China) were cut 

into 40 x 20 x 1 mm plates. The NiTi alloy substrates were polished with silicon carbide 
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paper up to 2000 grit to remove oxide layer and to obtain a uniform roughness for the 

adhesion of the coating. The NiTi alloy substrates were ultrasonically cleaned by 

sequential immersion in acetone, ethanol, and DI water for 10 min each. The substrates 

were placed in Kroll’s reagent consisting of 2 ml 40% nitric acid, 4 ml 40% hydrofluoric 

acid, and 994 ml DI water for 10 min to remove any remaining oxide layer. Finally, the 

substrates were dried after rinsing in DI water.  

 

3.3 Graphene Oxide (GO) Solution Preparation 

GO powder with average diameter 50 µm (Nanjing Jing Ji Cang Nano Technology 

Co., Nanjing, China) produced by a modified Hummers’ method was used in this study 

[11]. The GO was produced by a graphite oxidation process using potassium 

permanganate (KMnO4) and concentrated sulfuric acid (H2SO4). A 100 ml GO solution 

(0.01 mg/ml) was prepared in deionized (DI) water and ultrasonicated for 3 h. 

 

3.4 GO/AgNPs Solution Preparation 

A 100 ml silver nitrate (AgNO3) (Pure P.A., Gliwice, Poland) solution (0.1 mg/ml) 

was prepared and ultrasonicated for 20 min. The GO and AgNO3 solutions were mixed 

and ultrasonicated for 30 min. Finally, a AgNPs solution was produced by chemical 

reduction using trisodium citrate (Na3C6H5O7) (tri-Sodium Citrate dihydrate, Carlo Erba 

Reagents, Val-de-Reuil, France) as an stabilizing agent [130]. The GO/AgNO3 solution 
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was heated at 80°C for 1 h and 10 ml of Na3C6H5O7 (0.01 mg/ml) was added dropwise. 

The solution was maintained at 80°C for 1 h and ultrasonicated for 20 min at room 

temperature to obtain a homogeneous GO/AgNPs mixture. The mechanism of reaction 

is expressed as follows: 

4Ag+ + C6H5O7Na3 + 2H2O → 4Ag0 + C6H5O7H3 + 3Na+ + + H+ + O2↑ 

 

3.5 EPD of GO and GO/AgNPs 

The potential of the suspension of GO and GO/Ag were measured by using a 

zeta potentiometer. A negative potential was found, i.e. −38 mV for GO and −39 mV 

was obtained. Hence, the NiTi alloy substrates served as the anode (+) and the 

platinum metal served as the cathode (-). Two solutions were made; graphene solution 

and GO/AgNPs solution. The two electrodes were immersed in each solution parallel 

to each other 15 mm apart. Three EDP coating duration groups were prepared from. 

EPD was performed for 1 min, 5 min, or 10 min with slow magnetic stirrer at a constant 

voltage of 30 V. After EDP, the graphene and GO/Ag nanocomposite coated substrates 

were removed from the solution and rinsed with DI water, and dried at room 

temperature for 24 h and kept at 80°C for 5 h. 

The samples were names as GO1, GO5, GO10 for GO-coated NiTi alloys and 

GOAg1, GOAg5, GOAg10 for GO/Ag-coated groups for each 1min, 5min, and 10 min, 
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respectively. After the coating process, three properties were tested; surface 

characteristics, mechanical properties, and biocompatibility. 

 

3.6 Surface Characterization of the Coatings 

The surface morphology of the GO and the GO/Ag coated NiTi alloys substrates 

was observed using scanning electron microscopy (SEM) (Quanta 250, FEI Co., Helsinki, 

Finland) with an operating voltage of 30 kV and surface profilometer (Taylor Scan 150, 

Taylor Hobson Ltd., Leicester, UK). Elemental analysis of the coatings was performed 

using energy dispersive spectroscopy (EDS). Raman spectra were studied from Raman 

spectroscopy (LamRAM HR, Horiba Scientific Inc., New York, USA) equipped with solid-

state laser with the diode pumped at 532 nm with a grating of 1200 gr/mm and a 200 

μm slit. 

 

3.7 Mechanical Properties of the Coatings 

The following mechanical properties of the GO and the GO/Ag Nanocomposite 

coating on NiTi studied were: 

• Coating Thickness and Roughness  

• Friction Coefficient 

• Hardness and Modulus of Elasticity 

• Surface Adhesion Force and Energy 
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3.7.1 Coating Thickness and Surface Roughness 

The coatings thickness and surface roughness (Ra) of the GO and GO/Ag coatings 

were evaluated from the surface profilometer. The surface roughness of the coatings 

was measured from the surfaces of the bare and coated substrates, whereas the 

thickness of the coatings was measured from the coated substrates from the step 

height profile. The mean Ra and thickness of the coatings were measured from ten 

times for each sample. 

 

3.7.3 Friction Coefficient 

The fiction coefficient of the GO coating and the GO/Ag nanocomposite 

coatings on NiTi alloy were tested using a ball-on-disc micro-tribometer by sliding them 

against a steel ball of 6 mm in diameter in a circular path of 5 mm in radius for 1.90 

m at sliding speed of 60 rpm (0.0314 m/s) for 60 seconds under a normal constant 

load of 0.2 N at 27°C temperature and 60% relative humidity. 

 

3.7.4 Hardness and Modulus of Elasticity 

The hardness and modulus of elasticity the GO coating and GO/Ag 

nanocomposite coating on NiTi alloy were measured using a nano-indenter 

(Nanoindenter II, NanoInstruments, CSIRO, Australia) with a Berkovich (pyramidal shape) 
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diamond tip as described by Poon et al. [131]. Six measurements were measured for 

each sample. The diamond stylus used in the unit is in the form of a cone with a 

spherical tip of 0.2 mm in radius at a 3 mN load for 1.14 min per indentation. The 

mean hardness and modulus of elasticity of the coatings were calculated from 6 

indentations made on each sample. 

 

3.7.5 Adhesion Force and Energy 

An atomic force microscope (AFM) (NX10, Park System, Suwan, South Korea) in 

contact mode was used to study the surface structure, surface adhesion force 

(maximum unbinding force), and surface adhesion energy of the GO and GO/Ag coating 

using a CONTSCR nano tip of 105 µm in length and 15 µm in height, with a sensitivity 

of 43.056 V/µm at a frequency of 23 KHz, and a constant force of 0.2 N/m at 27 °C 

with 60% relative humidity. The measurements were done 20 times, and the mean 

was calculated. 

 

3.8 Biocompatibility of the Coatings 

The biocompatibility of the GO and the GO/Ag coatings on NiTi alloys were 

determined using a 3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide 

(MTT) assay following the approval of the study protocol by The Human Research 
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Ethics Committee of the Faculty of Dentistry, Chulalongkorn University (Protocol No. 

HREC-DCU 2018-084). 

 

3.8.1 Cell Culture 

Human gingival fibroblasts were explanted from gingiva of patients. The 

inclusion criteria of the participants include healthy patients with sound soft tissues 

around the third molar to be extracted, caries (if present) limited to pulp without 

periapical lesions. Exclusion criteria includes systemic disease, infection around the 

third molar and pregnant women. 

Human gingival fibroblasts were obtained from the extracted third molars as 

described by Jettanacheawchankit et al. [132]. The gingiva was minced and the pieces 

were placed on 35-mm culture plates. The cells were cultured in growth media 

[Dulbeccous Modified Eagle Medium (DMEM) supplemented with 100 IU/ml penicillin, 

100 μg/ml streptomycin, 25 μg/ml amphotericin, 2 mM L-glutamine, and 10% fetal 

bovine serum]. The medium was changed every two days. The cells were cultured at 

37°C in a humidified 5% CO2 atmosphere. When the cells reached 80% confluence, 

the cells were sub-cultured using 0.25% trypsin-EDTA. All cell culture media were 

purchased from GibcoBRLTM (InvitrogenTM, Grand Island, NY, USA). 
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3.8.2 MTT Cytotoxicity Assay 

GO-coated and GO/Ag-coated NiTi specimens were reduced to 3 × 6 mm and 

autoclaved. Each specimen was immersed in 5 ml of growth media at 37°C for 24 h. 

For the control group, the same volume of growth media was incubated under the 

same conditions. 

The MTT test was conducted as previously described with some modifications 

(Zhang et al., 2013). Briefly, 50,000 cells/well were seeded into a 48 well culture plate 

(NuncTM cell culture plate, Thermo Scientific, USA). After 24 h, the cells were washed 

with phosphate buffered saline twice (PBS) and then incubated with the conditioned 

medium (250 µL) of each the GO-coated, the GO/Ag-coated NiTi specimens, and growth 

medium (control group) for 24 h. After 24 h, the cells were again washed twice with 

PBS and incubated with 0.5 mg/mL of MTT solution prepared from MTT reagent 

(Invitrogen, Molecular Probes, Oregon, USA) for 10 min. The precipitated formazan 

crystals were dissolved in dimethyl sulfoxide (DMSO) and the optical densities of the 

solutions were measured at an absorbance of 570 nm. The assays were performed in 

3 independent experiments. The number of viable cells after exposure to the 

conditioned medium of GO-coated and GO/Ag-coated NiTi alloys were calculated from 

the straight-line equation (y = mx + c, where m is the slope of the line, and c is the y 

intercept) and compared with the control. The cells were examined with an Olympus 
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light microscope (Olympus, U-CMAD3, Tokyo, Japan) at 4×, 10×, and 20× magnifications 

and images were taken. 

 

3.9 Statistical Analysis 

All data were analyzed using SPSS 18 statistical software for Windows (SPSS, 

Chicago, IL, USA) with 95% confidence interval (α =.05). The thickness, roughness, 

hardness, modulus of elasticity, adhesion force, adhesion energy, friction coefficient, 

and biocompatibility of the 1 min, 5 min, and 10 min groups of both the GO-coated 

and the GO/Ag-coated NiTi alloy substrates were compared using a one-way ANOVA at 

a significance level of 0.05, and post hoc using the Scheffe test. 
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CHAPTER IV 

RESULTS 

 

 

We successfully prepared GO and GO/Ag coatings on NiTi alloy using EPD, and 

studied the surface properties, mechanical properties, and biocompatibility as shown 

below. 

 

4.1 Results of Surface Characterization of NiTi alloy 

The surface morphology of bare NiTi substrate determined from SEM/ EDS, 

surface profilometer and AFM is shown in Figure 9. The images show that the surface 

morphology of the NiTi substrates was rough with some voids. 

 

Figure  9 Surface morphology of the bare NiTi substrates obtained from: (a) SEM/EDS 
and (b) surface profilometer and (c) AFM. 
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4.2 Results of Surface Characterization of the Coatings 

The results of surface characterizations of the coatings are shown below. 

4.2.1 SEM/ EDS 

Figure 10 and Figure 11 shows SEM images and EDS mapping of GO-coated and 

GO/Ag-coated NiTi alloys, respectively. The surface morphology of the coated alloys 

was homogeneous with some voids with no cracks.  

 

Figure  10 SEM/ EDS images of the GO-coated NiTi alloy: (a) 1 min, (b) 5 min, and (c) 
10 min. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

61 

 

The surface morphologies of the GO-coated alloys are similar to the GO/Ag-

coated NiTi alloys but EDS analysis shows the presence of Ag in the GO/Ag coatings 

(Figure 10 and Figure 11).  

 

Figure  11 SEM/ EDS images of the GO/Ag-coated NiTi alloy: (a) 1 min, (b) 5 min, and 
(c) 10 min. Ag ions are marked in each EDS spectrum. Ag ions are marked in the EDS 

spectrum. 
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The EDS elemental analysis of the GO-coated and the GO/Ag-coated NiTi alloys 

are shown in Figure 12. The EDS elemental analysis showed that the Ni and Ti 

concentration decreased with coating time, and the C and O concentration increased 

with coating time in both GO-coated and GO/Ag-coated NiTi alloys compared to bare 

NiTi alloy. In addition, the concentration of AgNPs in the GO/Ag coatings increased with 

increased coating time.  

 

Figure  12 EDS elemental analysis (wt%) of the GO-coated and the GO/Ag-coated 
NiTi alloy substrates. 

 

4.2.2 Surface Profilometry 

The surface morphology of the bare NiTi substrates from surface profilometry 

shows rough with some surface voids. They show similar surface morphology similar 

to SEM. The optical surface images from surface profilometer of the bare NiTi alloy 

and the coated (GO-coated and GO/Ag-coated) substrates are shown in Figure 13. The 
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surface morphology of the coated NiTi alloys were homogeneous with some voids and 

no cracks. 

 

Figure  13 Surface profilometer images of the GO-coated (a, b, c) and the GO/Ag-
coated (d, e, f) NiTi alloy substrates for 1 min (a, d), 5 min (b, e), and 10 min (c, f). 

 

4.2.3 Raman Spectroscopy 

In this study, the Raman spectra of the both GO-coated and GO/Ag-coated NiTi 

substrates show D and G bands (Figure 14). For GO coating, the D bands ranged from 

1342 to 1346 cm−1 and G bands ranged from 1590 to 1603 cm−1. Similarly, for the 

GO/Ag nanocomposite coating, D bands ranged from 1340 to 1344 cm−1 and G bands 

ranged from 1599 to 1604 cm−1. In addition, the ID/IG ratio was 0.84 for both GO-coated 

and GO/Ag-coated NiTi substrates. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

64 

 

    

Figure  14 Raman spectra of the GO-coated NiTi alloys of coating time: (a) 1 min, (b) 
5 min, and (c) 10 min groups, and the GO/Ag-coated NiTi alloys of coating time: (d) 1 

min, (e) 5 min, and (f) 10 min groups. 
 

4.2.4 Atomic Fluoroscopy Microscopy (AFM) 

AFM images and points for the measurement of the adhesion force and energy 

of the GO-coated and the GO/Ag-coated NiTi alloys are shown in Figure 15 and Figure 

16, respectively. The contact-mode AFM was used to measure the adhesion force and 

energy of the GO-coated and the GO/Ag-coated NiTi alloys using the CONTSCR nano 

tip. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

65 

 

 

Figure  15 AFM images and points for the measurement of adhesion force and 
energy using the contact-mode AFM with CONTSCR nano tip on the GO-coated NiTi 

alloy substrates for 1 min: (a) and (b), 5 min: (c) and (d), and 10 min: (e) and (f), 
respectively. 
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Figure  16 AFM images and points for the measurement of adhesion force and 
energy using the contact-mode AFM with CONTSCR nano tip on the GO/Ag-coated 

NiTi alloy substrates for 1 min: (a) and (b), 5 min: (c) and (d), and 10 min: (e) and (f), 
respectively. 
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4.3 Results of Coatings Thickness and Surface Roughness 

The results of the mean thickness of the GO and the GO/Ag coatings on a NiTi 

substrate are also shown in Figure 17. The thickness of the GO coatings ranged from 

0.34 to 1.12 µm and for the GO/Ag coatings ranged from 0.48 to 1.38 µm. The mean 

thickness of GO1 was 0.344 ±0.143 µm, GO5 was 0.651 ±0.107 µm, and GO10 was 1.327 

±0.095 µm. Similarly, the mean thickness of GOAg1 was 0.482 ±0.063 µm, GOAg5 was 

0.763 ±0.281 µm, and GOAg10 was 1.385 ±0.097 µm. For both GO and GO/Ag coatings, 

there was significant difference among 1 min, 5 min and 10 min coatings (< 0.05). In 

addition, it showed that the thickness of both GO and GO/Ag coating increased with 

the increased coating time. 

 

Figure  17 Coating thickness of the GO and the GO/Ag coatings on NiTi alloy 
substrates. * denotes the significant different from GO5 (P = 0.005) and GO10 (P < 
0.001). # denotes significant different from GO1 (P = 0.005) and GO10 (P < 0.001). ¤ 

denotes significant different from GO5 (P = 0.045) and GOAg10 (P < 0.005). § denotes 
significant different (P < 0.05) from GOAg10 (P < 0.001). 
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The surface roughness (Ra) of the GO-coated alloy ranged from 49.92 to 66.55 

nm and the GO/Ag-coated alloy ranged from 52.28 to 68.03 nm (Figure 18). The coated 

substrates showed higher roughness than that of the bare NiTi alloys (31.85 nm). It 

showed that the surface roughness of both the GO-coated and the GO/Ag-coated NiTi 

alloy substrates was significantly higher compared to the bare NiTi alloy (P < 0.001). 

Furthermore, the surface roughness of GO1 showed statistically significant different (P 

< 0.001) from GO5 and GO10, and GO5 showed significant different (P < 0.001) from 

the GO1. Similarly, the surface roughness of GOAg1 showed presented statistically 

significant different (P < 0.001) from GOAg5 and GOAg10, and GOAg5 showed 

statistically significant different (P < 0.001) from GOAg1. The surface roughness of both 

the GO and the GO/Ag coatings increased with coating time. 

 

Figure  18 Surface roughness of the bare NiTi, the GO and the GO/Ag coatings on NiTi 
alloy substrates. * denotes significant different (P < 0.001) from GO-coated (GO1, 

GO5, GO10) and GO/Ag coated (GOAg1, GOAg5, GOAg10). # denotes significant 
different (P < 0.001) from GO5, GO10 and bare NiTi. ¤ denotes significant different (P 

< 0.001) from GO1 and bare NiTi. § denotes significant different (P < 0.001) from 
GOAg5, GOAg10 and bare NiTi. † denotes significant different (P < 0.001) from GOAg1 

and bare NiTi. 
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4.4 Results of Surface Adhesion Properties 

The results of the surface adhesion force and adhesion energy of the GO-

coated and the GO/Ag-coated NiTi alloys are also shown in Figure 19. The surface 

adhesion force for the GO-coated NiTi alloy substrates ranged from 3.71 to 14.8 nN, 

and for the GO-coated NiTi alloys ranged from 3.35 to 15.33 nN. For both the GO-

coated and the GO/Ag-coated NiTi alloy substrates, 1 min coatings showed the highest 

surface adhesion force, followed by 10 min and then 5 min. The results of the surface 

adhesion force of the GO-coated and the GO/Ag-coated NiTi alloy substrates showed 

a non-linear pattern of the surface adhesion force and energy of the GO-coated and 

GO/Ag-coated NiTi alloy substrates for different coating times.  

 

Figure  19 Surface adhesion force measured from AFM of the GO-coated and the 
GO/Ag-coated NiTi alloy substrates. * denotes significant different (P < 0.05) from 

GO5 and GO10. ¤ denotes the significant different (P < 0.05) from GO1 and GO10. # 
denotes significant different (P < 0.05) from GOAg5 and GOAg10. § denotes the 

significant different (P < 0.05) from GOAg1 and GOAg10. 
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Multiple comparison of surface adhesion showed the significant different (P < 

0.05) among all groups of GO-coated (GO1, GO5 and GO10) and GO/Ag-coated (GOAg1, 

GOAg5 and GOAg10) NiTi alloys. 

The adhesion energy ranged from 0.23 to 0.69 mJ/m2 for GO-coated NiTi alloys 

and from 0.24 to 0.71 mJ/m2 for GO/Ag-coated NiTi alloys. The surface adhesion energy 

also followed a similar non-linear pattern as that of the adhesion force for both GO-

coated and GO/Ag-coated NiTi alloy substrates (Figure 20). There was significant 

difference (P <0.05) among all the GO-coated groups but no significant difference (P 

=0.09) between GOAg1 and GOAg10 for the surface energy. 

 

Figure  20 Surface adhesion energy measured from AFM of the GO-coated and the 
GO/Ag-coated NiTi alloy substrates. * denotes significant different (P < 0.05) from 

GO5 and GO10. ¤ denotes the significant different (P < 0.05) from GO1 and GO10. # 
denotes significant different (P < 0.05) from GOAg5 and GOAg10. § denotes the 

significant different (P < 0.05) from GOAg5 (P <0.05). 
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4.5 Results of the Friction Coefficient 

We determined the friction coefficient of the bare NiTi alloy and the coated 

substrates (Figure 21). The bare NiTi substrate demonstrated significantly higher friction 

coefficient (0.061 ±0.049) compared to both GO-coated (0.022 ±0.014 for GO1, 0.013 

±0.11 for GO5, and 0.006 ±0.005 for GO10), and GO/Ag-coated groups (0.023 ±0.021 for 

GOAg1, 0.015 ±0.013 for GOAg5, and 0.006 ±0.005 for GOAg10). In addition, the friction 

coefficient of the GO-coated and GO/Ag-coated groups were significantly lower than 

the bare NiTi alloy (P < 0.001). The friction coefficients of 1 min coated samples of 

both groups (GO1 and GOAg1) showed statistically significant different (P < 0.05) from 

10 min coated samples (GO10 and GOAg10). 

 

Figure  21 Friction coefficient of the bare, the GO-coated and the GO/Ag-coated NiTi 
alloy substrates. * denotes significant different (P < 0.001) from GO-coated (GO1, 
GO5, GO10) and GO/Ag coated (GOAg1, GOAg5, GOAg10). # denotes the significant 

difference (P > 0.05) from GO10. § denotes the significant difference (P < 0.05) from 
GOAg10. 
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4.6 Results of the Hardness and Modulus of Elasticity the Coatings 

The results of Berkovich hardness of the coated NiTi alloy substrates is shown 

in Figure 22. The hardness of the GO-coated NiTi alloys ranged from 0.41 to 0.88 GPa, 

and hardness of the GO/Ag-coated NiTi alloys ranged from 0.44 to 0.92 GPa. In both, 

the GO-coated and the GO/Ag-coated groups, the hardness decreased with increasing 

coating time from 1 min to 5 min and then became stable, and there was significant 

difference (P <0.001) between 1 vs 5 min, and 1 vs 10 min coatings. 

 

Figure  22 Berkovich hardness of the GO-coated and the GO/Ag-coated NiTi alloy 
substrates of coating time. * denotes the significant difference (P <0.001) from GO5 

and GO10. # denotes significant difference (P <0.001) from GOAg5 and GOAg10. 
 

The results of modulus of elasticity the GO and GO/Ag coatings is shown in 

Figure 23. The modulus of elasticity the GO-coatings ranged from 1.13 to 4.25 GPa, and 

the GO/Ag-coatings ranged from 1.15 to 4.89 GPa. The modulus of elasticity of the GO-

coated and the GO/Ag-coated groups increased with increased coating time from 1 to 

10 min and there was significant difference (P <0.001) between 1 vs 5 min, and 1 vs 10 
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min coatings. Increasing coating time, increased the thickness of the graphene coatings 

which caused more interactions with the indenter. Hence, the graphene coating 

showed better elastic recovery and resisted more against the deformation caused from 

load application. 

 

Figure  23 Modulus of elasticity of the GO-coated and the GO/Ag-coated NiTi alloy 
substrates of coating time. * denotes the significant difference (P <0.001) from GO5 

and GO10. # denotes significant difference (P <0.001) from GOAg5 and GOAg10. 
 

4.7 Results of Biocompatibility Testing 

Biocompatibility of the GO and the GO/Ag coatings were assessed from MTT 

assay which measures the change of a yellow water-soluble MTT dye into a purple 

formazan crystal formed by active mitochondria [133]. The microscopy images of the 

cells while seeding is shown in Figure 24 and after incubating 24 h in conditioned 

medium is shown in Figure 25 for the bare NiTi alloy, the GO-coated and the GO/Ag-

coated NiTi alloy substrates. Figure 26 shows the number of viable cells (human 
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gingival fibroblasts) after incubating 24 h in conditioned medium from the bare NiTi 

alloy, the GO-coated and the GO/Ag-coated NiTi alloy substrates. 

 

Figure  24 Microscopy images (20x) of cells (gingival fibroblasts) while seeding of cells 
of the bare NiTi alloy, the GO-coated (GO1, GO5, GO10), and the GO/Ag-coated 

(GOAg1, GOAg5, GOAg10) NiTi alloy substrates. 
 

 

Figure  25 Microscopy images (20x) of cells (gingival fibroblasts) after incubating 24 h 
with conditioned medium of the bare NiTi alloy, the GO-coated (GO1, GO5, GO10), 

and the GO/Ag-coated (GOAg1, GOAg5, GOAg10) NiTi alloy substrates. 
 

The mean results of three independent experiments and shown as mean ± SD 

(Figure 26). Bare NiTi group presented significantly lower viable cells compared to GO-
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coated, GO/Ag-coated NiTi substrates and control group (P < 0.05). This may be 

because of release of Ni and Ti from bare NiTi alloy and the ions were more cytotoxic 

to human gingival fibroblasts. There was no significant difference of the viable cells of 

GO10 (P = 0.238) and GOAg10 (P = 0.503) from control which may be because of the 

presence of thicker protective coatings and less release of Ni and Ti ions compared to 

1 min and 5 min coatings. 

 

Figure  26 Number of viable cells (gingival fibroblasts) after incubating 24 h in 
conditioned medium of the bare NiTi alloy, the GO-coated (GO1, GO5, GO10), and 
the GO/Ag-coated (GOAg1, GOAg5, GOAg10) NiTi alloy substrates and the control 

(cells incubated with growth medium). The data were obtained from three 
independent experiments and shown as mean ± SD. * denotes significant different 
(P < 0.001) from GO-coated (GO1, GO5, GO10), the GO/Ag coated (GOAg1, GOAg5, 

GOAg10) and the control. § denotes the significant difference compared to the GO1 
and bare NiTi alloy (P < 0.05). ¤ denotes the significant difference compared to the 
GOAg1 and bare NiTi alloy (P < 0.05). # denotes the significant difference compared 

to the GO1, GO5, GOAg1, GOAg5 and bare NiTi alloy (P < 0.05).  
 

Furthermore, in GO-coated groups, GO10 showed significantly higher viable 

cells compared to GO1 (P = 0.02), and in GO/Ag-coated groups, GOAg10 showed 
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significantly higher viable cells compared to GOAg1 (P = 0.001) which is due to thinner 

coatings in 1 min and more release of Ni and Ti ions where were more cytotoxic to 

gingival fibroblasts. 
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CHAPTER V 

DISCUSSION 

 

 

For various applications, graphene-based materials have been used to coat 

various metallic substrates [117, 134]. Following parts present the discussion of this 

research findings in various aspects. 

 

5.1 Surface Characterization of the Coatings 

Common forms of carbon include: crystalline (diamond, graphite, and 

fullerites), disordered (glassy carbon, nanocrystalline carbon, graphitic amorphous 

carbon, diamond-like amorphous carbon, tetrahedral amorphous carbon, and 

diamond-like or polymer-like hydrogenated amorphous carbon), or molecular 

(fullerene, graphene and related materials) [135]. Graphene and GO consist of carbon 

atoms creating a 2D hexagonal lattice with oxygenated functionalities, such as the 

carboxylic acid, and hydroxyl and epoxy group [12]. 

The Raman spectrum of graphene shows a distinct D band at approx. 1,300 

cm−1 and a G band at approx. 1,600 cm−1 [86, 87]. Ferrari and Robertson suggested that 

the G and D peaks are due to sp2 only and this mode is forbidden in perfect graphite 

[136]. Diamond has a single Raman active mode at 1332 cm−1, which is a zone center 
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mode of T2g symmetry [137]. Similarly, the Raman spectra of other forms of carbon is 

different from that of the graphene and GO [87]. In this study, the Raman spectra of 

the both GO-coated and GO/Ag-coated NiTi substrates show D and G bands and 

confirms that the carbon compound coated on NiTi alloy using EPD is in fact graphene 

and not another form of carbon. A high ID/IG ratio indicates defects in the graphitic 

materials, suggesting an adequate oxidation of graphite into graphite oxide [86, 117]. 

In our study, we used trisodium citrate, a reducing and stabilizing agent, to 

reduce AgNO3 to AgNPs. Raman spectra helped to confirmed that GO was not reduced 

to rGO as surface morphology, electrical, thermal and mechanical properties are 

similar. A study by Singh et al. [86] found that the Raman spectra of the ID/IG ratio of 

GO composite coating of 0.85 (D and G bands at 1353 cm-1 and 1591 cm-1, respectively), 

whereas, the Raman spectra of the ID/IG ratio of rGO composite coating of 0.937 (D and 

G bands at 1353 cm-1 and 1584 cm-1, respectively). Similarly, another study also found 

that the ID/IG ratio of GO to be 0.81 and rGO to be 0.98 [78]. Vi et al. [138] also mention 

that the ID/IG ratio of GO to be 0.85 which is close to our study. In our study, the ID/IG 

ratios for GO and GO/Ag coated samples showed 0.83 which is close GO rather than 

rGO. This confirmed that in our study, the graphene is in oxide form (GO). 

In our study, the surface structure of the GO-coated and the GO/Ag-coated NiTi 

alloys was homogeneous with some voids and no cracks. In addition, the GO/Ag-coated 

NiTi alloys showed the presence of Ag in the GO/Ag coatings in EDS analysis shows. 
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The Ag content increased with coating time due to the increase in the thickness of the 

GO/Ag coatings. It has always been a challenge to create a precise uniform graphene 

coating using EPD because the GO coatings are always non-dense, but homogenous 

with some porosities [97, 139]. 

 

5.2 Coatings Thickness and Surface Roughness 

The surface roughness is an important to determine the adhesion of the coating 

and coverage on the substrate. Coatings on TiN films on steel substrates with a poor 

surface finish show poorer adhesion than on those with a smooth surface [140]. In our 

study, the thickness of the GO coatings ranged from 0.34 to 1.12 µm and for GO/Ag 

coatings ranged from 0.45 to 1.33 µm. In addition, it shows that the thickness of the 

GO and GO/Ag coating increased with the increased coating time. In the literature, it 

has been mentioned that the thickness of single-layer graphene and GO can be found 

within the range of 0.5 to 2 nm [141]. Therefore, this indicates that the coatings 

developed in our study are multilayer. 

In our study, the surface roughness (Ra) of the GO and GO/Ag coatings increased 

with an increase in the coating time. The Ra of the GO-coated and GO/Ag-coated NiTi 

substrates was higher than that of the bare NiTi alloys, which indicates the presence 

of graphene coatings on NiTi alloy. The surface roughness of the GO and GO/Ag coatings 

was due to the stacking of the graphene layers formed during the electrodeposition. 
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Our finding corresponds to the study by Raza et al.[117] where a GO coating was 

applied to copper using EPD. The much lower roughness in their study could be due 

to the use of a lower voltage (<15 V) as compared to the high voltage (30 V) used in 

our study. The increase in voltage during EPD increases the GO thickness and the 

stacking of the GO layers, and thus increases the Ra of the coating [117, 142]. 

 

5.3 Friction Coefficient of the Coatings 

The friction behavior of graphene and GO has been investigated over the last 

few years. Adding GO in water-based lubricants reduced steel plate friction coefficient 

(0.05) with no apparent surface wear [104]. Berman et al. [105] used a graphene coating 

on steel, and Lin et al. [95] used a graphene platelet coating to reduce the friction on 

load carrying machines and found that graphene significantly reduced the friction. 

Increasing the coating time influences the mechanical and tribological properties of 

graphene due to more graphene sheets. There are several explanations for the low 

friction of graphene related materials [77].  

The fricton behavior of graphene depends on the stacking, structural features, 

and nature of the sliding surfaces [77]. The low friction of graphene based materials is 

due to the interlayer graphene interactions causing wrinkling, the weak bonding 

between the basal planes, leading to increased lubrication [77, 143]; or due to the 

intrinsic graphene properties [121]. In our study, increasing coating time from 1–10 min, 
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increased the coating thickness, but reduced the friction coefficient which might be 

due to combinations of the above reasons. The coating thickness might play a major 

role in reducing the friction. Biomaterials with these characteristics would be beneficial 

to use in dental and medical applications. 

 

5.4 Hardness and Modulus of Elasticity of the Coated NiTi Alloy 

In our study, in both the GO-coated and the GO/Ag-coated groups, the hardness 

decreased with increasing coating time from 1 min to 10 min. This might be due to the 

increase in the interlayer spacing between the graphene layers. In contrast, the 

modulus of elasticity of the GO-coated and the GO/Ag-coated groups increased with 

increased coating time from 1 to 10 min, which might be due to increased coating 

thickness leading to increased stiffness. Hence, thinner graphene coating showed better 

elastic recovery from load application. 

 

5.5 Surface Adhesion Properties of the Coatings 

The surface adhesion properties including adhesion force and energy are 

important properties of the surface coating used in graphene-based materials for 

various applications. These determine the stability of the coatings on the substrates 

for different applications (such as friction reduction, protective coating, and biomedical 
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applications). AFM in the tapping mode was used to investigate the surface properties 

of graphene on various substrates [122, 141]. 

In our study, the surface adhesion force and energy of the GO-coated and 

GO/Ag-coated NiTi alloy substrates showed a non-linear pattern which might be due 

to the non-uniform coating. The reason for the high surface adhesion force and energy 

in 1 min coating might be due to the thin GO coating layer compared with that of 5 

min and 10 min coatings. In addition, the adhesion forces of GO-coated in our study 

are lower than the finding by Ding et al.[141] who reported an adhesion force of 66.3 

nN for the surface of a graphene nanosheet, and 170.6 nN for the surface of a GO 

nanosheet. 

In our study, however, it was shown that the adhesion force and energy are 

less correlated with the coating roughness or coating thickness. This signifies that the 

GO layer bonds well to the NiTi substrate irrespective of the thickness of the GO layers 

or the roughness of the GO coatings on the NiTi alloy. The adhesion force is related to 

the contact angle and hydrophobicity of the substrate. A reduced area of contact 

decreases the adhesive force of the GO-coated substrates. Liang et al.[122] claimed 

that the adhesion of GO films has a linear relationship with the applied voltage and 

film thickness on a Si substrate. They mentioned that the higher the voltage applied, 

the thicker the film will be, which causes an increase in the adhesion owing to a 

stronger influence at a higher working voltage. In addition, the results of adhesion 
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energy of GO and GO/Ag coatings on NiTi alloy comparable with the results obtained 

by Jiang et al.[96] who measured the adhesion energies of monolayer graphene using 

a method similar to our own with an AFM microscope tip, and found adhesion energies 

of 0.46 J/m2 and 0.75 J/m2 for monolayer graphene on SiO2 and Cu, respectively. They 

mentioned that the adhesion energy is related to the interfacial tension; however, in 

our study, we did not consider the surface tension. 

In addition, Das et al.[100] found slightly higher adhesion energy than in our 

study. In their study, they found a higher adhesion energy (6 times) of graphene on Ni 

than on Cu (Ni, 72.7 J/m2; Cu, 12.8 J/m2). They mentioned that this may be due to the 

Ni interface exhibiting more covalent bonding than graphene and Cu, which is partially 

ionic. The reason for their higher adhesion energy than that determined in our study 

might be due to the different testing method and substrates used; they applied a 

nano-scratch test on Ni and Cu substrates. In addition, Ti has less separation than other 

metals such as Co, Ru, Cu, Pd, Pt, and Ag. Lattice matching also plays an important 

role in determining the interface structure. Zhao et al. [97] described the basic 

absorption models of graphene on hexagonally arranged metal surfaces. There is only 

one single adsorption site for carbon atoms on Ni and Co substrates owing to the good 

lattice match, yielding strong interactions. 
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5.6 Biocompatibility of the Coatings 

Graphene and graphene oxide are possible candidates for biomedical 

applications, such as cell labeling, bacterial inhibition, anticancer drug formulations 

and drug delivery [144]. Hence, cytotoxicity evaluation of graphene-based materials is 

an important aspect. MTT assay also evaluates cell-biomaterial interaction and relates 

to the number of viable cells [133, 145]. This colorimetric method is an economical, 

accurate and reliable method for cytotoxicity determination [146, 147]. In our study, 

we did MTT assay to determine biocompatibility of the GO-coated and GO/Ag-coated 

NiTi alloys and it was found that both coatings were non-toxic to the human gingival 

fibroblasts. 

GO coatings have used as biocompatible coatings to improve to improve 

hemocompatibility. Example of such coatings includes GO with chitosan [144], bovine 

serum albumin and heparin [148].  Liao et al. [144] mentioned that the toxicity of 

graphene and GO depends on the exposure environment (whether or not aggregation 

occurs) and mode of interaction with cells (adherent cells or suspension). Biopolymer 

GO coatings were also less toxic to red blood cells due electrostatic repulsions 

between GO and red blood cells [148]. In our study, we used low concentration (0.01 

mg/ml concentration of GO), hence the GO coatings were non-toxic to gingival 

fibroblasts. 
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Suarez-Martinez et al. mentioned that transition metals improve the 

mechanical properties of GO coatings [149]. AgNPs interact with each other and form 

a triangular lattice by donating 1–2 electrons to the graphene [150]. Our pilot study 

demonstrated that AgNPs do not adhere well on a Ni–Ti alloy substrate without GO as 

a carrier. Another major advantage of the GO/Ag nanocomposite coating in our research 

is its antibacterial actions. GO/Ag nanocomposites have strong antibacterial actions 

against gram-negative bacteria E. coli compared with the original AgNPs [23, 151]. This 

suggests that nanocomposites coatings may be used as an effective antibacterial 

coating in addition to its protective effect. 

Within our limitations, in this study, NiTi alloys were successfully coated GO 

and the GO/Ag nanocomposite coatings. The GO-coated and the GO/Ag-coated NiTi 

alloys showed good surface properties. In addition, GO-coated and GO/Ag-coated NiTi 

alloy substrates were non-toxic to human gingival fibroblasts, hence, these coatings 

can be used as biocompatible protective coatings for biomedical applications. Further 

studies can be done to study the effects of the contact angle, hydrophobicity, and 

surface tension on the adhesion properties of the GO and GO/Ag coatings on NiTi 

alloys. 
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CHAPTER VI 

CONCLUSION 

 

 

The GO and the GO/Ag coatings were successfully developed on NiTi alloys 

with varying the coating time using the electrophoretic deposition and the coatings 

were confirmed from the Raman spectra. The coating thickness and the surface 

roughness increased with an increase in coating time from 1 to 10 min. The GO-coated 

and GO/Ag-coated NiTi alloy demonstrated improved mechanical strength and a 

reduced friction coefficient than the bare NiTi alloys. The GO and the GO/Ag coatings 

on NiTi alloy have a good surface adhesion. A strong positive correlation was found 

between the adhesion force and energy of the coatings on NiTi alloys. 

Both the GO-coated and the GO/Ag-coated NiTi alloy can be used for various 

dental nanocomposite materials for biomedical applications. 
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APPENDIX 
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Figure A1. Ethical Approval Document 1. 

 
Figure A2. Ethical Approval Document 2. 
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Table A1 Results of descriptive statistics of EDS analysis (C and O) of the bare NiTi and 

coated NiTi alloy substrates. 

  

N Mean 
Std. 

Deviation 
Std. 
Error 

95% CI for Mean 

Min Max   Lower 
Bound 

Upper 
Bound 

C GO1 3 10.980 .257 .148 10.341 11.618 10.78 11.27 

GO5 3 12.566 .272 .157 11.890 13.242 12.39 12.88 

GO10 3 14.390 .278 .160 13.697 15.082 14.16 14.70 

GOAg1 3 5.723 1.218 .703 2.697 8.749 5.02 7.13 

GOAg5 3 6.350 1.160 .670 3.467 9.232 5.68 7.69 

GOAg10 3 8.923 .750 .433 7.058 10.787 8.49 9.79 

NiTi 3 1.863 1.322 .763 -1.421 5.147 1.10 3.39 

Total 21 8.685 4.194 .915 6.776 10.594 1.10 14.70 

O GO1 3 1.643 .321 .185 .844 2.441 1.41 2.01 

GO5 3 4.226 .479 .276 3.035 5.418 3.93 4.78 

GO10 3 5.000 .157 .090 4.609 5.390 4.82 5.11 

GOAg1 3 5.873 2.471 1.426 -.265 12.011 3.02 7.30 

GOAg5 3 8.490 3.481 2.010 -.158 17.138 4.47 10.50 

GOAg10 3 10.226 4.283 2.473 -.415 20.868 5.28 12.70 

NiTi 3 2.960 .762 .440 1.066 4.853 2.08 3.40 

Total 21 5.488 3.456 .754 3.915 7.061 1.41 12.70 

C= Carbon, O= oxygen, SD= Standard deviation, Std = Standard, CI= Confidence 
interval, Min= Minimum and Max= Maximum.
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Table A2 Results of descriptive statistics of EDS analysis (Ti, Ni and Ag) of the bare NiTi 

and coated NiTi alloy substrates. 

Ti = Titanium, Ni = Nickel, Ag = Silver, SD= Standard deviation, Std = Standard, CI= 
Confidence interval, Min= Minimum and Max= Maximum

  

N Mean SD 
Std. 
Error 

95% CI for Mean 

Min Max   Lower 
Bound 

Upper 
Bound 

Ti GO1 3 39.870 .278 .160 39.178 40.561 39.62 40.17 

GO5 3 38.503 .498 .288 37.263 39.742 38.13 39.07 

GO10 3 36.123 .470 .271 34.953 37.292 35.58 36.41 

GOAg1 3 35.473 1.010 .583 32.963 37.983 34.89 36.64 

GOAg5 3 32.846 .444 .256 31.742 33.951 32.59 33.36 

GOAg10 3 29.343 2.447 1.413 23.262 35.424 27.93 32.17 

NiTi 3 49.803 7.095 4.096 32.176 67.429 41.61 53.90 

Ni GO1 3 47.506 .835 .482 45.432 49.581 46.55 48.09 

GO5 3 44.703 .869 .501 42.543 46.863 43.72 45.37 

GO10 3 44.486 .690 .398 42.771 46.201 43.81 45.19 

GOAg1 3 38.250 3.325 1.920 29.988 46.511 36.33 42.09 

GOAg5 3 34.216 3.787 2.186 24.808 43.625 32.03 38.59 

GOAg10 3 31.133 2.811 1.623 24.148 38.118 29.51 34.38 

NiTi 3 45.373 6.535 3.773 29.138 61.608 41.60 52.92 

Ag GOAg1 3 14.680 3.083 1.780 7.021 22.338 11.12 16.46 

GOAg5 3 18.096 1.911 1.103 13.349 22.843 15.89 19.20 

GOAg10 3 20.373 1.726 .996 16.085 24.661 18.38 21.37 
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Table A3 Results of descriptive statistics of coating thickness on NiTi alloy and 

roughness of the bare and coated NiTi alloy substrates. 

  

N Mean SD 

Std. 

Error 

95% Confidence 

Interval 

Min Max 

  Lower 

Bound 

Upper 

Bound 

Thickness 

(µm) 

GO1 5 .344 .143 .064 .165 .522 .16 .50 

GO5 5 .651 .107 .048 .518 .785 .52 .79 

GO10 5 1.327 .095 .042 1.209 1.445 1.18 1.43 

GOAg1 6 .482 .063 .026 .415 .549 .39 .57 

GOAg5 6 .763 .281 .115 .467 1.059 .56 1.13 

GOAg10 6 1.385 .097 .039 1.283 1.488 1.27 1.53 

Total 33 .830 .426 .074 .679 .981 .16 1.53 

Roughnes

s (Ra) 

GO1 10 49.928 9.113 2.88 43.409 56.447 39.87 63.13 

GO5 10 63.449 3.779 1.195 60.745 66.153 55.15 68.63 

GO10 10 66.558 4.246 1.342 63.520 69.596 60.56 72.64 

GOAg1 10 52.284 11.589 3.664 43.994 60.575 41.69 71.65 

GOAg5 10 64.511 3.969 1.255 61.672 67.351 60.01 71.65 

GOAg10 10 68.033 3.168 1.001 65.767 70.300 63.13 72.44 

NiTi 10 32.450 4.063 1.285 29.543 35.356 28.43 41.84 

Total 70 56.745 13.450 1.607 53.537 59.952 28.43 72.64 

SD= Standard deviation, Std = Standard, CI= Confidence interval, Min= Minimum and 

Max= Maximum
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Table A4 Multiple comparison of GO coating thickness (µm) on NiTi alloy substrates. 

(I) 
Type 

(J) 
Type 

Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

GO1 GO5 -.307* .074 .005 -.514 -.101 

GO10 -.983* .074 .000 -1.19 -.776 

GO5 GO1 .307* .074 .005 .101 .514 

GO10 -.675* .074 .000 -.882 -.469 

GO10 GO1 .983* .074 .000 .776 1.19 

GO5 .675* .074 .000 .469 .882 

*. The mean difference is significant at the 0.05 level.  

 

 

Table A5 Multiple comparison showing subset of GO coating thickness on NiTi alloy. 

Type N 

Subset for alpha = 0.05 

1 2 3 

GO1 5 .344   

GO5 5  .651  

GO10 5   1.327 

Sig.  1 1 1 

Means for groups in homogeneous subsets are displayed. 
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Table A6 Multiple comparison of GO/Ag coating thickness (µm) on NiTi alloy 

substrates. 

(I) 
Type 

(J) 
Type 

Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

GO1 GO5 -.307* .074 .005 -.514 -.101 

GO10 -.983* .074 .000 -1.19 -.776 

GO5 GO1 .307* .074 .005 .101 .514 

GO10 -.675* .074 .000 -.882 -.469 

GO10 GO1 .983* .074 .000 .776 1.19 

GO5 .675* .074 .000 .469 .882 

*. The mean difference is significant at the 0.05 level.  

 

 

Table A7 Multiple comparison showing subset of GO/Ag coating thickness on NiTi alloy. 

Type N 

Subset for alpha = 0.05 

1 2 3 

GO1 5 .344   

GO5 5  .651  

GO10 5   1.327 

Sig.  1 1 1 

Means for groups in homogeneous subsets are displayed. 
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Table A8 Multiple comparison of surface roughness of the GO-coated and bare NiTi 

alloys. 

(I) Type (J) Type 
Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

GO1 GO5 -13.520* 2.567 .000 -21.05 -5.99 

GO10 -16.629* 2.567 .000 -24.159 -9.099 

Bare NiTi 17.478* 2.567 .000 9.948 25.008 

GO5 GO1 13.520* 2.567 .000 5.99 21.05 

GO10 -3.108 2.567 .692 -10.639 4.421 

Bare NiTi 30.999* 2.567 .000 23.469 38.529 

GO10 GO1 16.629* 2.567 .000 9.099 24.159 

GO5 3.108 2.567 .692 -4.421 10.639 

Bare NiTi 34.108* 2.567 .000 26.577 41.638 

Bare NiTi GO1 -17.478* 2.567 .000 -25.008 -9.948 

GO5 -30.999* 2.567 .000 -38.529 -23.469 

GO10 -34.108* 2.567 .000 -41.638 -26.577 

*. The mean difference is significant at the 0.05 level.  
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Table A9 Multiple comparison showing subset of surface roughness of the bare and 

the GO-coated NiTi alloys. 

Type N 

Subset for alpha = 0.05 

1 2 3 

NiTi 10 32.45   

GO1 10  49.928  

GO5 10   63.449 

GO10 10   66.558 

Sig.  1 1 .692 

Means for groups in homogeneous subsets are displayed. 
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Table A10 Multiple comparison of surface roughness of the GO/Ag coated NiTi and 

bare alloys. 

(I) Type (J) Type 
Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower 
Bound 

Upper 
Bound 

GOAg1 GOAg5 -12.227* 2.971 .003 -20.94 -3.512 

GOAg10 -15.748* 2.971 .000 -24.463 -7.034 

NiTi 19.834* 2.971 .000 11.12 28.549 

GOAg5 GOAg1 12.227* 2.971 .003 3.512 20.941 

GOAg10 -3.521 2.971 .706 -12.236 5.192 

NiTi 32.061* 2.971 .000 23.347 40.776 

GOAg10 GOAg1 15.748* 2.971 .000 7.034 24.463 

GOAg5 3.521 2.971 .706 -5.192 12.236 

NiTi 35.583* 2.971 .000 26.869 44.297 

NiTi GOAg1 -19.834* 2.971 .000 -28.549 -11.12 

GOAg5 -32.061* 2.971 .000 -40.776 -23.347 

GOAg10 -35.583* 2.971 .000 -44.297 -26.86 

*. The mean difference is significant at the 0.05 level.   
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Table A11 Multiple comparison showing subset of surface roughness of the bare and 

the GO/Ag-coated NiTi alloys. 

Type N 

Subset for alpha = 0.05 

1 2 3 

NiTi 10 32.45   

GOAg1 10  52.284  

GOAg5 10   64.511 

GOAg10 10   68.033 

Sig.  1 1 .706 

Means for groups in homogeneous subsets are displayed. 
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Table A12 Results of descriptive statistics of hardness and modulus of elasticity of the 

GO-coated and GO/Ag-coated NiTi alloys. 

SD= Standard deviation, Std = Standard, CI= Confidence interval, Min= Minimum and 

Max= Maximum

  

N Mean SD 
Std. 
Error 

95% CI for Mean 

Min Max   Lower 
Bound 

Upper 
Bound 

Hardness 
(GPa) 

GO1 6 .884 .099 .04 .780 .988 .697 .978 

GO5 6 .395 .12 .049 .269 .521 .241 .598 

GO10 6 .414 .09 .036 .319 .508 .312 .523 

GOAg1 6 .923 .15 .061 .765 1.080 .814 1.212 

GOAg5 6 .433 .117 .048 .310 .556 .235 .563 

GOAg10 6 .445 .077 .031 .363 .526 .346 .543 

Total 36 .582 .253 .042 .496 .668 .235 1.212 

Modulus 
of 
Elasticity 
(GPa) 

GO1 6 1.138 .188 .076 .941 1.336 .936 1.328 

GO5 6 3.514 .473 .193 3.016 4.011 3.083 4.108 

GO10 6 4.251 .692 .282 3.524 4.977 3.620 5.132 

GOAg1 6 1.153 .195 .079 .948 1.357 .905 1.365 

GOAg5 6 4.282 .742 .303 3.503 5.061 3.167 5.326 

GOAg10 6 4.896 .441 .18 4.433 5.360 4.314 5.307 

Total 36 3.206 1.6 .266 2.664 3.747 .905 5.326 
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Table A13 Results of multiple comparison of hardness of the GO-coated NiTi alloys. 

 (I) 
Type 

(J) 
Type 

Mean Difference 
(I-J) Std. Error Sig. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

GO1 GO5 .4890* .06 .000 .326 .651 

GO10 .4705* .06 .000 .307 .633 

GO5 GO1 -.489* .06 .000 -.651 -.326 

GO10 -.0185 .06 .954 -.181 .144 

GO10 GO1 -.4705* .06 .000 -.633 -.307 

GO5 .0185 .06 .954 -.144 .181 

*. The mean difference is significant at the 0.05 level.  

 

 

Table A14 Multiple comparison showing subset of hardness of the GO-coated NiTi 

alloys. 

Type N 

Subset for alpha = 0.05 

1 2 

GO5 6 .395  

GO10 6 .414  

GO1 6  .884 

Sig.  .954 1 

Means for groups in homogeneous subsets are displayed. 
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Table A15 Results of multiple comparison of hardness of the GO/Ag-coated NiTi alloys. 

(I) Type (J) Type 
Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

GOAg1 GOAg5 .489* .068 .000 .303 .675 

GOAg10 .478* .068 .000 .292 .664 

GOAg5 GOAg1 -.489* .068 .000 -.675 -.303 

GOAg10 -.011 .068 .986 -.197 .174 

GOAg10 GOAg1 -.478* .068 .000 -.664 -.292 

GOAg5 .0115 .068 .986 -.174 .197 

*. The mean difference is significant at the 0.05 level.   

 

 

Table A16 Multiple comparison showing subset of hardness of the GO/Ag-coated NiTi 

alloys. 

Type N 

Subset for alpha = 0.05 

1 2 

GOAg5 6 .433  

GOAg10 6 .445  

GOAg1 6  .923 

Sig.  .986 1 

Means for groups in homogeneous subsets are displayed. 
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Table A17 Multiple comparison of modulus of elasticity of the GO-coated NiTi alloys. 

(I) Type (J) Type 
Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower 
Bound 

Upper 
Bound 

GO1 GO5 -2.375* .286 .000 -3.152 -1.597 

GO10 -3.112* .286 .000 -3.889 -2.334 

GO5 GO1 2.375* .286 .000 1.597 3.152 

GO10 -.737 .286 .065 -1.514 .04 

GO10 GO1 3.112* .286 .000 2.334 3.889 

GO5 .737 .286 .065 -.04 1.514 

*. The mean difference is significant at the 0.05 level.  

 
 

Table A18 Multiple comparison showing subset of modulus of elasticity of the GO-

coated NiTi alloys. 

Type N 

Subset for alpha = 0.05 

1 2 

GO1 6 1.138  

GO5 6  3.514 

GO10 6  4.251 

Sig.  1 .065 

Means for groups in homogeneous subsets are displayed. 
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Table A19 Multiple comparison of modulus elasticity of the GO/Ag-coated NiTi alloys. 

(I) Type (J) Type 
Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower 
Bound 

Upper 
Bound 

GOAg1 GOAg5 -3.1293* .295 .000 -3.93 -2.328 

GOAg10 -3.743* .295 .000 -4.544 -2.942 

GOAg5 GOAg1 3.129* .295 .000 2.328 3.93 

GOAg10 -.614 .295 .149 -1.415 .186 

GOAg10 GOAg1 3.743* .295 .000 2.942 4.544 

GOAg5 .614 .295 .149 -.186 1.415 

*. The mean difference is significant at the 0.05 level.   

 
 
Table A20 Multiple comparison showing subset of modulus of elasticity of the GO/Ag-

coated NiTi alloys. 

Type N 

Subset for alpha = 0.05 

1 2 

GOAg1 6 1.153  

GOAg5 6  4.282 

GOAg10 6  4.896 

Sig.  1 .149 

Means for groups in homogeneous subsets are displayed. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

103 

 

Table A21 Results of descriptive statistics of surface adhesion force and energy of the 

GO-coated and GO/Ag-coated NiTi alloys. 

  

N Mean SD 
Std. 
Error 

95% CI for Mean 

Min Max 
  Lower 

Bound 
Upper 
Bound 

Maximu
m 
unbindi
ng force 
(nN) 

GO1 20 14.863 6.989 1.562 11.592 18.134 3.0 26.4 

GO5 20 3.717 1.33 .297 3.094 4.340 2.1 8.3 

GO10 20 8.544 5.365 1.199 6.033 11.055 2.3 19.4 

GOAg1 20 15.332 4.627 1.034 13.167 17.498 8.8 24.9 

GOAg5 20 3.357 1.044 .233 2.868 3.846 1.6 5.0 

GOAg10 20 9.068 4.302 .962 7.054 11.082 1.6 15.5 

Total 120 9.147 6.465 .590 7.978 10.316 1.6 26.4 

Energy 
(mJ/m2) 

GO1 20 .692 .242 .054 .579 .805 .21 .96 

GO5 20 .228 .098 .021 .182 .274 .12 .58 

GO10 20 .533 .211 .047 .434 .632 .24 .88 

GOAg1 20 .713 .188 .042 .625 .801 .30 1.00 

GOAg5 20 .239 .102 .022 .191 .287 .11 .44 

GOAg10 20 .585 .227 .05 .478 .691 .15 .82 

Total 120 .498 .269 .024 .449 .547 .11 1.00 

SD= Standard deviation, Std = Standard, CI= Confidence interval, Min= Minimum and 
Max= Maximum 
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Table A22 Multiple comparison of surface adhesion force of the GO-coated NiTi alloys. 

(I) Type (J) Type 
Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower 
Bound 

Upper 
Bound 

GO1 GO5 11.146* 1.626 .000 7.057 15.236 

GO10 6.319* 1.626 .001 2.230 10.408 

GO5 GO1 -11.146* 1.626 .000 -15.236 -7.057 

GO10 -4.827* 1.626 .017 -8.916 -.738 

GO10 GO1 -6.319* 1.626 .001 -10.408 -2.230 

GO5 4.827* 1.626 .017 .738 8.916 

*. The mean difference is significant at the 0.05 level.  

 
 
Table A23 Multiple comparison showing subsets of surface adhesion force of the GO-

coated NiTi alloys. 

Type N 

Subset for alpha = 0.05 

1 2 3 

GO5 20 3.717   

GO10 20  8.544  

GO1 20   14.863 

Sig.  1 1 1 

Means for groups in homogeneous subsets are displayed. 
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Table A24 Multiple comparison of surface adhesion force of the GO/Ag-coated NiTi 

alloys. 

(I) Type (J) Type 
Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower 
Bound 

Upper 
Bound 

GOAg1 GOAg5 11.975* 1.1693 .000 9.036 14.914 

GOAg10 6.264* 1.1693 .000 3.325 9.203 

GOAg5 GOAg1 -11.975* 1.1693 .000 -14.914 -9.036 

GOAg10 -5.711* 1.1693 .000 -8.650 -2.772 

GOAg10 GOAg1 -6.264* 1.1693 .000 -9.203 -3.325 

GOAg5 5.711* 1.1693 .000 2.772 8.650 

*. The mean difference is significant at the 0.05 level.   

 
 
Table A25 Multiple comparison showing subsets of surface adhesion force of the 

GO/Ag-coated NiTi alloys. 

Type N 

Subset for alpha = 0.05 

1 2 3 

GOAg5 20 3.357   

GOAg10 20  9.068  

GOAg1 20   15.332 

Sig.  1 1 1 

Means for groups in homogeneous subsets are displayed. 
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Table A26 Multiple comparison of surface adhesion energy of the GO/Ag-coated NiTi 

alloys. 

 (I) Type (J) Type 
Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence Interval 

Lower 
Bound 

Upper 
Bound 

GO1 GO5 .464* .061 .000 .31 .618 

GO10 .159* .061 .042 .001 .313 

GO5 GO1 -.464* .061 .000 -.618 -.310 

GO10 -.305* .061 .000 -.459 -.15 

GO10 GO1 -.159* .061 .042 -.313 -.001 

GO5 .305* .061 .000 .15 .459 

*. The mean difference is significant at the 0.05 level.  

 
 
Table A27 Multiple comparison showing subsets of surface adhesion energy of the 

GO-coated NiTi alloys. 

Type N 

Subset for alpha = 0.05 

1 2 3 

GO5 20 .228   

GO10 20  .533  

GO1 20   .692 

Sig.  1 1 1 

Means for groups in homogeneous subsets are displayed. 
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Table A28 Multiple comparison of surface adhesion energy of the GO/Ag-coated NiTi 

alloys. 

(I) Type (J) Type 
Mean Difference 

(I-J) Std. Error Sig. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

GOAg1 GOAg5 .474* .057 .000 .33 .617 

GOAg10 .128 .057 .090 -.015 .271 

GOAg5 GOAg1 -.474* .057 .000 -.617 -.33 

GOAg10 -.346* .057 .000 -.489 -.202 

GOAg10 GOAg1 -.128 .057 .090 -.271 .015 

GOAg5 .346* .057 .000 .202 .489 

*. The mean difference is significant at the 0.05 level.   

 
 
Table A29 Multiple comparison showing subsets of surface adhesion energy of the 

GO/Ag-coated NiTi alloys. 

Type N 

Subset for alpha = 0.05 

1 2 

GOAg5 20 .239  

GOAg10 20  .585 

GOAg1 20  .713 

Sig.  1 .090 

Means for groups in homogeneous subsets are displayed. 
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Table A30 Results of descriptive statistics of friction of the GO-coated and bare NiTi 

alloys. 

 N Mean SD Std. Error 

95% CI for Mean 

Min Max Lower 
Bound 

Upper 
Bound 

GO1 59 .022 .014 .001 .018 .026 .002 .040 

GO5 59 .013 .011 .001 .01 .016 -.011 .036 

GO10 59 .006 .005 .001 .004 .007 -.007 .020 

GOAg1 59 .023 .021 .002 .018 .029 -.022 .055 

GOAg5 59 .015 .013 .001 .012 .019 -.012 .035 

GOAg10 59 .006 .005 .001 .005 .008 -.006 .011 

NiTi 59 .061 .049 .006 .048 .073 .001 .145 

Total 413 .021 .028 .001 .018 .024 -.022 .145 

SD= Standard deviation, CI= Confidence interval, Min= Minimum and Max= Maximum 
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Table A31 Multiple comparison of friction of the GO-coated and bare NiTi alloys. 

   *. The mean difference is significant at the 0.05 level. 

  

(I) 
Substrates 

(J) 
Substrates 

Mean 
Difference 

(I-J) 
Std. 
Error Sig. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

GO1 GO5 .009 .004 .532 -.005 .023 

GO10 .016* .004 .016 .001 .031 

NiTi -.038* .004 .000 -.053 -.023 

GO5 GO1 -.009 .004 .532 -.023 .005 

GO10 .007 .004 .809 -.007 .021 

NiTi -.047* .004 .000 -.062 -.033 

GO10 GO1 -.016* .004 .016 -.031 -.001 

GO5 -.007 .004 .809 -.021 .007 

NiTi -.054* .004 .000 -.069 -.040 

NiTi GO1 .038* .004 .000 .023 .053 

GO5 .047* .004 .000 .033 .062 

GO10 .054* .004 .000 .040 .069 
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Table A32 Multiple comparison of friction of the GO/Ag-coated and bare NiTi alloys. 

(I) 
Substrat
es 

(J) 
Substrates 

Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence 
Interval 

Lower 
Bound 

Upper 
Bound 

GOAg1 GOAg5 .007 .004 .733 -.006 .022 

GOAg10 .016* .004 .012 .002 .031 

NiTi -.037* .004 .000 -.052 -.022 

GOAg5 GOAg1 -.007 .004 .733 -.022 .006 

GOAg10 .008 .004 .580 -.005 .023 

NiTi -.045* .004 .000 -.059 -.030 

GOAg10 GOAg1 -.0167* .004 .012 -.031 -.002 

GOAg5 -.008 .004 .580 -.023 .005 

NiTi -.054* .004 .000 -.068 -.039 

NiTi GOAg1 .037* .004 .000 .022 .052 

GOAg5 .045* .004 .000 .030 .059 

GOAg10 .054* .004 .000 .039 .068 
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Table A33 Multiple comparison showing subsets of friction of bare and coated NiTi 

alloys. 

Substrates 
N 

Subset for alpha = 0.05 

1 2 3 

GO10 59 .006   

GOAg10 59 .006   

GO5 59 .013 .013  

GOAg5 59 .015 .015  

GO1 59  .022  

GOAg1 59  .023  

Bare NiTi 59   .061 

Sig.  .488 .399 1 

Means for groups in homogeneous subsets are displayed. 
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Table A34 Results of viable cells of the bare and coated NiTi alloys. 

 

N Mean SD 
Std. 
Error 

95% CI for Mean 

Min Max 
Lower 
Bound 

Upper 
Bound 

Bare NiTi 
3 1.179E5 1240.534 716.223 1.148E5 1.210E5 

116522.2
2 

118744.
44 

GO1 
3 1.205E5 351.774 203.097 1.197E5 1.214E5 

120222.2
2 

120922.
22 

GO5 
3 1.217E5 363.850 210.069 1.208E5 1.226E5 

121333.3
3 

122033.
33 

GO10 
3 1.233E5 184.703 106.638 1.229E5 1.238E5 

123222.2
2 

123588.
88 

GOAg1 
3 1.206E5 491.030 283.496 1.194E5 1.219E5 

120255.5
5 

121222.
22 

GOAg5 
3 1.222E5 211.694 122.222 1.216E5 1.227E5 

122077.7
7 

122444.
44 

GOAg10 
3 1.236E5 288.246 166.419 1.229E5 1.244E5 

123366.6
6 

123922.
22 

Control 
3 1.248E5 413.705 238.853 1.238E5 1.258E5 

124522.2
2 

125300.
00 

Total 
24 1.218E5 2120.334 432.811 1.209E5 1.227E5 

116522.2
2 

125300.
00 

SD= Standard deviation, Std = Standard, CI= Confidence interval, Min= Minimum and 
Max= Maximum 
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Table A35 Multiple comparison of viable cells of the bare and the GO-coated NiTi 

alloys. 

(I) 
Groups 

(J) 
Groups 

Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound 
Upper 
Bound 

GO1 NiTi 2640.741* 444.347 .004 724.351 4557.131 

GO5 -1148.147 444.347 .495 -3064.536 768.242 

GO10 -2.800E3* 444.347 .002 -4716.39 -883.611 

Control -4.237E3* 444.347 .000 -6153.427 -2320.648 

GO5 NiTi 3788.888* 444.347 .000 1872.498 5705.278 

GO1 1148.147 444.347 .495 -768.242 3064.536 

GO10 -1651.854 444.347 .123 -3568.243 264.535 

Control -3.088E3* 444.347 .001 -5005.28 -1172.501 

GO10 NiTi 5440.742* 444.347 .000 3524.352 7357.132 

GO1 2800.001* 444.347 .002 883.611 4716.390 

GO5 1651.854 444.347 .123 -264.535 3568.243 

 Control -1437.037 444.347 .238 -3353.426 479.352 

Control NiTi 6877.779* 444.347 .000 4961.389 8794.169 

GO1 4237.038* 444.347 .000 2320.648 6153.427 

GO5 3088.891* 444.347 .001 1172.501 5005.28 

GO10 1437.037 444.347 .238 -479.352 3353.426 

*. The mean difference is significant at the 0.05 level.   
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Table A36 Multiple comparison showing subsets of viable cells of the bare and the 

GO/Ag-coated NiTi alloys. 

Different Groups N 

Subset for alpha = 0.05 

1 2 3 4 

NiTi 3 1.1795E5    

GO1 3  1.205E5   

GO5 3  1.217E5 1.217E5  

GO10 3   1.233E5 1.233E5 

Control 3    1.248E5 

Sig.  1 .356 .104 .181 

Means for groups in homogeneous subsets are displayed 
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Table A37 Multiple comparison showing subsets of viable cells of the bare and GO/Ag 

coated NiTi alloys. 

(I) 
Groups 

(J) 
Groups 

Mean 
Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound 
Upper 
Bound 

GOAg1 NiTi 2737.038* 444.347 .002 820.648 4653.428 

GOAg5 -1511.111 444.347 .192 -3427.5 405.278 

GOAg10 -3.000E3* 444.347 .001 -4916.389 -1083.61 

Control -4.1407E3* 444.347 .000 -6057.13 -2224.35 

GOAg5 NiTi 4248.149* 444.347 .000 2331.759 6164.539 

GOAg1 1511.111 444.347 .192 -405.278 3427.5 

GOAg10 -1488.889 444.347 .205 -3405.278 427.5 

Control -2.6296E3* 444.347 .004 -4546.019 -713.239 

GOAg10 NiTi 5737.038* 444.347 .000 3820.648 7653.428 

GOAg1 3000.000* 444.347 .001 1083.61 4916.389 

GOAg5 1488.889 444.347 .205 -427.5 3405.278 

Control -1140.740 444.347 .503 -3057.13 775.649 

Control NiTi 6877.779* 444.347 .000 4961.389 8794.169 

GOAg1 4140.74* 444.347 .000 2224.35 6057.13 

GOAg5 2629.629* 444.347 .004 713.239 4546.019 

GOAg10 1140.740 444.347 .503 -775.649 3057.13 

*. The mean difference is significant at the 0.05 level.   
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Table A38 Multiple comparison showing subsets of viable cells of the bare and the 

GO/Ag-coated NiTi alloys. 

Different Groups N 

Subset for alpha = 0.05 

1 2 3 4 5 

NiTi 3 1.179E5     

GOAg1 3  1.206E5    

GOAg5 3  1.222E5 1.222E5 1.222E5  

GOAg10 3    1.236E5 1.236E5 

Control 3     1.248E5 

Sig.  1 .142 .123 .205 .238 

Means for groups in homogeneous subsets are displayed. 
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