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TRIBOLOGICAL INVESTIGATION OF NICKEL TITANIUM SHAPE MEMORY ALLOY (NITI SMA) COATINGS
TUTY ASMA ABU BAKAR


Nickel titanium shape memory alloy (NiTi SMA) coatings demonstrate shape memory effects, superelasticity and excellent biocompatibility. It has been widely used in various applications such as in dentistry, orthopaedics and micro electro mechanical system. However, the application of NiTi SMA coating in the tribological field is still limited due to its low hardness and low wear resistance properties. In this study, the aim is to design a NiTi SMA coating structure with excellent mechanical properties and high wear resistance for tribological applications. The approach was undertaken by considering the potential of the Ni rich NiTi SMA precipitations and creating the TiO2 rutile layer onto the NiTi SMA structure so as to improve their mechanical and wear properties. The physical vapour deposition (PVD) sputtering technique is the most commonly used method for the production of amorphous NiTi SMA coating with various composition. This material is very sensitive to its process parameters and to the process-structure-properties relationship. Thus, the post-sputtering annealing process was successful in producing a crystalline Ni rich NiTi SMA coating with excellent mechanical and wear properties for tribological applications. The existence of a TiO2 rutile layer with a combination of the Ni rich NiTi SMA (Ni3Ti) and NiTi B2 parent phase within the annealed NiTi SMA coatings produced a significant improvement in the adhesion, hardness and wear resistance performance compared to the as-deposited NiTi SMA coating. The post-sputtered annealing process succeeded in increasing the adhesion and wear resistance of the NiTi SMA coating. The adhesion properties of the NiTi SMA coating increased with a critical load to failure of twelve times higher than the as-deposited NiTi SMA coating. The major enhancement of the adhesion properties significantly influenced the wear of NiTi SMA with a decrease in wear track morphology (wear width/wear depth) four times lower than the as-deposited NiTi coating. The post-sputtering annealing parameters and the coating thickness were shown to be the main parameters that affected the NiTi SMA coating properties. In this study, an annealing temperature of 600°C for a period of 30 minutes provided the optimum adhesion at a coating thickness of 2 µm. However, the optimum wear resistance for the same coating was achieved at a temperature of 550°C for a period of 60 minutes. The findings show the potential the post-sputtering annealing process has, in creating an excellent structure for NiTi SMA coating which demonstrate significant adhesion and wear resistance properties for tribological applications. 
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[bookmark: _Toc258233850][bookmark: _Toc271109193]Chapter 1. Introduction


[bookmark: _Toc258233851][bookmark: _Toc271109194]1.1. Motivation of the study 
Nickel titanium shape memory alloys (NiTi SMAs) are one of the smart materials that have attracted the attention of numerous researchers for many years due to its unique properties namely shape memory effects (SME) and superelasticity (SE) properties. It has been used mainly in micro electro mechanical system (MEMS) and medical applications. In MEMS applications, the NiTi SMA thin coating is used as a micro actuator due to its ability to recover large transformation stress and strain upon heating and cooling and is highly responsive in comparison to other types of actuators. However, the mechanical and wear properties of the NiTi SMA coating still possesses limitations even though high wear resistance is one of the basic requirements for MEMS applications [1]. 

The NiTi SMAs are being utilised as biomedical devices in medical applications. However, the high nickel content in this material often raises concern when used in medical applications. The release of nickel (Ni) from a NiTi SMA coating can cause side effects in patients, such as allergies and can also increase the toxicity within the body. Therefore, many surface modifications have been applied and studied to retard the release of the Ni and improve its corrosion resistance by depositing the TiO2 or TiN protection layers onto its surface [2-4].

The formation of TiO2 serves as a protective layer to prevent the release of Ni within the human body [5]. Furthermore, a TiO2 thin layer on top of a Ti coating can improve the wear resistance of a Ti coating [6]. A similar effect is expected when TiO2 is deposited onto the NiTi SMA coating as it provides the good adhesion and mechanical properties [6, 7]. In order to achieve this thin and stable layer of TiO2, the oxygen atmosphere must be properly controlled [5]. Thicker oxide layers can cause high tensile residual stress and high brittleness in the NiTi coating [5, 8]. As a result, the coating easily delaminates and possesses low adhesion properties. 

The NiTi SMA must have a high corrosion resistance when employed in medical applications, as well as good wear resistance for certain parts (like knee and hip implants) that involve sliding friction between two surfaces during operation. However, there are still some concerns with applying the NiTi SMAs in tribological applications because of its low hardness and low wear resistance. For example, the low wear resistance of the NiTi SMA coatings can cause severe damage such as ploughing defects forming along the ridges when this material is subjected to any scratches or wear [9]. To date, the wear behaviour of the NiTi SMA coatings is poorly understood and more research needs to be conducted to improve and to establish these properties.

This study involves two approaches to improve the mechanical and tribological properties of the NiTi SMA coating; either by enhancing the NiTi SMA coating itself or by applying NiTi SMA as an interlayer beneath a hard tribology coating. The wear enhancement in the NiTi SMA coating can be achieved by its excellent structure in combining Ni rich NiTi precipitations within the NiTi B2 parent matrix and a TiO2 rutile layer. For the latter approach, the NiTi SMA can be applied as an interlayer beneath hard TiN coating and its suitability is investigated in this study. The wear damage such as the pile-up of a soft NiTi SMA surface can be protected by a hard TiN coating.

A PVD magnetron sputtering system was used to deposit the NiTi SMA and the TiN coatings and a post-sputtering annealing process to produce crystalline NiTi SMA coating. NiTi SMA coating is sensitive to both processes and this provides the flexibility in controlling its composition and properties. Therefore, there are a wide range of possibilities that can be used to enhance the NiTi properties such as mechanical and wear performance.


[bookmark: _Toc271109195]1.2. Aim and objectives of the study
The aim of this study is to design a NiTi SMA coating structure that will demonstrate excellent mechanical properties with high wear resistance for tribological applications.

Thus there are four main objectives in this study:

i. To produce an amorphous NiTi SMA coatings using the PVD closed field unbalanced magnetron sputtering system
ii. To produce a crystalline NiTi SMA coating using the post-sputtering annealing process
iii. To investigate the possibility of applying the amorphous NiTi interlayer beneath hard TiN coating
iv. To investigate the possibility of applying the crystalline NiTi interlayer beneath hard TiN coating

Objective i & ii
The relationship between the phases and structure of the as-deposited and annealed NiTi SMA coatings on their mechanical and wear properties were assessed. The design of the NiTi SMA coating is shown in Figure 1.1.

 (
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[bookmark: _Toc261614365]
[bookmark: _Toc271104191]Figure 1. 1. Design of the NiTi SMA coating


Objective iii & iv
The suitability of the as-deposited/amorphous and crystalline NiTi SMA to be applied as interlayer beneath hard TiN coating is presented and discussed, again in terms of their mechanical and wear properties. The coating design is shown in Figure 1.2.
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[bookmark: _Toc261614366]
[bookmark: _Toc271104192]Figure 1. 2. Design of the NiTi SMA as interlayer beneath TiN coating


[bookmark: _Toc258233852][bookmark: _Toc271109196]1.3. Hypothesis of the study
[bookmark: _Toc271109197][bookmark: _Toc258233853]1.3.1. Development of NiTi SMA coating for tribological applications 
It was hypothesised that the precise control of the sputtering and the post-sputtering annealing processes would allow the formation of a crystalline Ni rich NiTi coating and the precipitations in the grain boundaries of the NiTi B2 austenite parent phase. The type of precipitation and the amount of precipitation can be controlled by the annealing temperatures and annealing times. The precipitation can contribute to the increase in the hardness and elastic modulus of the NiTi SMA coating [10, 11]. Therefore, the presence of precipitation is believed to contribute to the enhancement of the mechanical and wear properties of the NiTi SMA coating.

It was also hypothesised that a thin layer of TiO2 could increase the wear resistance of NiTi SMA coating. The high affinity of Ti with the residual oxygen in the vacuum furnace can thus be used to form a thin layer of TiO2. A combination of the optimum thickness of TiO2 layer and the presence of the optimum amount of precipitation in the crystalline B2 NiTi parent phase are believed to increase the durability of the NiTi SMA coating. Figure 1.3 shows the experimental plan for developing a wear surface applied to a NiTi SMA coating.





[bookmark: _Toc261614367]
[bookmark: _Toc271104193]Figure 1. 3. Schematic of hypothesis being targeted


[bookmark: _Toc258233854][bookmark: _Toc271109198]1.3.2. Application of the NiTi SMA as interlayer beneath hard TiN coating
It was also hypothesised that there is a possibility to use the amorphous and crystalline Ni rich NiTi SMA as an interlayer beneath a hard coating. Hard tribology titanium nitride (TiN) could improve the mechanical and wear properties of the NiTi SMA coating. In the case of a hard layer applied to a relatively soft substrate, impact and elasticity is an issue in tribological applications. However, new research now proposes to have a soft interlayer, preferably elastic which can absorb impact and possibly increase the wear resistance of the component. Hence, here lies the hypothesis for this research. 

[bookmark: _Toc271109199]1.4. Structure of the thesis
The thesis is arranged as follows: Chapter 2 (Literature review); provides information and the theory relating to the Shape Memory Alloys (SMAs), types of SMAs and properties of SMAs. This is followed by a review of the main SMAs, Nickel Titanium Shape Memory Alloy (NiTi SMA), production of NiTi SMA coating using a PVD sputtering process, post-sputtering annealing process for obtaining the crystalline NiTi SMA coating and finally the characterisation of NiTi SMA coating. At the end of this chapter a short review is conducted on the possibility of improving the wear resistance of NiTi SMA coating and the possibility of applying TiN hard layer on top of the as-deposited and the annealed NiTi SMA coatings, to improve their mechanical and tribological properties. The flow chart of chapter 2 is shown in Figure 1.4.




[bookmark: _Toc271104194]Figure 1. 4. Flow chart of chapter 2


Chapter 3 provides information on the experimental work, details of the coating process, the equipment used and the characterisation of the coatings. The first section of this chapter describes the preparation of the coating specimens prior to the coating deposition, coating process, coating design and the thermal treatment to alter the NiTi structure from amorphous to a crystalline structure. The last section of this chapter provides information on the procedures used to characterise the physical, structural, and mechanical properties of the coatings. The next chapter (Chapter 4 – Results) presents the results for each characterisation technique used, and Chapter 5 discusses in detail the results observed for each analysis. In this study, the results (chapter 4) and the discussion (chapter 5) are classified and presented within four categories:


(i)	As-deposited NiTi SMA coating characterisation (Section 4.3 & Section 5.1)
(ii)	Effect of post-sputtering annealing process on structure and properties of NiTi SMA coating (Section 4.4 & Section 5.2)
(iii)	Structure and mechanical properties of TiN coating with the amorphous NiTi interlayer (Section 4.5 & Section 5.3)
(iv)	Structure and mechanical properties of TiN coating with the crystalline NiTi interlayer (Section 4.6 & Section 5.4)

Chapter 6 presents the conclusions, the contributions and some recommendations for future work. The list of references and appendices are presented at the end of this thesis. Figure 1.5 shows the flow chart of the overall structure of the thesis.

[bookmark: _Toc261614368][bookmark: _Toc271104195]Figure 1. 5. Flow chart of the structure of thesis
[bookmark: _Toc271109200]Chapter 2. Literature Review


[bookmark: _Toc271109201]2.1. Introduction
This chapter introduces shape memory alloys and their main properties, nickel – titanium shape memory alloys, background issues related to the processing of NiTi SMA coatings and their structure-process-properties relationship, and a short review on the titanium nitride as a hard tribology coating and the stainless steel as a substrate. Finally, the two possible approaches to enhance the mechanical and tribological properties of the NiTi SMA coatings are discussed at end of this chapter.

[bookmark: _Toc271109202]2.2. Shape memory alloys (SMAs)
Shape memory alloys are considered smart materials as they have a reversible solid-state transformation typically known as martensitic transformation [12]. The SMAs can be any metals/alloys that have the ability to demonstrate this transformation by returning to their previous defined shape or size through heating. These materials typically exhibit excellent shape memory effect, superelastic properties [12] and biocompatible [1]. 

This category of intelligent materials can be used in various applications such as in the medical field [2, 13-15] and non-medical field [1, 16-18]. In the medical field, it was commonly used as self-expanding vascular stents, vena cava filters and wire for orthodontic applications due to its superelastic properties [14, 15]. The lower elastic modulus (E) of this material compared to titanium and stainless steel makes it desirable for use in orthopaedic and dental applications [15]. For non-medical applications, this material is widely used as micro devices in micro-electro-mechanical systems (MEMS) such as micro pumps [17], micro valves, micro grippers and micro switches [1, 17, 19]. The success of this material is due to its ability to generate large force and high displacement during its reversible martensitic transformation effect. Based on these specific applications, the SMAs can be used either as a bulk material or as a thin film/coating applied onto other substrate materials to exploit its performance [20-22]. Among the SMAs, the NiTi alloy is the most frequently used as a thin coating and typically deposited using PVD sputtering techniques [20, 21]. 

[bookmark: _Toc271109203]2.2.1. Types of shape memory alloys
Shape memory alloys are categorised as ferrous alloys or non-ferrous (copper based or nickel based) alloys. Ferrous systems involve a combination of iron and at least one of the following elements: manganese, silicon, chromium and nickel [12]. Examples of ferrous based systems are iron-manganese-silicon alloys and iron-chromium-nickel alloys [12]. Examples of non–ferrous based systems are copper alloys and nickel alloys. The copper alloy systems include copper-zinc alloys, copper-zinc-aluminium alloys, copper-nickel-aluminium alloys and copper-aluminium-manganese alloys [23-28]. The nickel alloy systems consist of nickel and other materials such as titanium, copper, niobium, palladium, aluminium, zirconium and hafnium [12, 28-31].

[bookmark: _Toc271109204]2.2.2. Main properties of shape memory alloys
SMAs have two unique properties namely: shape memory effect and superelasticity which are formed by the changes of the crystallographic structure of the SMAs during the solid state transformation process in response to mechanical and/or thermal loading [32]. SMAs have three phases namely a martensite (low temperature phase), R-phase (an immediate phase) and austenite phase (high temperature phase) [33-35]. The martensite transforms into austenite when the temperature increases (during heating) and the austenite transforms into martensite when the temperature decreases during cooling. In certain cases, the R-phase exists during cooling before the martensite is formed [33-36]. The formation of these phases is characterised by the following temperatures:

(i)	austenite start temperature (As) - the temperature from which martensite is transformed to austenite phase
(ii)	austenite finish temperature (Af) – the temperature that implies the completed transformation of the martensite to the austenite phase
(iii)	martensite start temperature (Ms) - the temperature from which the austenite is transformed to martensite phase
(iv)	martensite finish temperature (Mf) – the temperature that implies the completed transformation of the austenite to martensite phase
(v)	R-phase start temperature (Rs) – the temperature from which R-phase is transformed to martensite phase
(vi)	R-phase finish temperature (Rf) – the temperature that implies the completed transformation of the R-phase to martensite phase

The typical phase transformation of this material is shown in Figure 2.1. This figure shows a one-stage transformation during a heating process (martensite transforms to austenite) and a two-stage transformation during a cooling process (austenite transforms to R-phase and R-phase transforms to martensite).

[image: ]

[bookmark: _Toc271104196]Figure 2. 1. A typical phase transformation for: martensite (M), R phase (R) and austenite (A) [34]


(a) Shape memory effect
When the NiTi SMA is deformed in the martensite phase, it recovers to its initial shape after heating to above Af due to the martensitic transformation. This type of behaviour is called the shape memory effect and it is only successful if the deformation is below its critical stress. Figure 2.2(a) illustrates the martensitic transformations are due to a pseudo-shearing deformation, resulting from a deformation similar to slip and twinning in metals/alloys [33]. Figure 2.29(b) illustrates the comparison between the shape memory effect and the superelasticity.

[image: ]
(a)

[image: ]
(b)
[bookmark: _Toc271104197]Figure 2. 2. The shape memory effect of the SMA (a) and the comparison between the shape memory alloy and the superelasticity (b) [37]


There are two types of SMAs effects: (i) one-way shape memory and (ii) two-way shape memory [38]. One-way shape memory refers to the SMAs that demonstrate a shape memory effect only upon heating, while two-way shape memory refers to materials that demonstrate the same effect upon re-cooling [38, 39]. The material which has a one-way shape memory effect such as the annealed NiTi SMA, can recover to its original shape after heating to the austenite phase, but this material does not slip back to its deformed state after cooling [39]. SMAs either exhibit one-way or two-way shape memory effects depending on the alloy composition and processing parameters selected. 

(b) Superelasticity
Superelastic behaviour occurs when the materials are deformed at temperature above the austenitic finish temperature (Af) and recover to their original shape after the load was released (Figure 2.2b). Superelasticity effects are the result of stress-induced martensitic transformation [40, 41]. A large strain of several percent can be accommodated by this stress induced martensitic phase transformation process. This superelastic effect is important in applications which require structural elements with high energy storage capability and high strength [41].

[bookmark: _Toc271109205]2.3. Nickel–titanium shape memory alloy 
The nickel titanium shape memory alloys system is the most important shape memory alloys because of its superior biocompatibility, ductility and recoverable strain properties [1]. The NiTi SMA can contain various amounts of nickel and titanium. The transformation temperatures of the NiTi SMA greatly influence by its composition as shown in Table 2.1. Grant et al. [42] reported the high sensitivity of NiTi SMA coating on its transformation temperature. The transformation of the parent phase (B2) to monoclinic B19’ martensitic structure was greatly influenced by the nickel content [12]. The transformation temperature generally ranges from -40°C to 100°C [12]. The transformation temperature of the Ti rich NiTi SMA coating is above the ambient temperature and making it a suitable actuator in the ambient temperature. In contrary, the transformation temperature of the Ni rich NiTi SMA is below the ambient temperature and its application is limited in cold environments [35]. 
Many elements can be added to form a ternary nickel-titanium alloy such as copper, niobium, cobalt, aluminium or zirconium, to modify the transformation temperature and reduce the composition sensitivity [12, 28]. The examples of ternary nickel-titanium systems are nickel-titanium-copper alloys or nickel-titanium-niobium alloys [12, 28]. Miyazaki et al. [31] reported martensitic transformation temperatures of the ternary NiTi-X (X = Cu, Pd, Hf) was higher than that of the binary NiTi. Other work reported that the alloying of the NiTi SMA by substituting copper (1.3 at %) for example, was found successful to reduce the composition sensitivity of this material [28].

[bookmark: _Toc271104308]Table 2. 1. A summary of the transformation temperature of the NiTi SMA coatings [21, 34, 35, 43]
	NiTi Coating
Composition
	As 
(°C)
	Af 
(°C)
	Rs 
(°C)
	Rf 
(°C)
	Ms 
(°C) 
	Mf 
(°C)

	51.8Ni:48.2Ti
	0.6
	15
	8.1
	- 4.4
	-
	-

	49.5Ni:50.5Ti
	67
	96
	-
	-
	62
	28

	49.9Ni:50.1Ti
	80
	102
	-
	-
	-
	-

	49.5Ni:50.5Ti
	67
	79
	-
	-
	57
	35

	51.6Ni: 48.4Ti
	16
	28
	27
	  
	2
	



(Note: Nitinol has composition of 50.8% Ni and 49.2% Ti)


The alloying of NiTi SMA coating also affects its crystallisation temperature. Ramirez et al. [28] found that the crystallisation temperature of the NiTiCu (1.3 at. % Cu) SMA coating was similar to the pure NiTi coating. In contrary, the crystallisation temperature of the NiTiAl SMA coating (5.1 at. % Al) was reported to decrease compared to its pure NiTi SMA coating [44]. 

The martensitic transformation temperature determines the phase of NiTi SMA coating either martensite or austenite at the ambient temperature. Some basic mechanical properties of the NiTi SMA phase were investigated by Ghasemi et al. [45]. This study reported that the martensite phase was soft, more deformable with low strength and low wear resistance. However, the austenite phase was stiffer, rigid, highly wear resistant and possesses high pseudo elasticity [21, 45]. Fu et al. [34] also reported that austenite was stiffer than the martensite with an elastic modulus of 84 GPa and 60 GPa, respectively. 

[bookmark: _Toc271109206]2.3.1. Phase diagram
The physical properties of material are mainly determined by their composition and phases. Hence, it is important to understand the phase diagram of materials. The phase diagram of the binary NiTi SMA is shown in Figure 2.3. According to this phase diagram (Figure 2.3), the transformation of the NiTi B2 parent phase to the B19’ martensitic phase occurs around compositions approximately 48 – 57 at. % Ni. The precipitation of the Ni4Ti3, Ni3Ti2 and Ni3Ti phases are found to form in the Ni rich NiTi SMA region (> 50 at. % Ni). However, the Ni4Ti3 and Ni3Ti2 are intermediate phases and easy to transform to Ni3Ti at a higher annealing temperature or with longer annealing time [44, 46]. Therefore, most of the Ni4Ti3 is transformed to Ni3Ti [35]. 

The austenite B2 NiTi parent phase (CsCl) is stable at high temperature. An intermediate rhombohedral phase (R-phase) forms during the cooling process from the R-phase start temperature (Rs) followed by the martensite phase upon cooling below the martensite start temperature (Ms) [35]. The reverse phase transformations occur during heating. This study also reported the existence of precipitation of Ni4Ti3, Ni3Ti2 and Ni3Ti from the B2 parent phase during the ageing in the middle range temperature (between 550°C and 650°C) [33, 35]. For columnar NiTi SMA structure, Vestel et al. [47] reported that precipitation were mostly observed in columnar grains and their high intensity at the columnar interface. 

The present of residual oxygen during the coating sputtering deposition or the coating post-sputtering annealing processes cause an oxidation to occur. This minor oxidation can increase the formation of Ni3Ti and become a more preferred phase than the martensitic phase; Ni4Ti3 [48]. Other effects of the minor oxidation are the drop of martensite start temperature (Ms) and the introduction of large internal stresses in the coating [35, 49]. Therefore, to obtain the martensitic phase, B19’ (Ni4Ti3), it is necessary to carefully control the annealing process. For Ti rich NiTi SMA (< 50 at. % Ni), the precipitation phase is Ti2Ni as shown in Figure 2.3. The presence of the Ti2Ni precipitation was reported within this study [50-52]. 


[image: ]

[bookmark: _Toc271104198]Figure 2. 3. Phase diagram of a Ti - Ni alloy [53]


Figure 2.4 shows the formation of the Ni3Ti precipitates in austenite B2 NiTi parent phase observed using a TEM at high magnification, for a Ni rich NiTi coating (Ni60Ti40) [46]. Other study [33] reported the presence of Ni3Ti phase with the B2 parent phase when the NiTi SMA was heated at temperature of 545°C for duration of 30 minutes, investigated by high temperature in situ XRD. However, after cooling to room temperature, the peaks of Ni3Ti disappeared and were replaced by the martensitic phase B19’.
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[bookmark: _Toc271104199]Figure 2. 4. Bright field image of Ni3Ti precipitates in austenite B2 phase matrix at magnifications: 88600X and (b) 122000X [46]


[bookmark: _Toc271109207]2.3.2. Applications
(a) Applications in medicine 
In general, NiTi SMAs are used in medical devices due to their superelasticity, shape memory characteristic and its biocompatibility [13-15, 52]. These properties are utilised in internal and external biomedical devices [2, 13-15]. Duerig et al. [15] reported the use of NiTi SMA in medical applications and reviewed the important reasons for the success of this material. In terms of the application within the human body, surface properties and corrosion resistance are the most important factors that determine its biocompatibility. However, there are concerns with this material due to the possibility of the Ni been released into the human body [2, 3, 8, 13]. Therefore the barrier layer was deposited to impede the diffusion of Ni ions. TiN [52] and TiO2 [5, 13] have been used as barrier layers on NiTi SMAs using various methods. Both applied layers have proven to increase the corrosion and mechanical properties of the NiTi SMA [5, 13, 52]. 

(b) Application in MEMS
The ability to recover large transformation stress and strain upon heating and cooling, superelastic properties, high chemical resistance and biocompatibility are the important parameters that influence the use of NiTi SMA coatings in micro-electro mechanical systems [1, 17, 19]. The reversible martensitic transformation behaviour that occurs within this material is capable of generating significant displacements. The use of bulk NiTi SMA material as an actuator was found to demonstrate a slow response rate [18]. However, the application of NiTi SMA thin coatings has proved to significantly increase the response rate due to their surface-to-volume ratio effect [1, 18]. Therefore, a small amount of thermal mass of the NiTi SMA thin coating can reduce the response time and increase the speed of operation during a heating and cooling cycle. This feature provides a work output per unit volume higher than other kinds of actuators, like piezoelectric and magnetic actuators, which make the NiTi SMA coating a very promising material for MEMS devices [1, 32]. The actuator can perform a physical actuation such as push, move and place when it is heated by electron-beam or photon-beam instead of the traditional Joule heating [19]. Fu et al. [1] listed some basic characteristics for NiTi SMA that should be employed in this application. The requirements are as follows:

		(i)	low residual stress
		(ii)	high actuation speed
		(iii)	good adhesion
		(iv)	reliable shape memory effect
		(v)	wide range of working temperature
		(vi)	good wear and corrosion resistance
		(vii)	biocompatibility

[bookmark: _Toc271109208]2.3.3. Processing of NiTi SMA coating
A coating is a layer of material artificially deposited on the surface of another material (substrate) with the aim of obtaining similar properties of its bulk material. Many surface coating techniques can be applied to deposit a coating based on the process and the type of coating material used to deposit. A basic classification of the surface coating technique is shown in Figure 2.5.

Vapour deposition is one of the oldest techniques used for depositing thin coatings. In this process, a vapour is generated and then transported from the source to the substrate where it condenses to a solid coating. This type of deposition process can produce thin coatings with high purity and high adhesion. Coatings deposited by this method do not require any post finishing. However, there is a disadvantage to this method, as it incurs very high cost due to the requirement of a vacuum system. Based on Figure 2.5, there are three categories of vapour/gaseous process: chemical vapour deposition (CVD), physical vapour deposition (PVD) and ion beam assisted deposition (IBAD). 



[bookmark: _Toc271104200]Figure 2. 5. A basic classification of various surface coating techniques


The PVD techniques namely, sputtering [19, 36, 46, 54], cathodic arc ion plating [55, 56] and evaporation [33, 57] are generally used to produce a thin NiTi SMA coating. For thick NiTi SMA coatings, thermal spray techniques such as vacuum plasma spray, atmospheric plasma spray and high velocity oxy-fuel spray (HVOF) are favourable [58]. However, it has been shown that the PVD sputtering is the most important technique used in the deposition of NiTi SMA coatings [12, 19, 30, 39, 46, 59-61]. 

2.3.3.1. Physical vapour deposition sputtering technique
Physical vapour deposition (PVD) is an important technique for depositing a coating onto engineering components. The PVD technique uses a vapour (gaseous) transportation mechanism to deposit a coating from a source target in its chamber. Atoms or molecules of the solid source target are transported in the form of vapour through a vacuum and condensed onto a receiving substrate. This technique is very versatile due to its ability to deposit many types of coating materials depending on the source target makeup and the ambient gases added during the process. Therefore, the PVD coating can be a single/multilayer/composite coating or a combination of layers of these. The thickness of the coating can be varied from nano meters to micrometers. In addition, the PVD system is capable of depositing a dense coating at low deposition temperature [62]. This allow for the deposition of low melting temperature materials such as polymers compare to the CVD techniques and minimises the effect of heat on a substrate during the deposition process. 

The sputtering is the only technique that has succeeded in providing the shape memory effect similar to that of bulk NiTi SMAs [31, 33]. The properties of NiTi SMA deposited by sputtering and evaporation have been compared. The disadvantage of the evaporation technique is due to the evaporation rates that are not consistent as a result of the difference in vapour pressure [33]. Other techniques have reported some intrinsic problems such as non uniformity in coating composition and thickness, and low deposition rate [1]. 

A typical sputtering system consists of a sputter chamber, vacuum pumps, power supplies, sputtering targets, a plasma forming gas supply, a reactive gas supply, flow control system, a substrate table, a compressor and a water cooling mechanism [63, 64]. The main principle of this system (Figure 2.6) is to build up a vacuum in the chamber and provide argon as a plasma forming gas into the chamber. A high negative voltage is applied to the target to form dense glow discharge plasma. The highly energetic argon positive ions in the plasma bombarding the negatively charged target surface ejecting neutral atoms of the target which are then condensed onto the substrate surface to form a dense coating. The substrate is positioned in front of the solid target so as to intercept the flux of sputtered atoms. Both conductive and non-conductive coatings can be deposited using the sputtering system. In the case of depositing a non-conductive coating, the radio frequency (RF) potential is applied to the target. 

[image: ]
[bookmark: _Toc271104201]Figure 2. 6. Basic sputtering process [65]


The transformation temperatures of NiTi SMA are sensitive to the following factors [1, 70, 71]: 
(i)	coating composition and post-sputtering annealing treatment parameters
(ii)	sputtering condition such as target composition, cold/hot target, target power, argon gas pressure, coating deposition temperature and substrate bias

The effect of the sputtering condition and the post-sputtering annealing process on the properties of NiTi SMA coating will be discussed in detail in the following section.


(i) Effect of sputtering process on NiTi SMA composition
The composition of NiTi SMA coating is highly sensitive and thus greatly influences their overall properties and applications [32]. A small change in Ni content can cause large changes to the martensitic transformation temperature and properties of this material [12, 28]. When sputtering technique is used to produce NiTi SMA coatings, two main factors must be considered; target material and sputtering yield. Both factors strongly influence the final composition of the as-deposited NiTi SMA coating [12, 66]. Based on its final composition, the NiTi SMA coating can be categorised: Ti rich, Ni rich and a nearly equiatomic NiTi. 

(a) Target material
For depositing the NiTi SMA coatings, a few types of target materials can be used: 
(i)	a single NiTi SMA target with various compositions [31, 36, 60, 66]
(ii)	a combination of Ti and Ni targets [4, 67]
(iii)	a combination of NiTi and Ti targets [68, 69]

Targets can be used, either a cold or hot target. When a cold target is used during the sputtering process, the composition of the as-deposited NiTi SMA coating will not be similar to the composition of the target. A Ni rich NiTi SMA coating forms as a result of the high sputtering yield of Ni compared to Ti [36]. Thus, in order to produce near - equiatomic NiTi coating using a cold target, the target material needs additional Ti chips on the NiTi SMA target or two separate targets (NiTi target and Ti target) used to compensate the lack of Ti content [16, 19, 43, 50, 67]. The use of hot NiTi SMA target limits the loss of Ti and has proven to produce a similar coating composition compared to target used [1, 39, 72, 73]. 

(b) Sputtering yield
Sputtering yield is characterised by the ratio number of ejected target particles per incident particle, which is known as sputter yield (S). It depends mainly on the target species and the nature, energy and angle of incidence of the bombarding species. Sputtering yield is one of the most important parameters in the sputtering process, and different materials have different sputtering yields [36]. Due to this, the effect of this sputtering yield must be controlled during the NiTi SMA deposition as the sputtering yield of Ni is higher than that of the Ti [1, 36].

(c) Other factors which affect the NiTi SMA composition
There are a few other factors which affect the NiTi SMA composition during the sputtering process. Firstly, the power ratio applied to targets, in case of two separate Ti and Ni targets used. This factor has been reported capable of controlling precisely the composition of NiTi SMA coating for example, a high power is supplied to the Ti target to reduce the Ti depletion [67]. Secondly, the substrate target distance also affects the composition of NiTi SMA coating. Decreasing substrate – target distance increases the deposition rate and reduces Ti depletion [33]. Finally, the contaminations in the sputtering chamber also have a high impact on the composition and influence of the mechanical properties of NiTi SMA coating. Therefore it is important to limit impurities such as oxygen and carbon as both will deteriorate the composition and mechanical properties of the NiTi SMA coating. The presence of these impurities can be controlled using high purity target material and argon plasma forming gas, and also the high vacuum condition in the sputtering chamber. 

(ii) Effect of sputtering process on structures and properties of the NiTi SMA coatings
The sputtering process parameters have an effect on the structure and properties of the NiTi SMA coatings. Some of these important sputtering parameters are the deposition temperature, argon gas pressure, substrate temperature, substrate surface finish and substrate crystallographic plane [74].

(a) Coating deposition temperature & substrate temperature
A deposited NiTi SMA coating can be amorphous or crystalline in structure, depending on the coating deposition temperature. The sputtering deposition process at low temperature (approximately less than 300°C) produces an amorphous NiTi SMA coating [19, 32, 34, 39, 50, 67]. The amorphous structure of the NiTi SMA coating deposited at low temperature can be confirmed by TEM with the existence of halo ring in its diffraction pattern [36]. 

Low sputtering deposition temperature can also contribute to the formation of columnar structures and voided boundaries [75]. The voided boundaries can be due to the effect of argon pressure, deposition geometry and substrate surface roughness [47, 75]. When brittle deposits and cracks throughout the coating are found, this can be due to argon gas been entrapped in the NiTi SMA coating [32, 75]. 

If deposition is conducted at a high temperature, above its crystallisation temperature, a complete crystalline NiTi SMA coating can be obtained without using the post-sputtering annealing process [4, 21, 59]. For example, a crystalline NiTi SMA coating can be produced by heating the substrate at a temperature of 550°C [4] or 450°C [76] or above 400°C [77] depending on its composition. The NiTi SMA can also be deposited at a temperature of approximately 300°C to gain partial crystallisation followed by the annealing process at a higher temperature (e.g 500°C) for a short time to gain full crystallisation [60]. 

The grain size and the surface roughness of the deposited NiTi SMA were greatly influenced by the substrate temperature. It was investigated by Kumar et al. [54] by sputtering the NiTi SMA coatings at various substrate temperatures ranging from 350°C to 650°C. The grain size was found to increase with an increase of substrate temperature. A similar effect was found for the surface roughness which increased with increasing substrate temperature during the coating deposition.

(b) Argon gas pressure
The argon gas pressure has been shown to influence the surface morphology, grain size and surface roughness of a NiTi SMA coating [32, 68, 75]. Sanjabi et al. [67] found that the coating to be dense, featureless and smooth when it was deposited at low argon pressure, as the mean free path of ions were long and the energy loss due to small collisions. High argon gas pressure decreases the energy of the deposited atoms due to collision with argon ions and causes a low surface diffusion and develops a columnar structure [32, 36]. Extremely high argon pressure (> 1 x 10-2 mbar) during deposition can produce brittle NiTi SMA coating with some cracks [75]. The argon gas pressure also influences the surface roughness and grain size of the NiTi SMA coating. The effect of argon gas pressure on grain size and surface roughness of the NiTi SMA coating was investigated by Sunandana et al. [78]. Three different argon gas pressures were used: 1.3 x 10 -11 mbar, 1.3 x 10 -6 mbar and 1.3 x 10 -2 mbar in this investigation. The highest argon gas pressure of 1.3 x 10 -2 mbar produced the largest surface roughness (16.285 nm) and the biggest grain size (2.901 µm) whereas the lowest argon gas pressure produced the lowest surface roughness (1.169 nm) and the smallest grain size (0.0957 µm) [78]. In order to achieve optimal mechanical properties, the coating structure should not be columnar [31]. This can be achieved by depositing the coating at low processing pressure of argon gas, between 6.6 x 10 -4 mbar and 6.6 x 10 -3 mbar [31]. 

(c) Substrate surface finish
The substrate surface finish also influences the surface morphology and roughness of the deposited NiTi SMA [47, 76]. Vestel et al. [47] reported that the NiTi SMA coated onto stainless had a dull metallic shine appearance and its surface roughness was rough and similar with the stainless steel surface finish. This is due to the coating’s surface morphology mimics the substrate surface finish [47, 79].

(d) Substrate crystallographic plane
The crystallographic preferential orientation of the substrate also influenced the surface morphology of the deposited NiTi SMA. Liu et al. [76] reported this effect using atomic force microscopy (AFM) observations. The NiTi SMA surface morphology consisted of the big island groups (globular island with grooved boundaries). The NiTi SMA coating coated onto the silicon (1 0 0) consisted of big island groups with a diameter of 900 nm [76]. Each big island group contained a few smaller islands with a diameter between 150 nm and 300 nm. In contrast, the homogeneous large islands (approximately 200 nm - 250 nm) was observed when the NiTi SMA was coated onto silicon (1 1 1) [76]. The formation of these large islands with different sizes and various distributions greatly influenced the surface roughness of the coating. The homogeneous large islands can be attributed to lower surface roughness compared to large big island groups [76]. This is due to the various crystallographic preferential orientations producing different atomic packing densities and coating growth mechanisms. The term ‘island’ used here is not representative of grain size [76]. 

2.3.3.2. Post-sputtering annealing process
A post-sputtering annealing process is a common process carried out using various types of furnaces. This process must be carried out at a temperature above the NiTi crystallisation temperature (approximately between 450°C to 550°C) to obtain a crystalline structure [1, 35, 43]. Nucleation and crystallites formed during the crystallisation process at elevated temperatures. The crystalline structure is achieved due to atom densification and crystallisation during the post-sputtering annealing process [43, 68]. The crystallites nucleate on the surface and grow rapidly and laterally before extending inward to form columnar grains [47]. The nucleation process depends on the substrates’s surface roughness; as a smooth surface initiates the fast nucleation [47]. The annealing temperature and annealing duration are greatly influenced by the nucleation rate and crystallite growth velocity [51]. As a result, bigger grain sizes of NiTi SMA coatings are obtained at higher annealing temperature and annealing duration [51]. As the NiTi SMA coatings are sensitive to the post-sputtering annealing process [32, 80], hence, the precise control of the annealing parameters is important to ensure optimal properties for the annealed NiTi SMA coating. Some examples of annealing parameters used to crystallise the NiTi SMA coatings are shown in Table 2.2. 

A long-term annealing process may change the microstructure and introduce second phase segregation/precipitates [1, 35, 46]. Precipitation is easier to form in a crystalline coating [35], and precipitates are mostly located at the grain boundaries [39]. The measured size was 20 nm when the substrate was heated to a temperature of 600°C [39]. There are many types of precipitates that can be formed namely: Ni4Ti3, Ni3Ti2, Ni3Ti and Ti2Ni depending on the composition of the NiTi SMA coatings. For Ti rich precipitations; Ti2Ni has a face-centred cubic (FCC) structure and Ni rich precipitations; Ni3Ti has a close-packed hexagonal (CPH) structure [81].


[bookmark: _Toc271104309]Table 2. 2. Some examples of the post-sputtering annealing parameters used for the specific NiTi composition [35, 44, 51]
	Composition
	Annealing
Temperature (°C)
	Annealing
Duration
(minutes)
	Phases
Present
	Type of NiTi
SMA Coating

	51.7 Ni:48.3 Ti
	450/500/
550/600
	60
	B2 & Ni4Ti3
	Ni rich

	47.4 Ni:52.6 Ti
	450
	30
	B2 & Ti2Ni
	Ti rich

	51.1 Ni:48.9 Ti
	450
	30
	B2 & Ni4Ti3
	Ni rich

	51.6 Ni:48.4 Ti
	450
	60
	B2, Ni4Ti3 &
Ni3Ti
	Ni rich




NiTi SMA coating is sensitive to oxidation; therefore the post-sputtering annealing treatment processes are generally conducted under high vacuum condition [18]. Fu et al. [1] reported that the high vacuum condition should be lower than 10 -7 mbar whereas other work suggested other value, at 10 -5 mbar to prevent any oxidation occurring [46]. 

(i) Effect of post-sputtering annealing process on structure and properties of the NiTi SMA coating
The structure, physical and mechanical properties of NiTi SMA coatings are strongly influenced by the post-sputtering annealing parameters [32, 40]. Some of the important effects are described in this section.

(a) Surface topography
The post-sputtering annealing process can also alter the surface topography of the coatings [1, 43]. The surface topography of an annealed NiTi SMA is rougher than that of an as-deposited NiTi SMA [1, 36, 43, 50]. The increase in surface topography is due to the stress relaxation of the NiTi coating from the substrate interface where the residual stress is high [1]. The surface roughness trends to increase with an increase in annealing temperature [50]. This is due to the columnar structure grows independently or jointly, building up high mountains and deep valley effects; the density and height of the columnar structure increases with an increase in the annealing temperature [50]. 

(b) Grain size
The grain size of the annealed NiTi SMA coating was also found to increase with annealing temperature or annealing duration as the nucleation growth increases as a function of temperature [44, 51, 82]. The grain size of NiTi SMA coating can be measured by transmission electron microscopy (TEM), scanning electron microscopy (SEM) and atomic force microscopy (AFM). The SEM and AFM are more favourable when the NiTi grain size is larger than 0.2 µm [51]. 

(c) Precipitation
The amount of the precipitation has also been found to increase with annealing temperature [44, 46]. Hence, it is important to control the annealing process parameters in order to obtain an optimum amount of the precipitation within the annealed NiTi SMA coating for their specific applications. 

(d) Mechanical properties
The annealed NiTi SMA (Ni60Ti40) has been found to be harder and stiffer than the as-deposited/amorphous NiTi SMA coating (Figures 2.7 and 2.8) [46]. Based on these two figures, the hardness of the as-deposited and the annealed NiTi SMA were reported at 7.11 GPa and 8.42 GPa, respectively. The elastic modulus found were 138 GPa for the as-deposited and 150 GPa for the annealed NiTi SMA coating. Both the hardness and elastic modulus properties were found to increase with an increase in annealing temperature (Figure 2.8) [46]. Similar effect was reported by Zhang et al. [50] using a Ti rich NiTi SMA coating (Ni48.61Ti51.39). This study found that the hardness of the as-deposited and the annealed NiTi SMA coatings were 8 GPa and 16 GPa, respectively. However, studies by Cao et al. [44] and Mukherjee et al. [82] contradicted the finding stating that amorphous NiTi SMA coatings were harder than annealed NiTi SMA coatings. 

Many studies have reported the advantage of precipitation/second phase segregation on the hardness of NiTi SMA coatings [10, 46]. The precipitation of the Ni3Ti was found to be responsible for these high properties due to the nucleation and propagation of dislocations during the annealing process [46]. The annealing process also reduces the defect density within a NiTi SMA coating [46, 50].
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[bookmark: _Toc271104202]Figure 2. 7. Load versus displacement of the as-deposited NiTi and the annealed NiTi at maximum load: 250 µN (a) and 500 µN (b) (Insets: indentation profile of the annealed sample) [46]
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[bookmark: _Toc271104203]Figure 2. 8. Elastic modulus (a) and hardness (b) of the as-deposited and the annealed NiTi coatings [46]


2.3.3.3. Oxidation process 
Ti can naturally react with the atmosphere, to form an oxide layer. The formed oxide layer does not provide enough corrosion protection to its substrate. Therefore, many methods are used to form an oxide layer as a barrier protection onto Ti coatings or NiTi SMA coatings for various applications [3, 5-7]. Thermal oxidation is a very common method in increasing the oxide thickness on a metal surface (Ti) by exposing the material to an oxidizing atmosphere at a high temperature for a certain period of time [8, 83, 84]. The same technique was used to produce titanium oxide (TiO2) onto NiTi SMA coatings [8, 49, 85]. Other techniques namely the DC plasma oxidation [7], the dual plasma deposition technique [86] and the Fenton’s oxidation [46] were used to fabricate TiO2 layer onto the substrates as a protective barrier. 

(i) Thermal oxidation
The thermal oxidation treatment is conducted in an air environment at various temperatures. The formation of TiO2 was reported at these parameters:

· Gu et al. [85] reported that the thermal oxidation temperature ranges from 300°C – 800°C and a protective TiO2 layer was found to form at a temperature 600°C or higher. This study reported that small amount of nickel oxide (NiO) was observed at temperatures between 300°C and 400°C, and the concentration of Ni on the surface decreased as the oxidation temperature increased. However, Ni was not observed when the oxidation temperature between 600°C and 800°C due to the Ti being highly reactive to oxygen. The formation of TiO2 increased with temperature and increased the Ni content in NiTi coatings at the interface between the oxide layer and the matrix [85]. 

· Krishna et al. [6] reported using a thermal oxidation process applied to a Ti coating in an air furnace at various temperatures between 500°C and 700°C for 120 minutes. 

· Another study reported that the NiTi SMA exhibits different oxidation behaviours below and above 500°C [8]. An oxidation process below 500°C causes a slow oxidation rate and provides a Ni free protective layer and smooth surface morphology. The surface roughness was found to increase at a temperature of 600°C and turned into a porous structure when the temperature reached 800°C [8]. 

(ii) Titanium oxide
The formation of a uniform, stable and beneficial titanium oxide (TiO2) layer can be achieved by controlling the oxidation process and to avoid the formation of NiO [5]. The formed TiO2 oxide layers have different surface characteristics such as surface morphology, crystalline structure, grain size and surface roughness depending on their process parameters [85]. All these surface characteristics are greatly attributed to the properties of TiO2 and increase the Ti and NiTi SMA’s biocompatibility, corrosion resistance, hardness, adhesion and wear resistance [6, 7, 85-87]. 



(a) Structure and morphology
Titanium oxide (TiO2) can exist in different crystalline forms: anatase, rutile and brookite [88]. TiO2 can transform from amorphous to crystalline TiO2, anatase to rutile with an increase of temperature [88]. Anatase is a metastable phase with a tetragonal structure that transforms to rutile phase at higher temperatures (> 600°C) [6, 85, 88] as the rutile phase is more stable than the anatase. Gu et al. [85] found the existence of the anatase at 300°C and the rutile at 600°C or higher. Park et al. [84] reported that the anatase structure of TiO2 was found to exist at oxidation temperatures of 530°C and 600°C and a mixture of the anatase and the rutile structures at 700°C. However, the anatase structure was not detected at temperatures higher than 700°C [84, 85]. Other investigations found the rutile exists at temperatures lower than 700°C (Figure 2.9).

TiO2 rutile structures have good physical, chemical, mechanical and biocompatible properties [7, 86, 87]. Recently, it has been discovered that this rutile structure can demonstrate excellent wear properties due to optimum adhesion and hardness [6, 7]. The TiO2 is applicable to human implants and other medical devices due to its excellent biocompatibility [5, 87, 89]. The surface morphology of the TiO2 depends on its oxidation temperature [85] and a deposition technique used [89]. Small grain sizes of TiO2 (10 – 20 nm) were observed when the samples oxidised at low temperatures (530°C) and the grain was found to be more dense at 600°C [84]. The grain size of the TiO2 increased with increasing temperature [60, 84]. 
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[bookmark: _Toc271104204]Figure 2. 9. XRD patterns of the as-deposited Ti and the oxidised peaks [6]


(b) Mechanical properties
The hardness of TiO2 investigated by Huang et al. [7] was 11 GPa using the nano-indentation, which is consistent with other study [6] which found the hardness to range between 10 and 14 GPa. This study also found that the hardness and wear of oxidised Ti to vary depending on the oxidation temperature [6]. Huang et al. [7] also found the hardness of pure Ti with a TiO2 oxide layer fabricated by DC plasma oxidation to increase to about 70 % compared to pure Ti itself. Another study by Chu et al. [86] reported that the hardness of TiO2 increased with an increase of the oxygen partial pressure when it was deposited using the dual plasma deposition technique. The hardness of TiO2 achieved was 19 GPa at an oxygen partial pressure of 1.7 x 10-4 mbar [86]. The wear resistance of the Ti with the TiO2 also increased, due to the high adhesion of the TiO2 formed on a Ti pure substrate [7]. Another study [5] reported that the mechanical properties of TiO2 such as adhesion were affected by its thickness. 

[bookmark: _Toc271109209]2.3.4. NiTi SMA coating characteristics
As briefly discussed in the previous section, the composition of NiTi SMA coating has a significant impact on the overall performance of this material. As the composition is varied, depending on the processing and the post-sputtering annealing processes chosen, this greatly affects their structure and properties, such as: shape memory effect, superelastic, surface roughness, hardness, elastic modulus, adhesion and wear resistance. Therefore, the successful implementation of this material requires a good understanding of their relationship in processing, microstructure and properties.

(a) Coating composition and thermal characteristics
Both the crystallisation temperature and martensitic transformation temperatures can be determined using the differential scanning calorimetry (DSC) [35, 51, 67, 90] whereas the chemical composition of the deposited and the annealed NiTi SMA coatings can be determined by energy dispersive X-ray spectroscopy (EDX). It is important to determine the composition of the NiTi SMA coating (as discussed in the previous section) as the composition will affect its transformation temperature and properties.

(b) Phase analysis
X-ray Diffraction (XRD) is one of the most important methods for determining the phases present in samples besides providing other information such as: grain size, texture and crystallinity. In general, the use of XRD is restricted to crystalline materials, although some information can be obtained from amorphous solids. Phase identification using XRD is based on the unique diffraction pattern produced by each crystalline phase. The phases of a sample can therefore be determined by comparing the diffraction pattern with the compilation of standard patterns that have been developed for most known compounds by the Joint Committee of Powder Diffraction Society (J.C.P.D.S.). 

Diffraction is based on the optical interference produced when a monochromatic radiation crosses a slit, which has a comparable width to the radiation wavelength. Therefore, when the X-ray beam strikes the electrons of a crystalline material, the beam is scattered into many different directions, in the form of spherical waves. Most of the spherical waves cancel out in most directions through destructive interferences. However, the waves are added constructively in few directions which are specified by Bragg’s law:

n λ = 2 dhkl sinθ						(2.1)

where λ is the X-ray wavelength, dhkl is the distance between crystallographic planes, which produces the constructive interference (diffraction), θ is the angle between the X-ray beam and the crystallographic planes producing the diffraction and n is a natural number. 

In crystalline materials different crystallographic planes exist with different Miller indices (h k l) and so a number of angles would follow Bragg’s law. As the crystalline structure is unique for each material, the set of dhkl spaces is also exclusive. Therefore, no two crystals have the same diffraction pattern, and this technique fully enables the distinction of the different phases which are present in any crystalline material. Bragg’s law shows that in ideal conditions the diffraction is produced for discrete θ values. However, in practice and due to equipment limitations and sample imperfections the diffraction occurs in an angular interval around θ, which will broaden the peaks in the diffraction patterns.

For a NiTi SMA coating, the XRD pattern consists of a series of sharp peaks, the diffusion background and some additional peaks. The diffusion background represents the amorphous phase and sharp peaks represent the crystalline NiTi SMA phases [44, 91]. The amorphous NiTi SMA can be found as a broad hump at around 2θ equal to 42.5° [44]. For the crystalline NiTi SMA coating, the strongest peak can be found at 2θ  equal to 42.8° which identified the cubic structure of NiTi B2 parent phase (1 1 0) and other peaks of that of at 2θ  equal to 61.2° and 78.1° which represented the (2 0 0) and (2 1 1) crystal plane [44, 44, 49, 91, 91]. Many crystalline peaks can be obtained from the NiTi SMA coating such as the NiTi B2 parent phase, Ni4Ti3, Ni3Ti2, Ni3Ti and TiO2 based on the composition of the coating and its processing process condition [3, 8, 49]. A typical diffraction pattern of the NiTi SMA coating in oxidizing environment is shown in Figure 2.10. 
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[bookmark: _Toc271104205]Figure 2. 10. A typical diffraction of the NiTi SMA coating in oxidizing environment [49]


(c) Coating microstructure 
Microstructure is an important coating characteristic and depends on the main processing parameters such as the argon gas pressure, the substrate bias and the substrate temperature [71, 75, 78]. Amorphous coatings are denser than crystalline coatings especially when the crystalline coating is of columnar structure with the presence of pores between the columns [75]. The microstructure of the NiTi SMA coating can be examined using an optical microscopy, scanning electron microscopy (SEM) and field emission scanning electron microscopy (FESEM). 

In the SEM/FESEM, the used electron source/gun accelerates the electrons down the column towards the sample surface with a high energy. As the electrons emerge from the electron gun as a divergent beam, the condenser lenses, objective lenses and several apertures in the column converge and focus the beam on the sample surface [92]. A set of scanning coils deflect the beam in a scanning pattern over the sample surface. The beam exits from the column into the specimen chamber, which incorporates a stage for manipulating the sample and one or more detectors. The interactions between a high energy beam of electrons and the atoms of the sample produce signals which provide information about the surface of the sample such as topography and composition.

Three types of signals can be detected by the different detectors built into the SEM: the secondary electrons (SE), backscattered electrons (BSE) and characteristic X-rays. 

(i) Secondary electrons 
Secondary electrons (SE) are low energy electrons that are ejected from the k-orbital of the atoms of the sample by inelastic scattering interactions with the beam electrons [93]. Therefore, most of the emitted SE is produced over a few nanometers on the surface and these electrons provide surface topographical information and excellent topographical images.

(ii) Backscattered electrons (BSE)
BSE are electrons that exit from the specimen with high energy, including Auger electrons. BSE provides more in depth information than that of SE (~100 nm). Due to this reason, the BSE detector is less surface sensitive but it is better for the atomic number difference. Hence, BSE can give a good image contrast and brightness as the beam passes from a low atomic number of elements to a high atomic number of elements. The difference of the element atomic number demonstrates good contrast with a SEM image.

(iii) Characteristic X-rays
Another detector attached to the SEM is the X-ray detector for detecting the elements in the sample. There are two types of X-ray detectors use in the SEM: an Energy Dispersive X-ray Spectroscopy (EDX) and a Wavelength Dispersive Spectroscopy (WDS). Both detectors are used to produce an output signal that is proportional to the number of X–ray photons in the area under electron bombardment. EDX functions are to monitor and to count the incoming photons (X-ray) which is generated when the electrons beam removes an inner shell electron from the atoms of the sample. It caused a higher energy electron to fill the vacancy by releasing energy.

(d) Surface topography and roughness
The nature of the coating surface roughness is defined by the topography of its surface. The substrate surface topography and its roughness are important characteristics for deposited coatings as the coating tends to follow its substrate surface topography [47, 76, 94]. The surface roughness of coating can affect coating friction and its tribological properties [95]. There are two common terms for quantifying surface roughness; average roughness (Ra) and root mean square roughness (RMS). Several techniques can be used to measure a surface roughness. The selection of the ideal technique depends on the type and scale of roughness to be measured. 

The most common techniques used are the atomic force microscopy (AFM) and optical profilometry. Both AFM and optical profilometry are powerful techniques to accurately measure the surface topography and surface roughness of a material. The AFM is also called scanning force microscopy (SFM) and capable to provide a 3D topography of the surface [92]. The AFM suits both conductive and non-conductive sample surfaces as no current flow is applied in this measurement [93]. 

The AFM measures the local attractive or repulsive forces between a sample surface and a very sharp probe tip mounted on a cantilever beam with a constant movement [92]. This sharp probe tip is used to sense the sample surface. A tip is rastered over the surface of interest and the magnitude of the cantilever deflection is captured by a laser at the very end of the cantilever. The vertical deflection are recorded and displayed to produce an image. The piezoelectric tube can be used to control the raster scanning motion. In this technique, the tip can be held on the sample surface using two modes either in contact or non-contact. The contact mode uses the advantage of Van der Waal’s attractive forces as surfaces approach each other and provides the highest resolution. In non–contact mode, a vibrating probe scans the surface at a constant distance and the amplitude of the vibration varies by the changes found within the surface morphology. 

(e) Residual stress
Residual stress is very common in almost all deposited coatings and it is also known as an internal stress. The residual stress is the sum of growth stress (intrinsic stress) and thermal stress (extrinsic stress) as shown in Figure 2.11. One of the main methods can be used for measurement of residual stress is namely the XRD [96].

(i) Growth stress/Intrinsic stress
The growth stress/intrinsic stress in coatings resulting from a number of mechanisms related to lattice imperfection including: incorporation of atoms (e.g residual gasses) or chemical reactions, recrystallisation processes, microscopic voids and phase transformation [97]. Rapid solidification and intense bombardment effects during thin coating deposition process are the sources of lattice imperfection related mechanisms. It has been shown that intrinsic stresses in magnetron sputtered thin coatings can be significantly influenced by the deposition parameters such as deposition gas pressure, target to substrate distance, substrate bias voltage and substrate temperature, as all these strongly influence the kinetic energy of the species condensing onto the substrate [98-100]. Residual stress increases with higher negative bias voltage and/or lower gas pressure that generated lattice defects during the coating deposition [100]. This indicates that the generation of the lattice defects responsible for residual stress mainly depends on the energy of the incoming particles. 

Residual stress has been reported to increase with an increase in substrate bias voltage, reaching a maximum of 8.5 GPa at a bias voltage -150V and then decreases slightly [99]. The increase of residual stress with increased applied substrate bias voltage is due to a high ion bombardment energy occurred during atom deposition [99]. This leads to increase lattice distortion and disorder effects and causes a high strain distribution within the coatings [99]. After achieving maximum residual stress levels further increases the substrate bias voltage demonstrates a decrease of residual stress due to coating damage. Substrate properties can also influence residual stress including substrate surface roughness and substrate temperature during deposition [100].

Impurities can produce tensile or compressive stresses, depending on the atomic radius of these elements and the atoms substituted by them [100]. Therefore during the deposition of the coatings, argon incorporation can be responsible for the high residual stresses in the coatings. Alternatively, the magnetron sputtering technique itself has already created different kinds of lattice defects during the sputtering process due to its high energy kinetic of ions of approximately 100 eV [100]. 

(ii) Thermal stresses
The other component of residual stress is called thermal stress (also called extrinsic stress) familiar in coating deposition techniques. Thermally induced stress results from the physical and thermal property mismatch between the coating and the substrate when cooled to room temperature from the deposition temperature [99]. The various physical parameters of both coating and substrate can be listed as thermal expansion coefficients, elastic modulus, poisson’s ratio, thickness, thermal conductivity, temperature histories during deposition and cooling, and stress relaxation mechanisms [100]. 

From literature, the major component of the residual stress in the sputtered coatings comes from growth stress [98-100]. Usually the thermal stresses are neglected for approximation. But sometimes the thermal stress would also be significant if the coating deposition temperature or the mismatch of elastic and thermal properties of the coating and substrate materials is high. Therefore, the residual stresses in the sputtered coating cannot be regarded as entirely ‘growth’ in nature. Stress management has been an essential aspect in improving the coating performance. 








[bookmark: _Toc271104206]Figure 2. 11. Classification of stress in thin coating


The stress state in coatings is very complicated and can be a problematic issue related to their mechanical and physical properties. It can vary within the thickness of the coating [96, 101]. Residual stresses can be tensile or compressive depending on the process parameters used during the coating deposition. Residual stress can strongly influence coating quality and its performance since it is directly related to the other coating properties such as hardness, adhesion and wear resistance [99, 101, 102]. Residual stress increases the hardness [99] of the coating but excessive stress can reduce the adhesion between the coating and the substrate [101]. The compromise between the hardness and the residual stress has to be established for optimum performance. 

The strength of the coating system is governed by a number of variables [103, 104]: the thermal and elastic mismatch effect; the plastic flow stress of the metal; the relative substrate/coating thickness; the thickness of interlayer and the fracture resistance of the interface; and the flaw distributions in the coating and at the interface. Residual stress can give rise to deformation of coated samples by several relaxing mechanisms such as adhesive failure (delaminating at the interface) or cohesive failure (micro cracking) within the coating [98, 104-106]. These two mechanisms are very likely to occur because thin coatings on metal surface usually have poor adhesion. Near the edges, a complex stress state will be present, but away from the edges, this appears to a simple stress state where the stresses normal to the substrate and the shear stresses are zero [102, 103, 107].

The residual stress usually can be removed by annealing at a suitable temperature and for a sufficiently long time [108]. This process can alter the microstructure of the coating and lead to a shift in the peak position due to annealing temperature [108]. Conversely, it has been found that the annealing process can modify the state of the residual stress by converting the tensile residual stresses to compressive residual stresses [109]. The annealing process has been proven successful in modifying the residual stress if the coating thermal expansion coefficient is lower than that of the substrate [109]. However the residual stress depends on the difference in the thermal coefficient of expansion of the coating and the substrate. 

The evolution of the residual stress in the amorphous NiTi SMA during the annealing process was investigated by Fu et al. [68] (Figure 2.12). This study reported that the as-deposited NiTi SMA is in a compressive stress state at room temperature. The compressive stress gradually decreased when the temperature is increased due to relaxation of thermal stress [68]. After the crystallisation, the deposited NiTi coatings have tensile residual stresses due to the more compact ordering of the coating structure compared with the amorphous NiTi coating [39]. Increasing annealing temperature up to 600°C, increased the tensile stress and led to cracking of the coating during cooling possibly due to the large generation of intrinsic stresses [18]. The phase transition which occurs in some materials like NiTi SMA coating, may also cause the presence of intrinsic stresses. 







[image: ]

[bookmark: _Toc271104207]Figure 2. 12. Residual stress evolution for as-deposited amorphous NiTi SMA [68]


(f) Hardness
Hardness (H) is defined as a resistance of a material to shear stresses under local volume compression by a body made of a harder material. A high degree of cohesive energy and covalent bonding in a coating generally exhibit high intrinsic hardness. The hardness of coating depends not only on its bonding structure but also the way in which it is measured [110], load of indentation, its composition, microstructure, grain size, second phase segregations and substrate material [111]. To achieve high hardness, the grain size should be finer according to the Hall – Petch relation [11]:

H = Ho + k1 d -0.5							(2.2)

where Ho is an intrinsic hardness, H is the hardness of a coating, d is the grain size and k1 is the constant which is related to the shear modulus. The strengthening mechanism can increase the hardness by the formation of the precipitation/second phase segregation in the coating [46, 110]. The micro hardness and nano-hardness are commonly undertaken to evaluate coating’s hardness [111]. It is difficult to measure the mechanical responses of thin coatings compare to bulk materials. However, recently nano-indentation tests have shown to be a promising method to measure mechanical properties [4, 21, 50, 60] and superelastic properties [36, 44] of the NiTi SMA coating. It provides accurate measurements for various indentation loads, as a function of the indentation penetration depth. Two of the advantages of nano-indentation are as follows:

(i)	The coatings can be readily used without the necessity of peeling them off from their substrate
(ii)	The substrate does not affect the measurement as long as the indentation depth is less than the coating thickness

In tribological applications, the ratio of hardness and elastic modulus (E) have been shown to be more suitable parameters for predicting wear resistance than hardness alone. The influence of the ratio of hardness and elastic modulus (H/E) in increasing the wear resistance of the coatings has been reported [4, 11, 112]. Both hardness (H) and H/E are important factors in wear resistance, as materials with high hardness and high H/E will usually provide better wear resistance and adhesion [11, 113]. Due to this, it is believed that excellent wear resistance of NiTi SMA coating can be achieved by increasing its hardness (H), decreasing its elastic modulus (E) and increasing its adhesion properties. 

(g) Adhesion 
Adhesion is defined as the ability of the coating to remain attached to a substrate under required operating conditions. Adhesion is one of the most important properties of thin coating as it is a key factor for good mechanical properties. Coating adhesion depends on the microstructure at the interface region, coating deposition condition, post sputtering annealing condition and coating thickness. In PVD coating deposition, parameters namely, residual stress, substrate bias voltage, contaminations, interfacial bonding between the coating and the substrate, physical properties, surface roughness and the pre-plasma cleaning all affect the coating adhesion [79, 114]. Several measures have been taken to remove the organic or inorganic contaminants and plasma cleaning processes have been applied to remove the oxide layer prior to coating deposition, in order to obtain high coating adhesion. 

The scratch test still remains as one of the most successful methods in measuring the adhesion of the coatings. The minimum load at which an adhesive failure occurs is called a critical load (Lc) and it is representative of the coating adhesion [18]. The critical load is determined by means of an optical microscope or using an acoustic emission analysis [115]. The surface crack morphology generated by the scratch test can be classified by: (a) angular cracks, (b) parallel cracks, (c) transverse semi-circular cracks, (d) coating chipping, (e) coating spalling and (f) coating break-through as shown in Figure 2.13 [116]. 
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[bookmark: _Toc271104208]Figure 2. 13. Surface cracks generated in a scratch morphology [116]


(h) Tribology
Tribology is the design of a surface to reduce wear and friction. Wear takes place whenever one solid material is slide over the surface or is pressed against it. The process causes a material loss or material displacement. Wear is a complex process and involves many process mechanisms namely abrasive wear, adhesive wear, chemical, fretting and fatigue, and erosion (Table 2.3). Friction is the resistance to relative motion of two contacting bodies when moves relative to each other. It is a serious cause of energy dissipation. The degree of friction is expressed in terms of coefficient of friction (µ), which is the ratio of tangential or frictional force and normal force. Two modes of friction are generally observed: sliding and rolling friction. Traditionally, the friction between sliding surfaces are explained by the combined effects of adhesion between flat surfaces, ploughing by wear particles and hard surface asperity and asperity deformation. On the other hand, adhesion, micro slip, elastic hysteresis and plastic deformation are the major contribution for friction in rolling contact. A sliding contact passes through several stages of different frictional mechanism between the running-in period (initial period of sliding) and steady state period before ending the destruction or breakdown period. The coefficient of friction (COF) is not an intrinsic property of material and depends on a number of factors such as materials in contact, contact geometry, environment and surface conditions and the load parameters [117]. Coatings are deposited onto the surfaces to reduce wear and friction, thus are very important in tribological investigations.

[bookmark: _Toc271104310]Table 2. 3. Wear processes [109]
	Abrasive
	Removal of material from (and deformation of) at relatively soft surface when (relatively) hard material contacts (slides and roles across) it.

	Adhesive
	Removal of material of a surface by welding together and subsequently shearing of minute areas that slide (or roll) across each other under pressure. Sometimes the material transfers from one contact phase to another.

	Chemical
	Mechanical wear damage in present of significant chemical reaction(s), e.g. acid and sulphur containing fluid in contact with mechanical bearings (or similar moving contacting surfaces).

	Fretting & fatigue
	Wear mechanism between tight-fitting surfaces subjected to small relative oscillatory motion of extremely small amplitude. Normally accompanied by corrosion, especially of the very fine wear debris-fretting corrosion.

	Erosion
	Removal of material due to impact of solid particles.



[bookmark: _Toc271109210]2.3.5. Design of the NiTi SMA coating structure for tribological applications
To improve tribological properties of NiTi SMA coating, two types of approaches were used for the application. The approaches are:

(i) Development of oxide and second phase precipitation in NiTi SMA coating structure
The application of TiO2 (rutile structure) layer and second phase precipitation of Ni rich NiTi (Ni3Ti) within the annealed NiTi SMA coating is the first study approach to enhance the mechanical and wear properties of NiTi SMA coatings. The advantages of both phases (TiO2 and Ni3Ti) have been discussed in the previous section. The successful implementation of this approach however much relies on the post-sputtering annealing and oxidation process parameters, as the optimum layer/amount of TiO2 and Ni3Ti can demonstrate significant improvement [6, 7, 10, 46, 85]. Excess amounts of TiO2 and Ni3Ti phase can deteriorate the mechanical and wear properties of the annealed NiTi coatings [5, 8]. 

(ii) Development of NiTi SMA as an interlayer for hard coating 
The application of the amorphous and the crystalline NiTi SMA as an interlayer beneath hard TiN coating is the second method for investigating the possibility of the Ni rich NiTi coating used for tribological applications

A short review of TiN and stainless steel 316L
A short review of TiN as a hard coating and stainless steel 316L as a substrate are presented in this section.

(i) Titanium nitride (TiN)
Titanium nitride (TiN) is a compound that belongs to group IVB. TiN coatings exhibit very interesting properties, such as high hardness, high wear resistance, good chemical and corrosion resistance, thermal stability, chemical stability, and biocompatibility [52, 118-120]. This type of coating is commonly used as wear resistant coating and also for decoration purposes. The superior properties of TiN itself owes to the unusual bonding of TiN, which consists of two types of bonding: covalent bonding and metallic bonding [121]. The extreme hardness of TiN, high melting point and high thermal stability are due to the covalent bonding whereas the metallic bonding extracts the electrical and thermal properties of TiN [121].

Many techniques have been utilised to produce TiN coatings and the most common techniques used are the chemical vapour deposition (CVD) and physical vapour deposition (PVD), which enable researchers to produce various morphologies and crystallographic orientations of TiN by varying the vapour deposition process parameters [118, 122-124]. Magnetron sputtering PVD techniques have been used to produce TiN in industry for many years. The enhancement of the magnetron sputtering process using the closed field unbalanced magnetron sputtering configuration has improved the coating quality [63, 64, 125]. The physical, mechanical and tribological properties of sputtered TiN coatings were found to have strong correlations with the sputtering parameters such as deposition temperature, energy of ion bombardment, nitrogen gas pressure, substrate temperature, and substrate bias as discussed earlier in this chapter [122-124]. 

Hardness is one of the most important properties within TiN coatings. The high hardness (24.3 GPa) of this coating makes it suitable for tribological applications as it demonstrates a high wear resistance [126, 127]. However, many factors manipulate the wear properties of the TiN coating such as the microstructure, surface roughness, coating thickness, coating adhesion and residual stress [110].

Residual stress has a strong effect on other mechanical properties of TiN. Residual stress increases coating hardness but decreases the adhesion of the coating to the substrate. The reasons for the presence of the residual stress were discussed in Section 2.3.4(e). TiN adheres to a substrate, however the adhesion decreases with increased coating thickness due to the residual stress that developed in the coating during the deposition process [96, 101]. The introduction of a Ti bond layer beneath a TiN coating has been shown to increase the adhesion of TiN hard coating as well as controlling the sputtering process parameters [128]. 

The mechanical properties of TiN are strongly related to its crystallographic preferred orientation. The crystallographic preferred orientations for TiN can be (1 1 1), (2 0 0) and (2 2 0) depending on the process parameters [129]. The TiN with (1 1 1) preferred orientation demonstrates the highest hardness compared to (2 0 0) preferred orientations [39, 129].

(ii) Stainless steel 316L
Stainless steel 316L possesses an excellent corrosion resistance and biocompatibility [130]. Due to these properties, it has been used in various applications such as in biomedical, food and chemical engineering industries. A review of the recent development of stainless steel was reported by Lo et al. [131]. This excellent corrosion resistance is due to a native passive layer of Cr2O3 [132]. The addition of nickel causes the austenite structure to be maintained at room temperature. Thus, this kind of steel is known as austenitic stainless steel. However, their poor hardness and low wear resistance limit their applications, when good tribological properties are required [133]. A wide variety of surface modifications such as surface treatments and coating deposition processes have been applied to improve their hardness and wear resistance. Surface treatment processes include the ion implantation [134, 135] and plasma nitriding [136, 137]. Surface treatment processes can improve the mechanical and tribological properties of stainless steel 316L by enriching the near surface region with other elements such as nitrogen; in the case of plasma nitriding. Plasma nitriding promotes the formation of the so called S phase which exhibits a high level of hardness and good corrosion resistance [136, 137]. Hard tribology coatings such as the TiN and DLC, can be deposited onto the stainless steel 316L by PVD [138] or CVD [139, 140] techniques. 


[bookmark: _Toc271109211]2.4. Summary
This chapter discussed the background information relating to shape memory alloys and the nickel titanium shape memory alloy (NiTi SMA) coatings specifically. The properties of NiTi SMA have been described, and the sputtering process used to produce this coating was introduced. The current understanding of the effect of sputtering process and the thermal treatment (annealing and oxidation) on the properties of NiTi SMA coatings have been outlined. Some important characterisation techniques to characterise this material are discussed. Finally, the application of NiTi SMA coatings in the tribology field have been discussed based on the two approaches: redesign the structure of the NiTi SMA coating with the TiO2 layer and the Ni3Ti into the NiTi B2 parent phase and redesign the NiTi as an interlayer beneath hard TiN coating. Based on literature, it has been demonstrated that the NiTi SMA’s coatings have potential to be applied in the tribological field.



[bookmark: _Toc258233858][bookmark: _Toc271109212]Chapter 3. Experimental and Characterisation Techniques


[bookmark: _Toc271109213]3.1. Introduction
This study consists of the deposition of the two types of coatings: NiTi SMA coatings and TiN coatings with a NiTi SMA interlayer using the closed field unbalanced magnetron sputtering system. In this study, the amorphous and crystalline NiTi SMA coatings were produced and their application in tribology field was investigated. As the as-deposited NiTi SMA coatings were originally amorphous, a modification using the post-sputtering annealing treatment was performed to obtain crystalline NiTi SMA. The post-sputtering annealing treatment was carried out at various temperatures and times. This chapter will discuss the experimental work carried out and the characterisation techniques used to determine the coating structure and properties. 

[bookmark: _Toc258233860]In summary two kinds of substrates were used: stainless steel 316L and single crystal silicon (1 0 0). Section 3.2.1 describes the preparation of the stainless steel 316L. The coatings deposited onto the single crystal Si (1 0 0) substrates were used for the XRD and AFM characterisation purposes only. Following this, the deposition of the as-deposited NiTi SMA (amorphous based) coatings are presented. The post-sputtering annealing treatment of the as-deposited NiTi SMA coating samples carried out are described before depositing the TiN coating. As no previous work have been reported on the use of TiN hard coatings onto an amorphous and a crystalline NiTi SMA interlayer, the characterisation of these coatings were deemed to be a very important part of this study. Hence, the comprehensive characterisation of structural, physical, mechanical and tribological properties of the NiTi SMA coatings and the NiTi SMA coated with TiN hard layer using various techniques are presented and discussed in Section 3.3 of this chapter.



[bookmark: _Toc271109214]3.2. Experimental methods and procedures
[bookmark: _Toc258233861][bookmark: _Toc271109215]3.2.1. Substrate preparation for coating deposition and characterisation
The disc shaped stainless steel 316L samples used were 30 mm in diameter and 10 mm in thickness. The stainless steel 316L billet rods were cut using the CNC lathe machine (Cincinnati Hawk CNC Lathe) at Dublin City University. The substrates were mechanically ground and polished to produce a flat, smooth and mirror-like surface finish. The following substrate preparation stages were undertaken to complete the two main stages namely: the grinding and polishing for each set of samples. The process used was a semi-automated process and all the variables were fixed, to reduce any variation in results during the substrate preparation.

(i) Grinding
The grinding process was carried out using the Motopol 2000 Buehler machine. The stainless steel 316L substrates were prepared, up to 6 specimens at a time, using the sample holder provided. The removal of the machining effect and the outer layer of the specimens were conducted using different grades of silicon carbide papers (P60, P120, P240, P600, P800 and P1200) to obtain flat, smooth and clean surfaces.

(ii) Polishing
The grinding process produced a planar and smooth substrate surface with some fine scratches. These fine scratches were removed and a mirror-like surface finish produced during the polishing process. Firstly, the surface were polished using a Buehler TEXMET Perfoiert NAP cloth with a diamond suspension (Buehler) with different particle sizes (6, 3 and 1 µm) for 4 minutes per step. Secondly, the samples were polished using a Buehler Cheromet NAP cloth with 0.05 µm Masterprep suspension (Buehler) for 6 to 8 minutes until the fine scratches were removed. Finally, the substrate discs were cleaned in water and rinsed with acetone before they were dried using compressed air to prevent any water stains and marks on the prepared substrate surface. Smooth, clean and flat substrate surfaces are important to allow uniform coating thickness build up, to enhance the plasma interaction and increase the coating adhesion onto the substrate. The summary of the metallographic process is shown in Table 3.1.

[bookmark: _Toc271104327][bookmark: _Toc258233911]Table 3. 1. Summary of the metallographic procedure
	Process
	Surface
	Abrasive
	Lubricant
	Time
	Plate speed
(rpm)

	Grinding
	SiC paper
	P60
P120
P240
P600
P800
P1200
	Water
Water
Water
Water
Water
Water
	Until planar
5 min
5 min
5 min
5 min
5 min
	250
250
250
250
250
250

	Polishing
	TEXMET
Perfoiert cloth
	6 µm DS
3 µm DS
1 µm DS
	-
-
-
	4 min
4 min
4 min
	150
150
150

	Final Polishing
	Cheromet   cloth
	0.05 µm MPS
	-
   
	Until no fine scratches
	150


(Note: DS – Diamond suspension (Buehler); MPS – Masterprep suspension (Buehler)


(iii) Storage before coating deposition
Substrates were kept in a desiccant container before deposition. For samples left more than one month, the samples were polished again using 0.05 µm Masterprep suspension (Buehler) for 4 minutes, to remove any oxide layer formed, prior to loading in the sputtering system.

(iv) Ultrasonic cleaning
Ultrasonic cleaning is an effective way to remove grease, oil or any other contaminants that may be on the surface of a substrate. The ultrasonic waves create tiny gas bubbles through the liquid used and offering a vigorous scrubbing action, to clean the substrate surfaces. Thus, ultrasonic cleaning was carried out using trichloroethylene for 10 minutes and subsequently in acetone for 10 minutes. Then, the substrates were rinsed in de–ionised water for 3 minutes. Finally the substrates were dried via compressed air before loading in the sputtering system. If the loaded samples were contaminated, this can cause a longer pumping down process and also influence the final properties of the as-deposited coatings.

[bookmark: _Toc258233862][bookmark: _Toc271109216]3.2.2. Basic sputtering deposition process
As discussed in the literature, the sputtering process is one of the most common techniques used to deposit physical vapour deposition (PVD) coatings such as the NiTi SMA coating. The types of sputtering systems range from a simple direct current (DC) glow discharge sputtering to radio frequency (RF) sputtering. Different kinds of coatings can be deposited using the sputtering technique, depending on the target material and the gases used in the sputtering system. For the DC system, the target materials were connected to a DC power supply and a water supply was used to cool the hot targets during the operation. The size and shape of the target materials varies depending on the type of magnetrons that are installed in the sputtering system. The deposition chamber was first evacuated by the rotary pump from atmospheric pressure to a certain level of pressure (e.g. 10 -2 mbar) [63, 64]. Low pressure was evacuated in the chamber by the use of a diffusion pump (e.g. 10 -6 mbar) [63, 64].

Generally, the gases used are argon which acts as a plasma forming gas and other gases such as: nitrogen, oxygen and methane as a reactive gas for depositing the nitride, oxide and carbide coatings (TiN, CrN, TiO2, TiC and WC). Ceramic coatings are easily deposited using this sputtering technique depending on the target material used and the reactive gas flowing into the chamber during coating deposition. After pumping down to base pressure (2 x 10 -5 mbar) and backfilling the chamber with the plasma forming gas (argon), a negative voltage was applied to the target to initiate the plasma. The highly energetic argon positive ions in the plasma bombard the negatively charged target surface, to eject mostly neutral atoms of the target which are then condensed onto the substrate surface to form a coating. In this study, the sputtering PVD system used is shown in Figure 3.1. In this coating process, the substrates were biased to a voltage of - 50 V to bombard the growing film for obtaining a dense and adherent coating onto the substrates. The basic sputtering system has limitations in terms of low deposition rate. Hence, a modification of the system, by rearranging the magnetrons to produce a closed magnetic loop that has the capability to increase the deposition rate according to previous research [63, 64].
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[bookmark: _Toc271104209][bookmark: _Toc261614386]Figure 3. 1. DCU closed field unbalanced magnetron sputtering system


[bookmark: _Toc258233863][bookmark: _Toc271109217]3.2.3. Closed-field unbalanced magnetron sputtering (CFUBMS) system
The closed field unbalanced magnetron sputtering was constructed and arranged accordingly as shown in Figure 3.2. Each magnetron was fixed with an opposite pole from the adjacent magnetrons, to form a closed field of magnetic lines. This closed magnetic field produced dense plasma near to the target and as a result, high deposition rates were achieved in comparison to the usual basic sputtering arrangement.
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[bookmark: _Toc271104210]Figure 3. 2. Basic experimental set-up in closed field unbalanced magnetron sputtering [63]


[bookmark: _Toc258233864][bookmark: _Toc271109218]3.2.4. Main components of the sputtering system
The sputtering system was formed using several components; (i) vacuum chamber, (ii) high vacuum equipment, (iii) magnetrons with power supplies, (iv) substrate rotary table, (v) gas supply system, (vi) reactive gas controller and (vii) water cooling system. Details of each component (Figure 3.3) are described as follows:
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[bookmark: _Toc271104211][bookmark: _Toc250213010][bookmark: _Toc250213135][bookmark: _Toc257994736]Figure 3. 3. Schematic diagram of the sputtering system


(a) Vacuum chamber
The vacuum chamber was fabricated using non-magnetic AISI 304 stainless steel and contained a double skinned layer cylinder for a water cooling system. There were three main parts to the vacuum chamber: top plate, bottom plate and cylindrical wall. There existed a shutter and a plasma emission spectrometer ports on the top plate (with a dimension of 740 mm diameter x 25.4 mm thickness). The bottom plate had a similar dimension to that of the top plate. There were pressure gauge flanges, thermocouples fed through the flanges, a substrate table port, a high vacuum port, a backing line port and a water inlet/outlet port (for cooling the substrate table) attached to the bottom plate. The cylindrical chamber itself was 610 mm in height with 603 mm inner diameter. The features attached to the cylindrical wall were four magnetrons (closed field unbalanced arrangement), viewport, penning gauge port, pirani gauge port, gas inlet, venting line and water inlet/outlet line.

(b) High vacuum equipment
The standard high vacuum system consists of vacuum pumps, valves, gauges and vacuum lines. In this study, the pumps used were rotary pumps and diffusion pumps. The rotary pump (SD-700) evacuated the chamber to create a rough vacuum and the diffusion pump (Varian VHS-6) evacuated the chamber to create a high vacuum (~ 10 -6 mbar). There were also two pressure gauges used, the pirani gauge and the penning gauge. The pirani gauge measured the low vacuum pressure (above 10 -3 mbar). Two pirani gauges were used, one attached to the chamber wall and another one attached to the vacuum line. In contrast with the pirani gauge, the penning gauge was used to measure the high vacuum pressure (below 10 -3 mbar) in the chamber. The Edward Pirani/Penning Controller was used to display the output pressure reading from the penning and pirani gauges (Figure 3.1). Two type of valves were attached to this system namely the gate valve and the block valve. The gate valve was used to evacuate the chamber to a high vacuum and controlled the diffusion pumping cycle. The block valves (backing valve and roughing valve) were used to control the pumping sequences in the roughing and backing lines. Both block valves and the gate valve were pneumatically controlled and actuated by the main air compressor (~ 5 bar). 

(c) Magnetrons with power supply
The type of magnetron used in this project was a planar magnetron with aluminium housing (Teer Coatings UK). The target materials used were titanium (99.999 %) and nickel titanium (50Ni:50Ti at.%) with a dimension, 33.66 cm x 13.97 cm x 1.00 cm. Both targets were screwed onto the backing plates and the permanent magnets were placed directly behind the target plates. 
(d) Substrate rotary table (single - fold)
The single - fold rotary table enabled the production of a uniform multilayer/composite coating by rotating the rotary table during the sputtering process. The rotary motion was provided by a belt-driven external motor and the rotary shaft cooled by a Deublin rotary union. A high bias voltage was supplied to the substrate rotary table for the substrate biasing process and the plasma cleaning process. Therefore, the substrate rotary table required its own water cooling circulation, like the magnetrons and the cylindrical wall components. 

(e) Gas supply system
The gases used in this study were argon (Ar) and nitrogen (N2). Ar gas was mainly supplied for generating the plasma. N2 gas was used as a reactive gas to deposit TiN ceramic coating. A regulator was attached to both Ar and N2 cylinders to regulate the gases flow. A Mass Flow Controller (MFC) controlled the gas flow rate in the chamber. For both gases, a separate valve was used to control the gas flow to the MFC. Each MFC was electrically connected to a flow control unit. The flow control unit controls the gas flow rate by opening the respective valve. The gas flow rate was displayed in standard cubic centimetres per minute (SCCM).

(f) Reactive gas controller
A mass flow meter and a piezoelectric valve were attached to the gas power supply system for closed-loop control of the reactive gas during the reactive sputter deposition. The Reactaflo unit monitored the plasma emission and used it as a control signal for the reactive gas supply. Thus, the Reactaflo was used during the deposition of TiN coating. In order to achieve the correct stoichiometry of this coating, an optical emission intensity of titanium was observed and monitored. The advantage of using the optical emission spectrometer was the capability to rapidly control the fluctuation of the deposition process when the reactive gas was introduced into the chamber. 



(g) Water cooling system
Water cooling efficiency was important in the sputtering process as most of the components of the sputtering system involved high temperatures or high power/voltage which needed to be cooled during the operation. For example, the magnetrons which receive high power, required a cooling process to cool the targets that were attached to them. It is important to prevent the target from melting. The cylindrical chamber wall also needed to be cool, to prevent the melting of the ‘o-rings’, in the case of a long timely process. The rotary substrate table also required a water cooling system as mentioned in Section 3.2.4 (d). This water cooling system consisted of a Lauda UKT 1000 Cooler, laboratory water supply and a water pump (to raise the pressure of the inlet water). The water flow rate supplied to the system was approximately 7 l/min during coating deposition and the rate was reduced to 1 l/min when the system left at vacuum condition.

[bookmark: _Toc258233865][bookmark: _Toc271109219]3.2.5. Deposition of NiTi SMA and TiN coatings
In this study, the as–deposited NiTi SMA coatings were produced with thicknesses varies from: 0.5, 2.0 and 4.0 µm as shown in Tables 3.2 and 3.3. The crystalline NiTi SMA coatings were obtained using a post-sputtering annealing treatment conducted on the as–deposited NiTi SMA samples. Thus, two kinds of NiTi SMA coatings were produced: amorphous NiTi SMA and crystalline NiTi SMA (Table 3.2). Both types of NiTi structures were coated with a hard TiN coating, and a Ti bond layered onto stainless steel and silicon substrates (Table 3.3).









[bookmark: _Toc258233912]
[bookmark: _Toc271104328]Table 3. 2. Design of NiTi SMA coating for various thickness at the same bond layer (0.2 µm)
	Sample Code
	Inter/top layer
	Inter/top layer thickness

	N1
	Amorphous NiTi
	0.5 µm

	N1C
	Crystalline NiTi
	0.5 µm

	N2
	Amorphous NiTi
	2.0 µm

	N2C
	Crystalline NiTi
	2.0 µm

	N3
	Amorphous NiTi
	4.0 µm

	N3C
	Crystalline NiTi
	4.0 µm




[bookmark: _Toc271104329][bookmark: _Toc258233913]Table 3. 3. Design of amorphous and crystalline NiTi interlayer beneath the hard TiN coatings
	Sample Code
	Interlayer
	NiTi layer thickness
	Interlayer description

	T1
	Ti
	0.0 µm
	No NiTi interlayer

	T2
	Ti - NiTi
	0.5 µm
	Amorphous NiTi

	T2C
	Ti - NiTi
	0.5 µm
	Crystalline NiTi

	T3
	Ti - NiTi
	2.0 µm
	Amorphous NiTi

	T3C
	Ti - NiTi
	2.0 µm
	Crystalline NiTi

	T4
	Ti - NiTi
	4.0 µm
	Amorphous NiTi

	T4C
	Ti - NiTi
	4.0 µm
	Crystalline NiTi



(Note: All coating designs included a 0.2 µm Ti bond layer and a 0.5 µm 
TiN coating)


All of the coating designs were applied to substrates using the magnetron sputtering in a closed-field arrangement (Figure 3.2). No external heater was used for controlling the substrate temperature. After achieving a base pressure of 2 x 10-5 mbar, the deposition pressure was fixed to 1.5 x 10-3 mbar by controlling the argon (plasma forming gas) flow inside the chamber. The substrates were then subsequently cleaned by the argon plasma with a voltage of - 350 V for 15 minutes. The target was also cleaned by applying small amount of current (0.2 A). The Ti and NiTi SMA targets were mounted opposite each other in the chamber (Figures 3.2 – 3.3) and activated during deposition depending on the type of coating to be deposited. The other two facing magnetrons with Ti targets acted as dummies to complete the closed magnetic field (Figure 3.2).

The opening and closing of the targets were manually controlled by shutters. The Ti bond layer was deposited from the Ti target (99.999%) in an argon ambient environment. The Ti target current was kept constant at 6 A while the deposition time to deposit the Ti bond layer with a thickness of 0.2 µm was about 6 minutes. The NiTi SMA target (50:50 at.%) was used to deposit the NiTi SMA coatings in an argon plasma ambient environment and the NiTi SMA target current was kept constant at 3 A. The time for the NiTi interlayer coating deposition was in the range of 25-210 minutes depending on the thickness of the interlayer acquired (0.5, 2.0 and 4.0 µm). The TiN coatings were deposited when the substrate passed in front of the Ti targets in a mixture of nitrogen and argon plasma environment. The nitrogen flow rate was controlled to form stoichiometric TiN by a Reactaflo reactive sputtering controller which monitored the Ti emission peak. The deposition time for the TiN coating was about 60 minutes to achieve a thickness of 0.5 µm. The parameters used for depositing NiTi SMA and TiN with/without NiTi interlayer are shown in Table 3.4 and Table 3.5 respectively.










[bookmark: _Toc271104330]Table 3. 4. Parameters used for depositing the NiTi SMA coatings
	Deposition
Process
	NiTi
	Coating
	(0.5µm)
	NiTi
	Coating
	(2.0µm)
	NiTi
	Coating
	(4.0µm)

	


	Bias
Voltage
	Target
Current
	Duration
	Bias
Voltage
	Target
Current
	Duration
	Bias
Voltage
	Target
Current
	Duration

	Plasma
Cleaning
	-350V
	0.2A
	15 min
	-350V
	0.2A
	15 min
	-350V

	0.2A
	15 min

	Ti layer

	-50V
	6.0A
	6 min
	-50V
	6.0A
	6 min
	-50V
	6.0A
	6 min

	NiTi layer

	-50V
	3.0A
	25 min
	-50V
	3.0A
	105 min
	-50V
	3.0A
	210min





[bookmark: _Toc271104331]Table 3. 5. Parameters used for depositing the NiTi with the TiN hard coating
	

	With
	NiTi
	Interlayer
	Without
	NiTi
	Interlayer

	Coating process
(thickness)
	Bias voltage
	Target current 
	Duration

	Bias voltage

	Target current
	Duration

	Plasma cleaning
	-350V
	0.2A
	15 min
	-350V
	0.2A
	15 min

	Ti 
(0.2 µm)
	-50V
	6.0A
	6 min
	-50V
	6.0A
	6 min

	NiTi SMA 
(0.5µm)
	-50V
	3.0A
	25 min
	-
	-
	-

	TiN 
(0.5µm)
	-50V
	6.0A
	60 min
	-50V
	6.0A
	60 min




[bookmark: _Toc258233866][bookmark: _Toc271109220]3.2.6. Post-sputtering annealing treatment process
The NiTi SMA was deposited onto the stainless steel 316L and silicon (1 0 0) substrates at various thicknesses: 0.5, 2.0 and 4.0 µm. The post-sputtering annealing treatment of the as–deposited NiTi SMA coatings was carried out to obtain a crystalline structure by heating the coatings in a furnace at different temperature and time. Five different annealing temperatures: 550°C, 600°C, 650°C and 700°C, and annealing times: 30 minutes, 60 minutes and 120 minutes were selected based on the crystallisation temperature of the as-deposited NiTi SMA coating, determined by DSC (Section 4.4.1). The furnace was attached with a rotary pump and argon gas flow to control the oxidation process. The samples were placed in the furnace, and heated at a rate of 5°C per min to the desired temperatures and hold for a specific period of time. Then the samples were left in the furnace to cool down slowly. The annealed coatings were characterised using XRD, SEM, AFM and other characterisation techniques as discussed in Section 3.3. The photo of the as-deposited and the annealed NiTi SMA samples (with a thickness of 2.0 µm) is shown in Figure 3.4.


[image: ]

[bookmark: _Toc271104212][bookmark: _Toc257994737]Figure 3. 4. Photo of the as-deposited and the annealed NiTi SMA coatings


[bookmark: _Toc258233867][bookmark: _Toc271109221]3.2.7. Cross–sections of the coated sample
In order to measure the coating thickness, coated NiTi SMA samples were sectioned using the Beuhler Abrasimet 2 Cut Off saw machine. The sectioned part was mounted using bakelite thermoset resin via a hot mounting process before undergoing the specimen preparation as described earlier (Section 3.2.1). The mounting process was carried out using the Simplimet 2000 Automatic Mounting Press Machine. The specimen and the thermoset resin were heated to 150°C, followed by a pressure of 290 bar for 6 minutes to produce the mounted sample.

[bookmark: _Toc271109222]3.3. Coating characterisation techniques
A great variety of characterisation techniques can be used to characterise a coating’s properties. The following section will review and describe the characterisation techniques that were used in this study.

[bookmark: _Toc258233869][bookmark: _Toc271109223]3.3.1. Structural, physical and chemical properties
The structural, physical and chemical properties of coatings were determined using the optical light microscopy (OM), SEM with energy dispersive X–ray (EDX), the atomic force microscopy (AFM) and the X-ray diffraction (XRD). Each procedure will be described in this section.

(a) Optical light microscopy (OM)
The surface morphology of the NiTi SMA and TiN coatings were examined using the Olympus inverted light microscope, to obtain images up to a magnification of 100X. The Beuhler Omnimet Enterprise image analysis software was used to manually measure the critical load of the coatings and the wear width produced by the pin-on –disk wear test using the feature measurement tool available in the software. 

(b) Scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDX)
A Carl Zeiss EVO LS15 SEM and LEO SUPRA FESEM were used to examine the microstructure and morphology of the coatings at a high magnification. The chemical composition of the analysed sample was measured using the Oxford Inca software. The compositions of the coatings were determined from the spectra of elements obtained in the EDX analysis. The following tasks were conducted using the SEM/FESEM: 
· To determine the chemical composition of the coatings and the substrates
· To observe the surface morphology and microstructure of the amorphous and the crystalline NiTi coatings and also the TiN coatings with an amorphous/crystalline NiTi interlayer
· To determine the coating thickness and to examine the coating growth and morphology using the cross-sectioned samples
· To evaluate the results of the Rockwell C adhesion test, the scratch test, the pull-off test and the pin-on-disk test of all coating samples as an extension to the optical observation

(c) X-ray diffraction (XRD)
The phase structure and the crystallographic planes of the coatings and substrates were evaluated using a Bruker D8 Advance X-ray diffraction system operating at 40 kV and 40 mA with Cu Kα radiation (λ = 0.15406 nm). Two scan speeds (10 second per step or 5 second per step) and two types of increments (0.02° and 0.05°) were used. In order to carry out the scan, a coated sample was attached on the X-ray sample holder plate using double sided tape. The measured XRD data was analysed using Diffract Plus software. The Bragg-Brentano and grazing incidence X–ray diffraction (GIXRD) geometries were used in this study. GIXRD was used to maximise the peaks from thin film coating due to its small penetration depth of X–ray. The angle of incidence can be varied to different angles to suit the depth of penetration required. The measured XRD data was analysed using Diffract Plus software. EVA software was used to analyse the XRD patterns obtained. Phase identification was performed using powder diffraction files of the Joint Committee on Powder Diffraction Standards (JCPDS) built into the EVA software. 

(d) Atomic force microscopy (AFM)
The surface roughness and topography of the coatings (Ra and RMS) were measured by the Veeco Atomic Force Microscopy. The images were recorded over scanned areas of 1.0 x 1.0 µm2 and 5.0 x 5.0 µm2. The scan rate used was 1.0 Hz with a resolution of 1024 x 1024 data points at room temperature. The AFM images were recorded in non-contact mode with silicon (phosphorous doped) cantilevers. The surface roughness value was then calculated by averaging ten measurements for each sample tested.

(e) Optical profilometry
Optical profilometry consists of a microscope, an interferometer, a detector array and electronic supports. The image analysis software was attached to this instrument to process the image. This software enables to produce the comprehensive three-dimensional view of the coating surface and do the measuring tasks such as to measure the wear width and wear depth of the wear sample. In this study, WYKO NT-1000 optical profilometry was used to measure the coating surface roughness and the wear parameters (wear width and wear depth) at a magnification of 10X. The phase shift interference (PSI) mode of the profilometer was used for the measurement. The surface roughness and these two wear parameters (wear width/wear depth) are important in investigating the coating’s wear properties.

[bookmark: _Toc258233870][bookmark: _Toc271109224]3.3.2. Thermal properties
Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) analysis of the as-deposited NiTi SMA coating was carried out in order to determine its crystallisation temperature. A measurement was conducted by measuring the heat into/out from the sample in relative to a reference temperature. During the measurement, two pans are placed in the DSC chamber, representing a sample (S) and a reference sample (R). Both have independent heaters and temperature sensors. The Tp (t) is set by the user and controlled by the instrument. The control system measures instantaneous temperatures of both pans (TS, TR) and compares them with the programmed value, (Tp). Subsequently, the system assumes that the energy instantaneous supplied to each sample is proportional to these increments of temperature, following this equation [141]:

Es = Ws (Ts – Tp) & ER = WR (TR – Tp)					(3.1)

where ES and ER are the heating energy supplied to each pan; WS and WR are the material constants. The DSC result graph shows the energy difference ∆E=ES - ER required to keep both pans at the programmed instantaneous temperature versus temperature or time. 

The DSC tests were performed using a Perkin Elmer DSC. The pan used was made of aluminium. A sample weight of 0.010 to 0.015 g was sealed in an aluminium pan and placed in the instrument alongside an empty aluminium pan (the reference pan). A heating rate of 10°C/min was used and the maximum temperature chosen was 600°C, in case of determining the crystallisation temperature. Each pan is then heated at a pre-determined and constant rate. The pan containing the sample will require a different amount of power to heat it at the same rate as the reference pan. This difference in amount of power to heat the sample is measured. The resulting plot of heat flow against temperature, gives the information about the melting and crystallisation. The transformation temperature of the crystalline NiTi coating can also be determined using the DSC using the temperature ranged from - 100°C to 150°C [43].

[bookmark: _Toc258233871][bookmark: _Toc271109225]3.3.3. Mechanical properties
(a) Hardness
(i) Nano–indentation test
The nano-indentation test was used to measure the mechanical properties of the coatings such as hardness (H) and elastic modulus (E). Penetration depth was maintained to be lower than one tenth of the film thickness in order to minimise the substrate influence on the measured properties. Data were collected using the depth-sensing technique using an indentation load between 3 mN to 10 mN to gain measurements at various penetration depths. The indenter was loaded at a specific rate to reach a pre-determine load. Once the maximum load was attained, it was held constant for 5.0 s before starting the unloading process. In this study, the nano-indentation tests were carried out using a CSM Nano Hardness Instrument. 


(ii) Micro hardness test
The micro hardness measurement was carried out using a Leitz Mini Load Micro Hardness tester. A square base diamond pyramid indentor with face angle of 136° was placed on the coating surface with a load applied of 245.2 mN (0.025 Hv). This hardness measurement was conducted as a preliminary test to compare the hardness of the different types of NiTi SMA coatings according to the diameter of the indentation imprint. The applied load creates a small indentation imprint on the surface analysed, which is subsequently measured under a SEM. 

(b) Coating adhesion tests
In order to assess and compare the coating adhesion for each coating design at different thicknesses, three different techniques were employed in this study: namely the Rockwell C adhesion test, the Scratch test and the Pull-off test.

(i) Rockwell C adhesion test
The Rockwell C adhesion test was used to qualitatively measure the coating adhesion. A Rockwell C indenter (120°) with standard load of 150 kg was employed. The coating adhesion was measured by comparing the indentation imprint with the standard scale as shown in Figure 3.5. According to the adhesion scale (Figure 3.5), HF1 refers to the best adhesion with a few crack networks and HF6 refers to the poorest adhesion with a complete coating delamination. This technique can only provide quick comparative measurement between samples by using the same load of indentation. Observations of the Rockwell C adhesion imprint profile were compared to this standard scale using the optical microscope and SEM. 

(ii) Scratch adhesion test
A Teer Coatings ST200 Scratch adhesion tester was used to quantitatively assess the adhesion between the film and the substrate. The scratch tester moved a Rockwell diamond stylus with a tip radius of 300 µm across the coated surface of a substrate at a constant velocity (10 mm/min). An increasing normal force was applied with a constant loading rate of 100 N/min. A starting load (normal force) of 5 N was used in order to identify the start of the scratch line and the test was stopped when the load reached 50 N or 100 N depending on the range of the sample adhesion. Four scratch tests per sample were performed in order to obtain an average of the lower critical load (Lc1) of the coating. The Lc1 refers to the first coating failure (cohesive failure). The Olympus inverted light microscope with the image analyser software was used to measure the critical load of the coated samples, to investigate the scratch adhesion morphology and to examine the failure mechanism. SEM was also used to further analyse the morphology of the scratch line. 
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[bookmark: _Toc271104213][bookmark: _Toc257994742]Figure 3. 5. Rockwell C adhesion quality scale from HF1 (best adhesion) to HF6 (poorest adhesion) [114]



(iii) Pull–off adhesion test
The pull–off test consisted of the machine apparatus which provides a tensile force to pull off a coating from its substrate. In this study, a Sebastian Five (Quad Group, Inc.) pull-off adhesion apparatus was used to measure the interfacial adhesion between the coating and interlayer/the interlayer and substrate. The pull-off test can quantitatively measure the adhesion force that is required to separate coating either adhesively or cohesively. This test allows one to measure directly the force or strength between the coating and the substrate. 

A pre-epoxy glued aluminium pull stud (2.7 mm diameter) was secured perpendicular to the face of the coated samples using a fixture. Both a pre-epoxy glued aluminium pull stud and the fixture were supplied by the manufacture (Quad Group). The coated sample and the pull stud fixture were heated at 150оC for 60 minutes to cure the epoxy. Then the samples were left to cool to room temperature before initializing the test. The fixture was removed and the coated sample was placed in the apparatus. The sample was then inserted into the pull off tester platen and gripped. The tests were conducted using a force limit at maximum point (scaling 4) and the force rate was kept at the middle scale setting (1814-2722 g/sec). When the load was applied, the pull stud was pulled down against the platen support until failure occurred. The instrument recorded the highest value of force applied before failure. This value indicated the bonding strength between the coating/interlayer or between the interlayer/substrate. To investigate and confirm what kind of failure occur, further analysis was required to determine the composition of the pull–off failure zone using the SEM with EDX apparatus. A schematic of the pull–off test is shown in Figure 3.6.
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[bookmark: _Toc257994744]

[bookmark: _Toc271104214]Figure 3. 6. A schematic of pull-off test
[bookmark: _Toc258233872][bookmark: _Toc271109226]3.3.4. Wear properties measurement
Tribological parameters of the coatings such as the specific wear rate, friction coefficient, wear depth/width and wear track morphology can be measured using a combination of a pin-on-disk wear instrument and other characterisation equipment such as optical microscopy, optical profilometry or/and SEM. In the current research, coefficient of friction of the tested sample was recorded using the pin-on-disk wear instrument, whereas the wear mechanism was investigated using the optical microscopy, optical profilometry and SEM. The optical profilometry showed a 3D image of the wear track morphology and also used to measure the wear depth/width of the wear track. 

The pin-on-disk wear instrument consisted of a tribometer and data acquisition system. A non lubricated condition which represents the extreme case of adhesive wear was selected for this study. The pin-on-disk wear apparatus uses a high torque drive motor to rotate a flat sample under a loaded wear pin. The wear pin is made from a tungsten carbide (WC). The wear pin creates a circular wear track at a set diameter over the test sample. 

The Equation used to measure the specific wear rate of the coated samples is shown in the both Equations (3.2) and (3.3) as follow [63]:


[image: ]										(3.2)


										(3.3)[image: ]




where r is a radius (mm) of the WC pin used, d is a depth of the wear track (mm), L is a normal load and N is a number of revolutions. The wear depth of the wear track was determined by the optical profilometry. The pin used was WC with a diameter of 5 mm. The setting of various wear track diameters allowed a few tests to be performed on one test sample. The same linear speed was used for all measurements by adjusting the rotational speed for each of the selected wear track diameter. The load was varied by adjusting the amount of dead weight that hung from the loading beam. 

The parameters used were as the following: linear speed (10 cm/s) and normal load (2 N). The morphology of wear tracks were observed using Olympus inverted light microscope and a Carl Zeiss SEM (Germany). The wear depth/width and 2D/3D images of the wear morphology were determined by Wyko NT-1000 optical profilometry. The specific wear rate was measured for the coated samples. The wear lifetime of the coated samples were defined by observing the point where the friction coefficient value raised abruptly compared to that of the substrate. 
[bookmark: _Toc258233873]
[bookmark: _Toc271109227]3.4. Summary 
The as-deposited NiTi SMA coatings were coated onto the stainless steel 316L and the silicon (1 0 0) substrates by the closed field unbalanced magnetron sputtering PVD system at various deposition times. Due to this, three different thicknesses of the NiTi SMA coatings were obtained, 0.5, 2.0 and 4.0 µm. The post-sputtering annealing process was conducted to crystallise the as-deposited NiTi SMA coatings and to modify their structures at different annealing temperatures and times. Finally the produced NiTi SMA coatings (as-deposited/annealed) at various thicknesses were deposited with the TiN hard coating using the same sputtering PVD system. The effect of the post- sputtering annealing process on the as-deposited NiTi SMA coating and the effect of the applied TiN hard coating on the properties of the as-deposited and the annealed NiTi coating were investigated using the comprehensive characterisation techniques. The coatings were characterised by the optical microscopy, SEM/EDX, XRD, AFM, optical profilometry, DSC, Rockwell C adhesion, Scratch adhesion, Pull-off adhesion test and Pin-on-disk wear test.



[bookmark: _Toc258233874][bookmark: _Toc271109228]Chapter 4. Results


[bookmark: _Toc258233875][bookmark: _Toc271109229]4.1. Introduction
The results of the experimental work carried out in this study are presented in this chapter. The discussion on these results will be discussed in Chapter 5. Firstly, the results from the characterisation of the substrate materials used, stainless steel 316L and single crystal silicon (1 0 0). Following these, the characterisations of the NiTi coatings and their applications as interlayer beneath hard TiN coating are presented as follows:

i. As-deposited NiTi SMA coating characterisation (Section 4.3)
ii. Effect of post-sputtering annealing process on structure and properties of NiTi SMA coating (Section 4.4)
iii. Structure and mechanical properties of TiN coating with the amorphous NiTi interlayer (Section 4.5)
iv. Structure and mechanical properties of TiN coating with the crystalline NiTi interlayer (Section 4.6)
[bookmark: _Toc258233876]
[bookmark: _Toc271109230]4.2. Substrate materials characterisation
The characterisation of the substrate materials is focused on confirming their composition, structure and crystallographic orientation using EDX and XRD.
[bookmark: _Toc258233877]
[bookmark: _Toc271109231]4.2.1. Stainless steel 316L
Figure 4.1 shows the EDX spectra of the stainless steel 316L. The observed peaks represented the elements present in the stainless steel 316L (Figure 4.1). The composition as measured by the supplier was: (wt. %): C (0.02 max), Ni (10.4), Cr (16.4), Mo (2.00), Mn (1.53), Si (0.69), S (0.02), P (0.02) and Fe (balanced).

Figure 4.2 shows the XRD patterns of the stainless steel 316L obtained with Cu Kα radiation using the Bragg-Brentano configuration between 2θ from 30° to 100°. The observed peaks represented the XRD pattern from the austenite stainless steel as indexed in accordance with the reference powder diffraction file (PDF) number 33-0397 (Figure 4.2). The preferential crystallographic orientation plane of this material was (1 1 1) at 2θ equal to 43.5°. Other crystallographic planes identified were: (2 0 0), (2 2 0), (3 1 1) and (2 2 2) at 2θ equal to 50.7°, 74.6°, 90.6°, and 95.9° respectively (Figure 4.2). 


[image: ]
[bookmark: _Toc257994757]
[bookmark: _Toc271104224]Figure 4. 1. EDX spectra of the stainless steel 316L
[bookmark: _Toc257994758]
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[bookmark: _Toc271104225]Figure 4. 2. XRD pattern and crystallographic planes of the stainless steel 316L (PDF 33-0397)


[bookmark: _Toc258233878][bookmark: _Toc271109232]4.2.2. Silicon type (1 0 0)
The coatings were also applied onto the silicon substrates for specific characterisation purposes. In this study, the conventional Bragg-Brentano configuration was used in analysing these substrate samples, the stainless steel 316L and the silicon (1 0 0). The XRD pattern of silicon substrate shown in Figure 4.3 demonstrated a single peak identified at 2θ equal to 69.2°. This peak was identified as a single crystal silicon type (1 0 0). 






[bookmark: _Toc257994759]
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[bookmark: _Toc271104226]                  Figure 4. 3. XRD pattern of the silicon substrate


[bookmark: _Toc258233879][bookmark: _Toc271109233]4.3. As-deposited NiTi coating characterisation
NiTi SMA coatings were deposited at various thicknesses: 0.5 µm, 2.0 µm and 4.0 µm using the closed field unbalanced magnetron sputtering system. The sputtering deposition time was controlled at 25 minutes, 105 minutes and 210 minutes to achieve the desired coating thickness. The characterisation of the as-deposited NiTi SMA coatings and the effects of thickness on their structure, physical and mechanical properties are presented in this section.

[bookmark: _Toc258233880][bookmark: _Toc271109234]4.3.1. Composition analysis 
The chemical composition of the NiTi SMA coating deposited onto the silicon substrate was determined using the EDX technique. The Ti and Ni peaks were clearly visible indicating the presence of titanium and nickel in the EDX spectra (Figure 4.4). Other elements were not detected in this material (Figure 4.4). The EDX analysis determined the following elemental compositions: Ni 52 ± 1 at.% and Ti 48 ± 1 at.% (n=5) in the as-deposited NiTi SMA coating. This composition showed that the as-deposited coating was Ni rich NiTi SMA. Higher content of Ni found in this coating was due to the higher sputtering yield of Ni compared to Ti when the stoichiometric NiTi SMA target (50Ni:50Ti at. %) was used during the sputtering deposition process.
[image: Tuty]
[bookmark: _Toc271104227][bookmark: _Toc257994760]Figure 4. 4. EDX spectra of the as-deposited NiTi SMA onto silicon (1 0 0)
[bookmark: _Toc258233881]

[bookmark: _Toc271109235]4.3.2. Phase and crystallographic planes 
[bookmark: OLE_LINK1]Figure 4.5 shows the XRD pattern of the as-deposited NiTi coating. The amorphous structure of the as-deposited NiTi SMA coating was shown by the presence of the broad peak at around 2θ equal to 42.5°. Other detected peaks were Ti and Si at 2θ equal to 37.2°and 69.2°. The first peak belonged to the Ti (1 0 0) peak representing the Ti bonding layer peak and the latter peak representing the single crystal Si (1 0 0) peak. 
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[bookmark: _Toc257994761][bookmark: _Toc271104228]Figure 4. 5. XRD pattern of the as-deposited NiTi
Figure 4.6 shows the XRD pattern of the amorphous NiTi SMA coatings at different thicknesses: 0.5 and 2.0 µm using the grazing incidence X-ray diffraction (GIXRD) configuration. An incidence angle of 1° was used and the X-ray scanning was performed between 2θ from 30° to 70°. Both coatings showed the amorphous structure with the presence of the broad peak at around 2θ equal to 42.5° (Figure 4.6). The relative intensity of the amorphous NiTi SMA broad peak increased with coating thickness. 

[bookmark: _Toc257994762][image: ]
[bookmark: _Toc271104229]Figure 4. 6. XRD patterns of the as-deposited NiTi SMA coating at two different thicknesses


The differential scanning calorimetry (DSC) result in Figure 4.7 supported the finding that the as-deposited NiTi SMA coating was amorphous (Figures 4.5 and 4.6). A glass transition and a crystallisation effect of this material were found to occur at a temperature of 350°C and 512°C respectively. This crystallisation temperature (512°) was obtained when the amorphous NiTi SMA free standing coating was heated at 10°C / minutes from 200°C to 600°C. The crystallisation temperature of the as-deposited NiTi coating must be determined before conducting the post-sputtering annealing process. This is important to ensure that the selected annealing temperatures were higher than its crystallisation temperature, in order to obtain a crystalline NiTi SMA. 
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[bookmark: _Toc271104230]Figure 4. 7. DSC of the as-deposited NiTi SMA


[bookmark: _Toc258233882][bookmark: _Toc271109236]4.3.3. Surface morphology and roughness
The surface morphology of the as-deposited NiTi SMA coating under the optical observation was shown in Figure 4.8. The coating deposited onto the 316L stainless steel substrate had a dull metallic shine and its surface morphology closely similar to that of 316L stainless steel substrate. The austenite grain boundaries clearly observed in the morphology of the amorphous NiTi SMA coating (Figure 4.8). This feature is one of the common characteristic of the austenite 316L stainless steel structure. Another common characteristic is a twin structure. However, it was not detectable in this case. Both characteristics are normally observed in the chemically etched stainless steel 316L samples. 





[bookmark: _Toc257994763]
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[bookmark: _Toc271104231]Figure 4. 8. Optical morphology of the as-deposited NiTi SMA coating at thickness of 4.0 µm (arrows show the austenite grain boundaries)


The 3D AFM observations in Figures 4.9 and 4.10 showed the surface morphology of the as-deposited NiTi SMA coatings at two different scan areas; big scan area (Figures 4.9a and 4.10a) and small scan area (Figures 4.9b and 4.10b). At the big scan area (5.0 X 5.0 µm2), the surface morphologies comprised of a sharp peak of valleys while at the small scan area (1.0 X 1.0 µm2), the observed coating morphologies comprised of a mixture of large and small island groups. The sizes of small and large islands were found to increase with increasing coating thickness (Figures 4.9b and 4.10b). The surface roughness of the coatings was determined by AFM analysis. The average surface roughness (Ra) of coatings coated onto the silicon (1 0 0) were, 2.83 nm, 2.54 nm and 1.94 nm for each of 0.5 µm, 2.0 µm and 4.0 µm thicknesses respectively. This finding showed an average surface roughness values (Ra) of the as-deposited NiTi SMA coatings at various thicknesses in the range of at about 2 to 3 nm. The coating surface maintained smooth with increasing coating thickness, probably due to the smoothness surface of the silicon substrate at about 0.2 nm. 

The obvious increment of the surface roughness of the coating is clearly demonstrated when the similar coatings deposited onto the stainless steel 316L substrates. The surface roughness of the as-deposited NiTi SMA coatings (with a thickness of 2.0 µm) were found to be approximately ten times (20 – 30 nm) higher than that of the silicon (1 0 0) as shown in Table 4.1. The increase in the surface roughness of the coating was due to the effect of the stainless steel 316L substrate which was rougher than that of the silicon (1 0 0). The rough surface morphology of the coating deposited onto the stainless steel 316L is shown in Figure 4.8. 

The 2D AFM images of the amorphous NiTi coatings deposited onto the silicon (1 0 0) in Figure 4.11 showed a similar morphology pattern with the 3D AFM images (Figures 4.9b – 4.10b). However the 2D AFM images (Figure 4.11) shows an obvious structure of small and big islands compared to the 3D AFM images. The 2D AFM images also show an increase in the size of the islands with increasing coating thickness. 










[bookmark: _Toc271104232]Figure 4. 9. AFM images of the amorphous NiTi coating (with a thickness of 0.5 µm) at different scan areas: (a) 5.0 x 5.0 µm2 and (b) 1.0 x 1.0 µm2

















[bookmark: _Toc271104233]Figure 4. 10. AFM images of the amorphous NiTi coating (with a thickness of 2 µm) at different scan areas: (a) 5.0 x 5.0 µm2 and (b) 1.0 x 1.0 µm2

[bookmark: _Toc271104352]Table 4. 1. Surface roughness measurement of NiTi coatings
	Sample/Thickness
	Ra (nm)
(n=5)
	Ra (nm)
(n=5)

	NiTi coating
	Coated onto Si (1 0 0)
	Coated onto 316L SS

	0.5 µm
2.0 µm
4.0 µm
	2.83 nm
2.54 nm
1.94 nm
	23.6 nm
21.4 nm
26.9 nm




The microstructure of the as-deposited NiTi SMA coatings observed at a high magnification using FESEM at various thicknesses: 0.5, 2.0 and 4.0 µm are shown in Figure 4.12. The microstructure were open structured, non dense, voids and contained fine cracks throughout. The fine cracks were more obvious in the thicker coating (4.0 µm). The formation of non dense microstructure with voids was believed to be due to the coating deposition process. Coating deposition parameters such as the substrate bias voltage, coating deposition pressure and substrate temperature affect the energy delivered to the growing atoms [71, 75, 138]. This energy controls the mobility of the as-deposited atoms and therefore, determining the final coating microstructure. The cracking throughout the coating surface and micro voids were probably due to the argon atoms entrapped into the coating surface and incur high compressive residual stress in the as-deposited coatings. 



















[bookmark: _Toc271104234]Figure 4. 11. 2D AFM images of the amorphous NiTi coatings at various thicknesses: 0.5 µm (a-b) and 2.0 µm (c-d), and two scan areas: 5.0 x 5.0 µm2 (a, c) and 1.0 x 1.0 µm2 (b,d)








































[bookmark: _Toc271104235][bookmark: _Toc257994764]Figure 4. 12. FESEM micrographs of the surface morphologies of the as-deposited NiTi SMA coatings at various thicknesses: (a) 0.5 µm, (b) 2.0 µm and (c) 4.0 µm
[bookmark: _Toc258233884][bookmark: _Toc271109237]4.3.4. Effect of coating thickness on adhesion of the amorphous NiTi SMA coating
(i) Rockwell C adhesion morphology
The Rockwell C adhesion morphologies of the amorphous NiTi SMA coatings at various thicknesses are shown in Figure 4.13. None of the coatings showed any plastic deformation around the Rockwell C indentation imprint due to their low toughness and low load bearing capacity properties (Figure 4.13). The adhesion of the 0.5 µm thickness sample (Figures 4.13a-b) showed better adhesion (HF2) compared to the thicker amorphous coating samples (Figures 4.13c-f). A large number of crack networks and delamination occurred around the Rockwell C indentation imprint of the coatings at a thickness of 2.0 µm (Figures 4.13c-d) and 4.0 µm (Figures 4.13e-f), representing an adhesion in the HF6 scale (poor adhesion). These results demonstrated that the amorphous NiTi coatings had Rockwell C indentation values in the range HF2 to HF6, indicating good to poor coating adhesion properties, and showed the deterioration of coating adhesion with increasing thickness.

(ii) Scratch adhesion morphology
For quantitative adhesion investigation, a scratch test was performed on all samples. The scratch line created on the NiTi SMA coating samples during the scribing of the diamond stylus from left to right with increasing the scratch load is shown in Figure 4.14. The adhesion of the coating was evaluated by determining the first failure point of the coating (CL1) in the scratch morphology, around and within the scratch line using the optical microscope. An example of calculation used to determine this critical load is presented in Appendix D. The critical load (CL1) decreased with increasing thickness. The first failure of the amorphous NiTi SMA with thicknesses: 0.5, 2.0 and 4.0 µm occurred at a lower critical load (n=5) of 15 N, 6 N and 3 N, respectively. The scratch track morphologies demonstrated the changes of the coating behaviour from ductile to brittle and the changes in behaviour were influenced by the coating thickness (Figure 4.14). The scratch track morphology of the coating with a thickness of 0.5 µm (the thinnest coating) was relatively smooth with no typical cracks along the scratch interface and chipped away at a higher critical load of 15 N (Figure 4.14a). When the coating thickness was increased to 2.0 µm, the coating became harder with the presence of chipping failure along the scratch track interface (Figure 4.14b). Increasing the coating thickness to 4.0 µm clearly showed a severe failure with no plastic deformation morphology and chipping along the scratch line (the thickest coating). The coating was found to delaminate at very low scratch loads (Figure 4.14c) due to the transformation behaviour to brittle in the thickest coating. The finding demonstrated that the hardness increased and the adhesion decreased with increasing coating thickness.

Both the scratch and the Rockwell C adhesion results showed the similar adhesion trend, that the adhesion of the amorphous/as-deposited NiTi SMA coatings deteriorated with increasing their thickness. 












































[bookmark: _Toc257994768]

[bookmark: _Toc271104236]Figure 4. 13. Optical Rockwell C adhesion morphologies of the amorphous NiTi coatings at various thicknesses: 0.5 µm (a-b), 2.0 µm (c-d) and 4.0 µm (e-f)
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[bookmark: _Toc271104237]Figure 4. 14. Scratch morphologies of the amorphous NiTi coatings and the average of Lc1 at different thicknesses by optical microscopy: (a) 0.5 µm, (b) 2.0 µm and (c) 4.0 µm 
[bookmark: _Toc271109238][bookmark: _Toc258233885]4.3.5. Effect of thickness on wear property of the amorphous NiTi SMA coating
The amorphous NiTi SMA coatings at various thicknesses (0.5, 2.0 and 4.0 µm) showed poor wear resistance when investigated using the pin-on-disk test. The graph of the coefficient of friction of the amorphous NiTi SMA coating (with a thickness of 2.0 µm) in Figure 4.15 showed the unstable profiles of coating friction coefficient and its high coefficient of friction value, approximately 0.7 at a steady state phase. A slight decrease of friction coefficient occurred approximately at a sliding time of 200 s (Figure 4.15). This reduction demonstrated a failure of the coating at a low sliding time due to the low adhesion bonding of the amorphous NiTi SMA coating, onto the stainless steel substrate (Lc1 = 6 N). The high fluctuations of the friction coefficient graph were believed due to the rough surface of the sample (Figure 4.15). 

The wear track morphologies of the amorphous NiTi SMA coating observed under the optical and SEM are shown in Figures 4.16(a-b). Both micrographs showed similar features for wear failure. The wear track morphologies were wide and had a deeper plough effect with a large plastic deformation rather than the cracking at the wear track interface. The deep ploughing demonstrated the effect of the delaminated coating had on the substrate (stainless steel 316L). The EDX analysis proved the existence of the following elements; Fe, Cr and Ni, represented the stainless steel elements within the wear track (Figure 4.16c). The delamination of the coating was due to the low adhesion properties of this coating (Lc1 = 6 N). The worst wear morphology was found in the thickest coating (4.0 µm) as the coating totally delaminated around the wear track and exposed the stainless steel 316L substrate (Figure 4.17). This severe wear failure in the thicker coatings (Figure 4.17) correlates with the coating adhesion which demonstrated the lowest coating adhesion properties (Lc1 = 3 N). 

Similar to the coating microstructure and adhesion properties, the wear resistance properties also deteriorated with increasing thickness. It is strongly believed that the coating microstructure and adhesion properties influenced the wear properties of this coating.
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[bookmark: _Toc271104238]Figure 4. 15. The friction coefficient of the amorphous NiTi coating with a thickness of 2.0 µm at sliding time 1000 s
[bookmark: _Toc257994772]















[image: ]
[image: ] (
( c )
)[image: ]









[bookmark: _Toc271104239]Figure 4. 16. Wear morphology of the amorphous NiTi coatings with a thickness of 2.0 µm under optical (a), SEM (b) observations and (c) EDX point analysis in the wear track
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[bookmark: _Toc271104240]Figure 4. 17. Wear morphology of the amorphous NiTi coatings with a thickness of 4.0 µm under optical observation













[bookmark: _Toc271109239][bookmark: _Toc258233888][bookmark: _Toc258233887]4.4. Effect of post-sputtering annealing process on structure and properties of NiTi SMA coating

[bookmark: _Toc258233890][bookmark: _Toc271109240]4.4.1. Phase and crystallographic planes of the annealed NiTi coating
The presence of sharp peaks in the XRD pattern in Figure 4.18 demonstrated that the crystalline structure was formed from the amorphous NiTi SMA coating. The XRD pattern of this annealed NiTi SMA sample deposited onto the silicon substrate exhibited the strongest diffraction peak at 2θ  equal to 42.8° which identified the cubic structure NiTi B2 parent phase (1 1 0). This phase was indexed in accordance with the reference powder diffraction file (PDF) number 18-0899 (J.C.P.D.S). Another peak of NiTi B2 parent phase was detected at 2θ  equal to 61.2° which represented the NiTi (2 0 0) crystal plane. 

The Ni rich NiTi SMA (Ni3Ti) was also detected in the annealed NiTi SMA coatings. The presence of a Ni3Ti phase (PDF number: 05-0723) was detected with peaks at 2θ  equal to 40.8°, 43.7°, 46.5° and 53.2°, corresponding to the Ni3Ti (2 0 0), Ni3Ti (0 0 4), Ni3Ti (2 0 2) and Ni3Ti (2 0 3) crystal planes respectively. The peaks from other types of NiTi phase were not detected in these annealed NiTi coatings. However, the peaks from the oxide phase (TiO2) were found. The presence of the TiO2 phase revealed the presence of oxidation during the post-sputtering annealing treatment process. The XRD peaks at 2θ  equal to 27.5° and 38.9° represented the peaks from the TiO2 phase (rutile – PDF 02 – 0494/21 - 1276) which corresponded to the TiO2 (1 1 0) and TiO2 (2 0 0) crystal planes respectively. TiO2 phase was believed to exist as a thin layer of oxide on top of the annealed NiTi SMA coating due to the high affinity of Ti with oxygen compared to Ni at a higher temperature. 







[bookmark: _Toc257994774] (
20
30
40
50
60
0
100
200
300
400
500
600
Ni
3
Ti
Ni
3
Ti
NiTi (200)
NiTi (110)
TiO
2
Ni
3
Ti
TiO
2
Two theta (°
)
Intensity (cps)
)
[bookmark: _Toc271104241]Figure 4. 18. The XRD pattern of the annealed NiTi SMA at 600°C / 30 min


Figure 4.19 shows the effect of the annealing time on the phase and structure of the annealed NiTi SMA coating. The XRD patterns of the annealed samples at 600°C for varying annealing times: 30 and 60 minutes were compared. Both XRD patterns detected the similar peaks of NiTi B2 parent phase, Ni3Ti and TiO2. The intensities of the detected peaks were found to vary with varying annealing time (Figure 4.19). Increasing the annealing time from 30 minutes to 60 minutes, increased the intensities of the Ni3Ti and TiO2 peaks. From this finding, the formation of the Ni3Ti precipitation increased over longer annealing times. Higher intensities of the TiO2 peaks were observed owing to the formation of a thicker layer of TiO2 at the top of the annealed NiTi SMA coating with increasing annealing time. In contrast, the crystalline NiTi B2 parent phase was found to decrease with increasing annealing time. This can be clearly seen in Figure 4.19. The sample annealed at an annealing time of 60 minutes (temperature of 600°C) showed lower intensities of the NiTi B2 parent phase for both peaks at 2θ equal to 42.8° and 61.9°. Thus longer annealing times (from 30 minutes to 60 minutes) causes some of the formed crystalline NiTi B2 parent phase to transform into Ni3Ti precipitates. In comparison with all the annealing parameters, the highest intensity of the crystalline NiTi B2 parent phase was found in the sample annealed at 600°C for a duration of 30 minutes (Figures 4.19 and 4.20).
[bookmark: _Toc257994775]
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[bookmark: _Toc271104242]Figure 4. 19. Comparison of the XRD patterns of the samples annealed at 600°C at different annealing times (thickness of 2 µm)


Figure 4.20 demonstrates the XRD patterns of the annealed samples at different annealing temperatures; 550°C and 600°C (at annealing time of 60 minutes) in comparison with the optimum annealing parameter (600°C for 30 minutes). All annealed samples produced the same peaks of NiTi B2 parent phase, Ni3Ti and TiO2. Increasing the annealing temperature from 550°C to 600°C, caused an increase of the NiTi B2 parent phase, Ni3Ti and TiO2 (Figure 4.20 - red line). The crystalline NiTi B2 parent phase (matrix) was found to increase at a temperature of 600°C due to the complete crystallisation process that was achieved at this parameter. The Ni3Ti and the TiO2 intensities were also increased with increasing annealing temperature. The oxidation increased with annealing temperature and increases the formation of TiO2 layer. The Ni3Ti precipitates also increased due to the increase of oxidation which induced the formation of these precipitates.
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[bookmark: _Toc271104243]Figure 4. 20. Comparison of the XRD patterns of the samples annealed at different temperatures and times (thickness of 2 µm)

[bookmark: _Toc258233891]
[bookmark: _Toc271109241]4.4.2. Microstructure and phase development of the annealed NiTi coatings
The microstructures of the annealed NiTi coatings at various annealing parameters are shown in Figure 4.21. A black dispersed phase (Ni3Ti – based on XRD findings) was distributed across all of the annealed NiTi SMA coatings except for the sample annealed at 550°C for a duration of 30 minutes (Figure 4.21a). Precipitation was not observed at this parameter (500°C for 30 minutes) probably due to the annealed sample been only in a partially crystalline state which makes it impossible to grow precipitates. The highest Ni3Ti precipitation was found in the NiTi SMA sample annealed at a temperature of 550°C for 60 minutes (Figure 4.21b) and this correlates with the XRD result (Figure 4.20). Based on the XRD results, the precipitates from the crystal plane (0 0 4) is obvious in this sample (Figure 4.20 – blue line). The sample annealed at 600°C for 30 minutes showed the lowest amount of Ni3Ti precipitates (Figure 4.21). The results in Figure 4.21 showed the effect of the annealing parameters on crystallinity of the NiTi SMA coating and also the formation of the Ni3Ti precipitates. The amount of Ni3Ti precipitates in these annealed samples is believed to greatly attribute in their mechanical properties. The effect of Ni3Ti precipitation on the mechanical properties of the annealed NiTi SMA coating is presented in the following sections.
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[bookmark: _Toc271104244]Figure 4. 21. Surface micrographs of the annealed NiTi coatings: (a) at 550°C / 30 min, (b) at 550°C / 60 min, (c) at 600°C / 30 min and (d) at 600°C / 60 min (thickness of 2.0 µm)


The microstructure of the annealed NiTi SMA coatings at a high magnification was observed to have a rough and grainy morphology using the FESEM (Figure 4.22). From the EDX results (Figure 4.22c) the surface of the NiTi SMA coating after the annealing process at 600°C for 30 minutes contained mainly Ti and O. Ni was invisible from the EDX spectra, while the as-deposited NiTi SMA coating showed obvious existence of Ti and Ni (Figure 4.4). This finding implies that the formation of TiO2 layer occurred on the top of the annealed NiTi SMA coating as shown in Figure 4.22. The existence of the TiO2 layer was also proven by the XRD results presented in Section 4.4.1. It was also observed that a further increase in the annealing temperature and annealing time resulted in an even rougher surface with larger size of the oxide grains. 
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[bookmark: _Toc271104245]Figure 4. 22. Microstructure of the annealed NiTi SMA coating at 600°C for 30 minutes at two different magnifications (a-b) and EDX composition of the surface (c)


The effect of higher annealing temperature (at the same coating thickness, 2.0 µm) was investigated at a temperature of 700°C. The annealed coating was found to delaminate around the Rockwell C indentation imprint (Figure 4.23b) compared to the same sample annealed at a temperature of 600°C (Figure 4.23a). The Rockwell C indentation imprint of the sample annealed at 600°C for 30 minutes (Figure 4.23a) represented adhesion in the HF1 scale (good adhesion) while the other coatings annealed at 700°C for 30 minutes (Figure 4.23b) showed the worst adhesion level (HF6 – poor adhesion). The results thus show that the adhesion deteriorates at a temperature higher than 600°C. The annealed NiTi coating was found to crack throughout the surface (Figure 4.24). The formation of cracks is believed to have occurred during the cooling process from its higher annealing temperature, due to the tensile stresses increasing with the large generation of intrinsic stresses [5]. Figures 4.23b and 4.24 show that increasing the annealing temperature to 700°C decreased the adhesion of the annealed NiTi coating.
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[bookmark: _Toc271104246]Figure 4. 23. Effect of higher annealing temperature on the annealed surface, (a) 600°C for 30 minutes and (b) 700°C for 30 minutes
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[bookmark: _Toc271104247]Figure 4. 24. Micro cracks formation on the annealed NiTi surface at 700°C for 30 minutes


[bookmark: _Toc258233892][bookmark: _Toc271109242]4.4.3. Effect of post-sputtering annealing process on surface morphology and roughness of the NiTi coatings
The 3D AFM surface morphology of the as-deposited and the annealed NiTi coatings are shown in Figure 4.25. The surface morphology of the NiTi SMA coating exhibited sharp and deeper valleys over the large scan area (Figure 4.25a,c,e) and a mixture of large and small islands over the small scan area (Figure 4.25b,d,f). These morphologies were slightly similar to the as-deposited NiTi SMA coating at different coating thickness as presented in previous section (Section 4.3.3). The only difference was that the annealed NiTi coatings exhibited (Figures 4.25c-f) open and rougher surface morphologies with larger islands and deeper valleys compared to the as-deposited NiTi coatings (Figures 4.25a-b). 

The formation of nano-particles within the annealed NiTi SMA samples was clearly observed in the 2D AFM images (Figure 4.26b-c). The number of nano-particles increased with increasing annealing temperature. The XRD results (Section 4.4.1) and the microstructure evaluation (Section 4.4.2) proved that the nano-particles embedded onto the surface of the annealed NiTi SMA coating were the Ni3Ti precipitates. In this case, the Ni3Ti particles nucleated after the NiTi B2 parent matrix had crystallised during the post-sputtering annealing process. 

The surface roughness of the as-deposited and the annealed NiTi SMA samples were measured over a large scan area, 5.0 µm x 5.0 µm using AFM (Table 4.2). The results showed that the surface roughnesses of the annealed NiTi coatings were found to be greater (approximately 10 to 15 times) than the as-deposited/amorphous NiTi coatings. Amongst the coatings studied, the as-deposited NiTi coatings and the annealed NiTi coatings (which were annealed at an annealing temperature of 600°C for 60 minutes), exhibiting the lowest (Ra = 2.64 nm) and the highest (Ra = 35.90 nm) surface roughness respectively. The surface roughness of the annealed NiTi SMA was higher than that of the as-deposited NiTi SMA (Table 4.2). However, this surface roughness trend was not consistent amongst the annealed samples. The annealed sample with the highest amount of the Ni3Ti precipitation (500°C / 60 min) was found to show the lowest surface roughness, followed by the annealed sample at a temperature of 600°C for 30 minutes (Table 4.2). The amount and the distribution of the Ni3Ti precipitates are believed to affect their surface roughness. This is true according to the finding where the annealed coating with the highest amount of the Ni3Ti precipitates had the lowest surface roughness value (550°C / 60 min ; Ra = 16.39 nm).
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[bookmark: _Toc271104248]Figure 4. 25. AFM images of the as-deposited NiTi coating and the annealed NiTi coatings (both for 30 minutes) at scan areas, 5.0 µm x 5.0 µm and 1.0 µm x 1.0 µm, (a-b) the as-deposited NiTi coatings, (c-d) the annealed samples at 550°C and (e-f) the annealed samples at 600°C














[bookmark: _Toc271104249]Figure 4. 26. AFM images of the samples, (a) the as-deposited and treated (b) 550°C / 30 min and (c) 600°C / 30 min at coating thickness of 2 µm


[bookmark: _Toc271104353]Table 4. 2. Surface roughness measurement of the as-deposited and the annealed NiTi coatings by AFM (coating thickness of 2.0 µm)
	Sample
	Ra (nm)
(n=5)
	RMS (nm)
(n=5)

	As-deposited
	2.64
	3.30

	Annealed
550°C / 30 min
	25.60
	32.86

	Annealed
550°C / 60 min
	16.39
	20.80

	Annealed
600°C / 30 min
	21.42
	26.35

	Annealed
600°C / 60 min
	35.90
	36.40












[bookmark: _Toc258233893][bookmark: _Toc271109243]4.4.4. Effect of post-sputtering annealing process on the hardness of the NiTi coatings
The hardness of the coating is very important due to its influence on the wear properties of this material. As presented earlier, the post-sputtering annealing process produced crystalline NiTi SMA coating with a layer of TiO2 and a mixture of Ni3Ti precipitates and NiTi B2 parent phases. A preliminary study of the effect of these three phases with respect to the hardness properties was investigated using the micro hardness apparatus with a load of 245.2 mN (0.025 Hv). Due to nano-hardness apparatus access limitation, only the comparative hardness studies were conducted using the micro hardness apparatus.

The SEM images of micro hardness indentation imprint were shown in Figure 4.27. The diagonal length measurement of the indentation imprint and crack formation were investigated to compare the hardness of the as-deposited and the annealed NiTi SMA coatings. The micro hardness indentation circumferential crack was not observed in any of the measured coating samples (Figure 4.27). The results indicated that these coatings with a thickness of 2.0 µm still had a toughness and load bearing capacity properties. If the coating demonstrates the circumferential cracks and radial cracks around the micro hardness indentation imprint, coatings are considered to have poor toughness and be very brittle.

The annealed NiTi SMA coatings (Figures 4.27b1-b2) showed higher hardness (qualitatively) compared to the as-deposited/amorphous NiTi SMA coatings (Figures 4.27a1-a2). A slight increase in hardness was found due to the influence of the Ni3Ti precipitates within the crystalline NiTi B2 parent phase and TiO2 layer in the annealed NiTi SMA coatings. Figures 4.27b1-b2 and Figures 4.27c1-c2 were compared to investigate the effect of the TiO2 layer on its hardness. This oxide layer was removed from the annealed samples by a polishing process. The hardness of the annealed NiTi SMA coating without the TiO2 layer (Figures 4.27c1-c2) was found to decrease with a slight increase of the indentation imprint image (softer surface) compared to that of the annealed NiTi coating with TiO2 layer (harder surface - Figures 4.27b1-b2). This finding supports the fact that the TiO2 influenced the hardness of the annealed coatings. 
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[bookmark: _Toc271104250]Figure 4. 27. Comparison of the microhardness indentation imprint of the as-deposited NiTi SMA (a1-a2), the annealed NiTi SMA at 600°C / 30 min (b1-b2) and the annealed NiTi SMA at 600°C / 30 min (removed the TiO2 layer)






[bookmark: _Toc271109244][bookmark: _Toc258233894]4.4.5. Effect of post-sputtering annealing process on the adhesion of the NiTi coating 
(i) Coating thickness of 0.5 µm
The Rockwell C adhesion morphologies of the annealed NiTi SMA coatings at various annealing parameters were found to slightly improve in comparison with the as-deposited NiTi coatings (Figure 4.28). However, amongst the annealed coatings, there were no obvious changes on their Rockwell C adhesion morphologies at a low magnification (Figure 4.28b-d). Further investigations at a high magnification (Figure 4.29) clearly showed the presence of fine cracks around the indentation imprint of the annealed NiTi SMA coatings (Figure 4.29). The selected annealing parameters were found to be not suitable at this coating thickness. This may be due to the fact that the oxidation is dominant in this case for thinner coatings (0.5 µm) and easily introduces a thicker layer of TiO2 onto the top of the annealed coatings. 











[bookmark: _Toc271104251][bookmark: _Toc257994781]Figure 4. 28. Optical Rockwell C adhesion morphology of (a) as-deposited, (b) annealed at 550°C / 30 min, (c) 600°C / 30 min and (d) 600°C / 60 min
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[bookmark: _Toc271104252]Figure 4. 29. Optical Rockwell C adhesion morphology of (a) annealed at 550°C / 30 min and (b) 600°C / 30 min


(ii) Coating thickness of 2.0 µm
The Rockwell C indentation imprint for NiTi coatings with a thickness of 2.0 µm at various annealing temperatures and times are shown in Figure 4.30. A major enhancement in adhesion was observed for all annealed samples (Figure 4.30) compared to the as-deposited NiTi coatings (Figure 4.13c-d) at similar coating thickness. The annealed sample at 550°C for 30 minutes showed a large number of fine cracks around the adhesion morphology interface (Figure 4.30a) and exhibited adhesion in the HF3 scale. Increasing the annealing time from 30 minutes to 60 minutes (for the same annealing temperature of 550°C) was found to improve the adhesion properties (Figure 4.30b). Other annealed samples (Figure 4.30c-d) also represented better coating adhesion in the HF1 scale as fine crack networks were not observed around the Rockwell C indentation imprint. The poorest adhesion properties of the sample annealed at 550°C for 30 minutes (Figure 4.30a) is believed to correlate with the XRD results (Section 4.4.1) and the microstructure analysis (Section 4.4.2), where the coating was not a fully crystalline structure and still exhibiting its amorphous behaviour. The amount and distribution of the Ni3Ti precipitates can also be seen in Figure 4.30b.
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[bookmark: _Toc271104253]Figure 4. 30. Rockwell C adhesion morphology of the annealed sample, (a) 550°C / 30 min, (b) 550°C / 60 min, (c) 600°C / 30 min and (d) 600°C / 60 min


The highest adhesion of the as-deposited NiTi SMA coating was achieved by post-sputtering annealing at 600°C for 30 minutes , (Figure 4.31) representing adhesion in the HF1 scale (good adhesion) compared to the as-deposited NiTi SMA coating in the HF6 scale (poor adhesion). Besides the high adhesion bonding, this annealed coating also showed high load bearing capacity with some toughness properties, as demonstrated from its adhesion interface morphology (Figure 4.31b).
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[bookmark: _Toc271104254]Figure 4. 31. Comparison of the Rockwell C adhesion morphology of the amorphous (a) and crystalline NiTi (annealed at 600°C / 30 min) at coating thickness of 2 µm (b)


Additional information was gained using SEM observations. These observations (Figure 4.32) demonstrated fine cracks at higher magnifications. The fine cracks were not observed for the samples annealed at 600°C for 30 minutes (Figure 4.32b). This showed that this annealing parameter represented the optimal annealing parameters for the coating with a thickness of 2.0 µm. Increasing the annealing time to 60 minutes showed the presence of fine cracks at the interface of the Rockwell C adhesion morphology (Figure 4.32d), thus the annealing time had a hardness effect, whereby at 30 minutes exposure, the hardness was still maintained with high adhesion. However, at 60 minutes annealing time, the hardness increased and started to deteriorate the coating adhesion with obvious crack formation. This correlates with the microstructure observation (Figure 4.21) where the content of Ni3Ti precipitates was higher in this coating (Figure 4.32d) compared to the coating annealed for 30 minutes (Figure 4.32b). This finding clearly showed the effect of the Ni3Ti precipitates in increasing hardness and decreasing adhesion of the NiTi SMA coatings. 
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[bookmark: _Toc271104255]Figure 4. 32. SEM images of the Rockwell C morphology for the annealed NiTi at 600°C / 30 min (a-b) and the annealed NiTi at 600°C / 60 min (c-d)


The quantitative measurement of adhesion was also conducted through the use of a scratch test for all samples (Figure 4.33) and these were compared with the Rockwell C results (Figure 4.30). The scratch morphology lines on the samples were observed using the optical microscope (Figure 4.33). The adhesion quality of the coating was evaluated by locating the starting failure point of the coating (around or within the scratch line). A simple calculation was used to manually calculate the critical load (Lc1) of the coatings based on the scratch length measurements (Appendix D). The critical loads (Lc1) showed in Figure 4.33 was the average value of five measurements (n=5) for all coatings.

The as-deposited NiTi coating (Figure 4.33a) and the annealed NiTi coating at 550°C for 30 minutes (Figure 4.33b) showed poor coating adhesion. The failure of both coatings commenced at a low critical loads (n=5) of about 6 N and 22 N, respectively. The as-deposited NiTi SMA coating chipped along the scratch line interface and failed at very low critical load (Figure 4.33a). The annealed sample which had the partial crystalline structure also failed at low critical load (Figure 4.33b). This coating showed different scratch line morphology with continuous transverse semi-circular cracks and no coating chipping within/along the scratch track (Figure 4.33b). The annealed samples at the other parameters (Figures 4.33c-d) showed great improvement in terms of the scratch morphologies and at the measured critical loads. The annealed sample at 600°C for 30 minutes (Figure 4.33d) showed better scratch morphology with the greatest adhesion by the highest critical load (72 N) followed by the annealed sample at 550°C for 60 min (Figure 4.33c) with a critical load of 64 N. This finding correlates with the Rockwell C adhesion results (Section 4.4.5ii), due to the crystalline NiTi coating containing a hybrid layer structure obtained at the optimal annealing parameters (550°C / 60 min and 600°C / 30 min) as discussed in Section 4.4.1 – 4.4.3. The hybrid structure of the annealed coatings demonstrated high hardness, high load bearing capacity (resisting plastic deformation) and high toughness compared to the as-deposited NiTi coatings. 

An interesting observation was the existence of different types of scratch line morphologies in these annealed coatings under the SEM (Figure 4.34). The scratch morphologies showed various failure, varying from ductile (Figure 4.34a) to brittle (Figure 4.34b) and brittle - ductile with a high load bearing capacity and toughness properties (Figure 4.34c). The annealed coating with the partial crystalline structure of NiTi SMA without the Ni3Ti precipitates (Figure 4.34a) demonstrated a ductile and soft behaviour with the presence of ploughing and plastic deformation along and within the scratch track. These failures represented the behaviour of the substrate (stainless steel 316L) which was dominant as the coating was totally delaminated from the substrate during the scratch test. The coating adhesion was low (Lc1 = 22 N) as shown in Figure 4.33b. In contrast, the annealed sample with the highest amount of the Ni3Ti precipitates embedded on the surface of the B2 NiTi parent phase showed high hardness with no plastic deformation. This coating totally delaminated around the scratch track (Figure 4.34b) and exposed the substrate. This demonstrates how the hardness deteriorates the coating adhesion and its load bearing capacity properties. However, the best annealing parameter (600°C / 30 min) as recommended in the previous results was found to produce excellent scratch morphology with high toughness and high load bearing capacity behaviour (Figure 4.34c) compared to other annealed coatings. The coating demonstrated no chipping and spalling within/around the scratch line morphology. EDX analysis showed that that the coating did not delaminate at all with the presence of the Ni and Ti without any other elements detected within the scratch line. 





















[bookmark: _Toc271104256]Figure 4. 33. Scratch morphology of the NiTi coatings, (a) the as-deposited NiTi, annealed at: (b) 550°C for 30 min, (c) 550°C for 60 min and (d) 600°C for 30 min. (Note: Failure point marked by arrow)
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[bookmark: _Toc271104257]Figure 4. 34. Scratch morphologies of the NiTi coatings, (a) 550°C for 30 min, (b) 550°C for 60 min and (c) 600°C for 30 min
(iii) Coating thickness of 4.0 µm
The effect of the post-sputtering annealing treatment on the thicker NiTi SMA coatings, 4.0 µm was also studied. The selected annealing parameters were found to be less effective for 4.0 µm thick NiTi coatings (Figure 4.35). Increasing the annealing time from 60 minutes to 120 minutes at a temperature of 600°C or higher, were necessary to provide sufficient heat and energy to crystallise the thicker NiTi SMA coating. However, this approach produced severe surface roughness and low adhesion of the annealed coating with fine cracks at the adhesion interface (Figure 4.35). For example, the surface roughness drastically increased when the annealing time increased to 120 minutes (Figure 4.35c). The surface roughness value was approximately between 50 – 60 nm, observed by the AFM. Thus the post-sputtering annealing process on the thicker coatings (4.0 µm), did not show any appreciable enhancement. The findings showed the thicker annealed coatings (4.0 µm) were not demonstrated a good adhesion properties and not suitable for tribological applications.
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[bookmark: _Toc271104258]Figure 4. 35. Comparison of the Rockwell C adhesion morphology of the annealed NiTi SMA coatings at thickness of 4 µm: (a) at 600°C / 30 min, (b) at 600°C / 60 min, (c ) at 600°C / 120 min and (d) at 650°C / 30 min 
[bookmark: _Toc258233895][bookmark: _Toc271109245]4.4.6. Effect of the post-sputtering annealing process on the wear properties of NiTi SMA coating
The wear morphologies of the as-deposited and the annealed NiTi SMA coating are shown in Figure 4.36. The crystalline NiTi coating had good wear resistance (Figure 4.36b) compared to the amorphous NiTi coating (Figure 4.36a) based on the wear width and its track morphology. The wear track morphology of the as-deposited NiTi SMA coating was severely damaged with the coating totally delaminated compared with the annealed NiTi coating under the sliding load during the pin-on-disk wear test. The wear track morphology of the as-deposited NiTi SMA coating observed was very wide, rougher and deeper. It also demonstrated large plastic deformation and deeper ploughing on the wear track. The wear width of the as-deposited and the annealed NiTi coating (600°C for 30 minutes) were approximately 800 µm and 200 µm, respectively. This great enhancement of the wear properties was believed to be due to the post annealing treatment process which was successful in producing a unique structure of the annealed NiTi SMA coating. The wear behaviour of the annealed NiTi SMA samples is different compared to the amorphous NiTi SMA samples due to its high hardness and high adhesion properties. The wear track morphologies of the annealed NiTi SMA coatings were narrow, less rough and shallow wear track (Figure.4.36). There was no plastic deformation, ploughing lines and material pile up at the edge of the wear track due to harder surface of the annealed NiTi SMA compared to the amorphous NiTi SMA coating. 

The effect of the annealing treatment process (Figure 4.37) was obviously from their wear track diameter/width and their morphologies. The severe wear morphologies were observed in the case of the as-deposited (Figure 4.36a) and the annealed NiTi at a temperature of 550°C for 30 minutes (Figure 4.37a). The wear width/depth of these coatings (Figures 4.36a and 4.37a) were approximately three times larger than the other annealed coatings (Figures 4.37b, c & d). These results are correlated to their poor adhesion properties as presented in Section 4.4.5. Amongst the annealed samples, the sample annealed at a temperature of 550°C for 60 minutes (Figure 4.37b) demonstrated the most optimum wear resistance properties (in terms of the wear width morphology) compared to the other annealed samples (Figures 4.37a, c-d). These samples with the lowest surface roughness (550°C / 60 min) showed the excellent wear resistance compared to other annealed samples. It was believed that these samples have the highest hardness based on the highest amount of the Ni3Ti4 precipitates and have the lowest surface roughness. However, the annealed samples at a temperature of 600°C for 30 minutes and 60 minutes (Figures 4.37c-d) showed similar wear width morphologies and demonstrated good wear resistance, closely similar with the optimum wear resistance coating (Figure 4.37b). 
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[bookmark: _Toc271104259]Figure 4. 36. Wear morphologies of the NiTi coating under SEM observation; (a) the as-deposited NiTi coating and (b) the annealed NiTi coating (600°C for 30 minutes)
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[bookmark: _Toc271104260]Figure 4. 37. Wear morphologies of the NiTi coating under optical observation: (a) 550 C / 30 min, (b) 550C / 60 min, (c) 600C / 30 min and (d) 600C / 60 min


Figure 4.38 shows the coefficient of friction versus sliding time of the annealed samples. The coefficient of friction of the sample annealed at a temperature of 550°C for 60 minutes (Figure 4.38a) and 600°C for 30 minutes were approximately between 0.6 – 0.7 (Figure 4.38a) and 0.8 – 0.9 (Figure 4.38b), respectively. Thus the coefficients of friction of the annealed NiTi SMA coatings were still high. The higher coefficient of friction of the annealed coatings was due to their high surface roughness, as a result of the post-sputtering annealing process (Table 4.2). 
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[bookmark: _Toc271104261]Figure 4. 38. Friction coefficient versus sliding time of the annealed NiTi coatings: (a) 550°C / 60 min and (b) 600°C / 30 min









[bookmark: _Toc271109246]4.5.	Structure and mechanical properties of TiN coating with the amorphous NiTi interlayer

[bookmark: _Toc271109247]4.5.1	Composition analysis of TiN with the amorphous NiTi interlayer
The chemical composition of the TiN coating with the amorphous NiTi interlayer was determined using the EDX technique. The Ti and N peaks were clearly visible indicating the presence of titanium and nitrogen in the EDX spectra (Figure 4.39). The EDX analysis determined the following elemental compositions: Ti 53 ± 1 at.% and N 47 ± 1 at.% (n=5) in the deposited TiN coatings. This composition also showed that the TiN coating was not stoichiometric. Other elements were not detected in this coating.
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[bookmark: _Toc271104262]Figure 4. 39. EDX spectra of the TiN coating deposited onto silicon (1 0 0)


[bookmark: _Toc271109248]4.5.2	Coating thickness and cross-section morphology
Figure 4.40 shows the SEM cross-section micrographs of the TiN coating with the amorphous NiTi interlayer. These micrographs revealed that the coatings composed of three layers, TiN hard coating, amorphous NiTi SMA interlayer and Ti bonding layer and the elements present for every layer were determined by the EDX (Figure 4.40). The SEM cross-sectional measurement determined the following thicknesses; the TiN top layer of about 0.5 µm (Figure 4.40a) and 0.6 µm (Figure 4.40b), the amorphous NiTi SMA interlayer of about 0.6 µm (Figure 4.40a) and 1.9 µm (Figure 4.40b) and the Ti bonding layer at the bottom the coating of about 0.2 µm thick. All the measured thicknesses were closely similar to the targeted thicknesses for every layer based on the coating design presented in Section 3.2.5. Based on the measurement on Figure 4.40a, the total thickness of the TiN coating with a 0.5 µm NiTi interlayer was 1.2619 µm. The optical profilometry was also used to measure the total thickness of this coating as shown in Figure 4.41. In this technique, the vertical height profile was measured equal to 1.126 µm and this represented the total coating thickness of this coating (TiN coating with a 0.5 µm amorphous NiTi interlayer). Both techniques were found to show close similar results. 

The coating growth structure was also determined from the SEM cross-section micrographs. Both the SEM cross-section micrographs showed a columnar structure of TiN coating at a thickness ranged between 0.5 – 0.6 µm (Figures 4.40a-b). For the NiTi, only the thicker interlayer (Figure 4.40b) showed a columnar structure compared to the thinner NiTi interlayer (Figure 4.40a). This finding showed that the columnar structure was more obvious in the thicker coating due to the fact that the thicker coating had sufficient time to complete its growth [119].
























[bookmark: _Toc271104263]Figure 4.40. The cross-section micrographs of TiN coating with the amorphous NiTi interlayer; (a) 0.5 µm and (b) 2.0 µm









[bookmark: _Toc271104264]Figure 4. 41. Coating thickness measurement by optical profilometry (sample with 0.5 µm of NiTi interlayer)


[bookmark: _Toc271109249]4.5.3	Phase and structure of TiN coating with amorphous NiTi interlayer
The XRD patterns of the NiTi coating and the TiN coating with the amorphous NiTi interlayer are shown in Figure 4.42. The XRD patterns of the NiTi on Si substrate (Figure 4.42a) showed a broad peak at 2 equal to 42.5° with a broad shoulder at 2 equal to 36°, which indicated the amorphous structure of the as deposited coating. 

The XRD pattern of the TiN coating with a 0.5 µm amorphous NiTi interlayer, deposited onto the Si substrate (Figure 4.42b) exhibited the strongest diffraction peak at 2 equal to 36.4° which was identified as a face-center-cubic (FCC) TiN (1 1 1) crystallographic plane. TiN peaks were indexed in accordance with the reference powder diffraction file (PDF) number 65-0965. The peak at 2 equal to 77.35° corresponded to the TiN (2 2 2) crystallographic plane. Figure 4.42b shows a peak at 2 equal to 38° which represented the Ti bonding layer. The XRD peaks at 2 equal to 69.2° (Figure 4.42b) corresponded to the Si (100) crystallographic plane. 
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[bookmark: _Toc271104265]Figure 4. 42. X-ray pattern of (a) NiTi SMA coating and (b) TiN coating with the NiTi interlayer (0.5 µm) coated onto silicon substrate using the Braggs-Brentano configuration


The XRD peaks from the TiN hard coating with and without the NiTi amorphous interlayer were maximised using the GIXRD with the incidence angle of 1°. More peaks from the TiN coating were detected using this configuration as shown in Figure 4.43. The results demonstrated that the sputtered TiN coatings had diffraction peaks corresponding to (1 1 1), (2 2 0), (3 1 1) and (4 0 0) preferential crystallographic plane. The TiN (1 1 1) crystal plane exhibited the strongest diffraction peak at 2 equal to 36.4°, similar to Figure 4.42. The other peaks from the Ti bond layer and silicon substrate were not detected. This demonstrated that the incidence angle of 1° was found effective to maximise the peaks from the coating and to avoid any interference effects from the substrate.
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[bookmark: _Toc271104266]Figure 4. 43. XRD patterns of TiN; (a) with and (b) without the NiTi amorphous interlayer (2.0 µm) onto silicon substrate using a grazing incidence angle (1°) configuration


[bookmark: _Toc271109250]4.5.4	Microstructure and surface roughness of TiN coating with the amorphous NiTi interlayer
The microstructures of TiN coatings and its grain size were examined by the FESEM (Figure 4.44). Figures 4.44(a, c) show the microstructure of the TiN coating only and Figures 4.44(b, d) show that of the TiN with the amorphous NiTi interlayer (with a thickness of 0.5 µm) at two different magnifications. The difference in the microstructures of the TiN coating with/without the NiTi interlayer was determined. A complete grain growth formation was found in the TiN coatings without the NiTi interlayers (Figure 4.44a-c) while the coatings with a NiTi amorphous interlayer showed incomplete grain growth (Figures 4.44 b-d). The FESEM micrographs also revealed the nano - crystallinity of TiN coating with and without the NiTi interlayer and the grain size was estimated in the range of 80-100 nm (Figures 4.44c-d). 













[bookmark: _Toc271104267]Figure 4. 44. FESEM structure of TiN coating (a & C) and TiN with the amorphous NiTi interlayer with a thickness of 0.5 µm (b & d) at two different magnifications


Table 4.3 shows the surface roughness values for TiN with various thicknesses of interlayer. The average roughness, Ra value ranged between 6.0 to 7.0 nm and the root mean square, Rq value between 7.0 – 8.0 nm. The surface roughness trend of the TiN coatings was not consistent with the increase in thickness of the amorphous NiTi interlayer (Table 4.3). 







[bookmark: _Toc271104354]Table 4. 3. Surface roughness of the TiN coating at various NiTi thicknesses
	Sample
	NiTi interlayer
(thickness)
	TiN coating
(thickness)
	Total
thickness
	Average 
Roughness
	RMS

	T1
	-
	0.5 µm
	0.7 µm
	6.50 nm
	7.90 nm

	T2
	0.5 µm
	0.5 µm
	1.2 µm
	6.15 nm
	7.63 nm

	T3
	2.0 µm
	0.5 µm
	2.7 µm
	6.58 nm
	8.14 nm 

	T4
	4.0 µm
	0.5 µm
	4.7 µm
	6.24 nm 
	7.80 nm




[bookmark: _Toc271109251]4.5.5.	Hardness and elastic modulus of TiN coating with the amorphous NiTi interlayer

Hardness (H) and elastic modulus (E) were measured using the nano-indentation test. The load versus penetration depth using the Berkovich indentation for TiN coating with and without NiTi interlayer are shown in Figures 4.45 and 4.56 for different indentation loads. It was observed that even at very low indentation loads, the indentor had already penetrated more than the 1/10th of the total coating thickness. The results show that the maximum/total penetration depth of the TiN with NiTi interlayer was deeper compared to the TiN coating without NiTi interlayer at the same indentation load. The TiN with NiTi interlayer coating had lower elastic modulus and was tougher than the TiN coating (found to be stiffer and harder). According to these findings, to gain a maximum penetration depth of less than 10% of the total coating thickness, the optimum indentation load (without any substrate effect) was set to 3 mN and 5 mN for the TiN coating with and without NiTi interlayer respectively or using a similar indentation load (3 mN) for both types of coatings. 

The average hardness (H) values were 17.6 GPa and 29.3 GPa for the TiN with and without NiTi interlayer coatings, resulted in elastic modulus (E) of 286.9 GPa and 460.7 GPa respectively. In addition, the H/E ratio measured was 0.0064 for the TiN without NiTi interlayer, whereas for the TiN with NiTi coating was 0.0061. The H/E for the TiN with a 0.5 µm NiTi amorphous interlayer was found to be lower than that of the TiN coatings. The average values of H, E and the H/E ratio (Figure 4.47c) were calculated based on the data presented in Figures 4.47(a-b). In this measurement, the interesting values were the H, E and H/E ratio. An increase in the H/E ratio was believed to attribute in enhancing the tribological properties of the coatings [4, 118]. 





(a)						(b)	
[bookmark: _Toc271104268]Figure 4. 45. Comparison of the mechanical behaviour of TiN (a) and TiN with NiTi interlayer (b) at various indentation loads
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[bookmark: _Toc271104269]Figure 4. 46. Comparison of the mechanical behaviour of TiN and TiN with NiTi interlayer at same indentation load (a) 3 mN and (b) 5 mN
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[bookmark: _Toc271104270]Figure 4. 47. Mechanical properties versus the penetration depth at different ranges of indentation loads (3 mN to 5 mN); (a) H, (b) E and (c) H/E
[bookmark: _Toc271109252]4.5.6.	Adhesion properties of TiN coating with the amorphous NiTi interlayer
(i)	Rockwell C adhesion
The Rockwell C adhesion morphologies of TiN coatings with/without the NiTi interlayer are shown in Figure 4.48. A crack networks, delaminations or deformations were not observed around the edge of Rockwell C imprint of the TiN coating without interlayer (Figure 4.48a) and with a 0.5 µm NiTi interlayer (Figure 4.48b). Both the Rockwell C indentation imprint indicated relatively good adhesion. These features represented adhesion HF1 on the adhesion scale (good adhesion). However, the adhesion was dropped (Figures 4.48c-d) for the TiN coatings with thicker NiTi interlayer (2.0 and 4.0 µm) with a large number of cracks and delamination networks around the indentation imprint. These features represented adhesion HF6 in the adhesion scale (bad adhesion). The adhesion failure trend deteriorated with increasing thickness, similar to the amorphous NiTi SMA coating presented in Figure 4.12.

Further investigation of the TiN coating samples (Figure 4.48a-b) was conducted using the SEM as shown in Figure 4.49. The smooth Rockwell C indentation interface morphology without any cracking clearly showed that the adhesion of the TiN coating with the 0.5 µm thick amorphous NiTi interlayer (Figure 4.49a) showed a major enhancement compared to the TiN coating without the amorphous NiTi interlayer (Figure 4.49b). This finding correlates with the nano-indentation results showing the TiN with the 0.5 µm amorphous NiTi interlayer was tougher and softer than that of the TiN without the amorphous NiTi interlayer (Section 4.5.5). 
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[bookmark: _Toc271104271]Figure 4. 48. Rockwell C indentation imprint of TiN coating (a), with 0.5 μm thick (b), with 2.0 μm thick (c) and with 4.0 μm thick (d) NiTi SMA interlayer
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[bookmark: _Toc271104272]Figure 4. 49. SEM Rockwell C indentation imprint of TiN coating with 0.5 μm thick NiTi interlayer (a) and only TiN coating (b)

(ii)	Scratch adhesion
The scratch adhesion of the coating was evaluated based on the morphology around and within the scratch line, using the optical microscope. The cracking patterns of the different coatings around and within the scratch produced by the scratch tester are illustrated in Figure 4.50. The scratch line of the TiN coating sample with a 0.5 µm NiTi interlayer (Figure 4.50b) was found to be smooth and crack free. However, a parallel cracking along the scratch line and also transverse semi circular cracking within the scratch line were observed for the TiN coating (Figure 4.50a - without the amorphous NiTi interlayer). Coating chipping and spalling were more obvious in the TiN at thicker amorphous NiTi interlayers (Figure 4.50c-d). The average critical loads of failure for all coatings are shown in Table 4.4. TiN coating with a 0.5 µm NiTi amorphous interlayer sample was found to exhibit the highest coating adhesion (Lc1=28N) followed by the TiN coating with a 2.0 µm NiTi amorphous interlayer with a critical load of 18N. The coating of thicker amorphous NiTi interlayer (4.0 µm) yielded the lowest adhesion properties with a critical load of 4 N. 

Further investigation of the scratch adhesion morphology of TiN with and without the amorphous NiTi interlayer are shown in Figure 4.51. The TiN coating sample with no NiTi interlayer (Figure 4.51a) showed brittle coating properties with the coating chipping along the scratch line and also the transverse semi circular cracking within the scratch line. Plastic deformation was not found in this coating failure. In contrast, the coating with a 0.5 µm amorphous NiTi interlayer (Figure 4.51b) behaved more as a ductile coating with plastic deformation along the scratch line. The coating chipping and spalling were not observed for this coating. Figure 4.51 clearly shows the advantage of the amorphous NiTi been used as an interlayer beneath the TiN hard coating when its thickness is 0.5 µm. Further increasing the thickness of the amorphous NiTi interlayer did not benefit to the TiN coating properties. 

Both the Rockwell C adhesion (Figure 4.49) and the scratch adhesion (Figure 4.51) results demonstrated the similar trend and showed that the adhesion of TiN coating with 0.5 µm amorphous NiTi interlayer was higher than that of the TiN without the amorphous NiTi interlayer.
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[bookmark: _Toc271104273]Figure 4. 50. Scratch line morphology of TiN coating (a) without, (b) with 0.5 μm thick, (c) with 2.0 μm thick and (d) with 4.0 μm thick amorphous NiTi interlayer







[bookmark: _Toc271104355]Table 4. 4. Average critical load (CL1) presented in order
	Sample
	Critical Load CL1 (N)
(n=5)

	TiN with 4.0 µm NiTi interlayer
	4

	TiN without NiTi interlayer
	6

	TiN with 2.0 µm NiTi interlayer
	18

	TiN with 0.5 µm NiTi interlayer
	28
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[bookmark: _Toc271104274]Figure 4. 51. Scratch line morphology of TiN coating (a), and with 0.5 μm thick amorphous NiTi interlayer (b) at higher magnifications (Close-up from Figure 4.50a-b)



(iii)	Pull-off adhesion test
The conducted pull-off adhesion test did not provide an accurate result due to the coating test failed to completely pull the coating from its substrate (Figures 4.52, 4.53 and 4.54). Figure 4.52 shows the pull-off failure zone of the TiN coating without a NiTi interlayer. This failure zone consisted of two failure areas (dark grey and light grey) and EDX analysis was performed to determine the elements contained within these areas. The following elements were determined in the light grey area; Ti, N, Cr, Fe, O and C (Figure 4.52a). In this case, Ti and N are believed to represent the TiN coating and other elements (Fe, Cr, O and C) represent the stainless steel 316L substrate. The dark grey area was determined to contain the following elements; C, Ca, P and O (Figure 4.52b). The result showed that the light grey area contained a mixture layer of TiN, Ti bonding layer and stainless steel 316L while the dark grey area contained the epoxy adhesive material. Some epoxy adhesive remained on the top of the coating and failed to pull off the TiN coating. The finding showed that the epoxy adhesive failed to fully pull off the coating from its substrate. It is believed due to the epoxy (used as an adhesive material) strength was lower than that of the deposited coating. This finding was supported by the presence of epoxy in the failure zone (Figures 4.52 and 4.53). 

The pull-off failure zone for the TiN with the amorphous NiTi interlayer (with a thickness of 0.5 µm) also showed two failure areas (Figure 4.54). EDX determined the following elements in the light grey area; Ti, N, Ni, Cr, Fe, O and C (Figure 4.54a). In this case, Ti and N are believed to represent the TiN coating, Ni and Ti represents the NiTi interlayer and other elements (Fe, Cr, O and C) represent the stainless steel 316L substrate. The dark grey area was determined to contain these elements; C and O (Figure 4.54b). The result showed that the light grey area contained a mixture layer of TiN, NiTi interlayer, Ti bonding layer and stainless steel 316L while the dark grey area contained the epoxy adhesive material. This finding showed the pull-off test conducted also failed to pull off the TiN coating with the NiTi interlayer from its substrate (Figure 4.54). 
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[bookmark: _Toc271104275]Figure 4. 52. Pull-off failure of TiN without NiTi interlayer and its composition analysis, (a) coating failure area and (b) epoxy adhesive area
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[bookmark: _Toc271104276]Figure 4. 53. Close up from Figure 4.52
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[bookmark: _Toc271104277]Figure 4. 54. The pull-off failure zone of TiN with the amorphous NiTi interlayer (0.5 µm) and its composition analysis, (a) coating failure and (b) epoxy failure


From the pull-off test measurements, the average adhesion strength of the TiN with a 0.5 µm NiTi interlayer was 947 kg/cm2 and 890 kg/cm2 for the TiN without the NiTi interlayer. Average of 15 measurements was used to calculate the adhesion strength. However, due to the inadequacy of this test to cause failure of the coating, the measured adhesion strength was found not to be reliable. Therefore, the pull off test was not a good tool to measure the adhesion of the coating if the epoxy adhesive used had a low strength. 

[bookmark: _Toc271109253]4.5.7.	Wear behaviour of TiN coating with 0.5 µm amorphous NiTi interlayer
The TiN coating with the amorphous NiTi interlayer showed the lower coefficient of friction compared to the TiN coating without the amorphous NiTi interlayer (Figure 4.55). The average coefficients of friction for the TiN with and without the NiTi interlayer were about 0.65 and 0.80, respectively. 

The wear track morphology for both coatings is shown in Figure 4.56. The TiN with a 0.5 µm NiTi interlayer showed a narrow wear track (Figure 4.56b) compared to the TiN without the NiTi interlayer (Figure 4.56a). The EDX analysis of the TiN coating without the NiTi interlayer showed that the coating delaminated and detected mostly the 316L stainless steel within the wear track. The coating delamination was attributed to its low adhesion properties compared to the coating with NiTi interlayer. The exposed stainless steel 316L on the coating surface of TIN without the NiTi interlayer caused the wear track morphology deeper and bigger due to the ploughing and high plastic deformation during the wear sliding process. The EDX analysis of the TiN with a 0.5 µm NiTi interlayer wear track, showed mostly the presence of Ti and Ni and less amounts of the 316L stainless steel, as most of the TiN was delaminated first and revealed the NiTi interlayer. This finding demonstrated that the adhesion of NiTi interlayer onto the stainless steel was believed to be higher than the adhesion of the TiN onto the NiTi interlayer. 

The specific wear rate for the TiN with a NiTi interlayer was 3.72 x 10 -18 m3 / N-m and without an interlayer was 6.96 x 10 -18 m3 / N-m. The reason for the lower coefficient of friction and the specific wear rate of the TiN with the NiTi may be due to the higher adhesion, toughness and load bearing capacity properties of the TiN with the NiTi interlayers as mentioned in the earlier sections. This combination of properties showed to contribute in enhancing the tribological performance of hard TiN coatings.








[bookmark: _Toc271104278]Figure 4.55. The coefficient of friction of the TiN with/without the amorphous NiTi interlayer
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[bookmark: _Toc271104279]Figure 4. 56. Optic micrographs of wear track morphology of TiN only (a) and TiN with the amorphous NiTi interlayer (b)



[bookmark: _Toc271109254]4.6.	Structure and mechanical properties of TiN coating with the crystalline NiTi interlayer
The crystalline NiTi SMA with hybrid layer of TiO2, Ni3Ti and the B2 NiTi parent phase was found to significantly enhance the adhesion and wear resistance of the NiTi coatings and demonstrates its application in the tribological field (Section 4.4). As an extension, this study was conducted to investigate its suitability to be used as an interlayer beneath hard TiN coatings. The use of the amorphous NiTi interlayer beneath the hard TiN coating was investigated earlier (Section 4.5) and found effective to be applied when the amorphous NiTi interlayer thickness was 0.5 µm. Thus, the effects of the hybrid layer of the crystalline NiTi (annealed NiTi) as an interlayer between the TiN coating and stainless steel substrate are investigated and presented in this section.

[bookmark: _Toc271109255]4.6.1.	Microstructure of TiN coating
The microstructure of the TiN coated onto the stainless steel 316L without the interlayer was observed using the optical microscopy (Figure 4.57). TiN coatings were found to have a smooth and dense surface with no crack networks as shown in Figure 4.57. It can be clearly seen the presence of the austenite grain boundaries of the stainless steel 316L in the microstructure of this coating. The effect of the substrate surface (stainless steel 316L) on microstructure of the TiN coating was found to be obvious even though the TiN coating thickness was 0.5 µm. It is due to the fact that the surface and morphology of the coating depended on its substrate. 
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[bookmark: _Toc271104280]Figure 4. 57. Optical micrograph of TiN coating without NiTi interlayer onto the stainless steel 316


The microstructures of TiN coatings were totally changed when the coatings were applied onto the annealed NiTi interlayer. The microstructures were found open, non dense and full of crack networks even though at a low magnification, and the surface were very rough as shown in Figure 4.58. Final microstructure and surface morphology of the TiN coating relied on the negative features of the annealed NiTi interlayer surface which was very rough and non dense due to the presence of the oxide layer of TiO2 at the top of its surface. 
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[bookmark: _Toc271104281]Figure 4. 58. Optical micrographs of TiN with the annealed NiTi (600°C / 30 min) at different magnifications



The microstructures of the TiN coating deposited onto the annealed NiTi interlayer using various annealing parameters also showed a similar structure (Figure 4.59) even though their thickness was varied. This was attributed to the roughness of the annealed NiTi surface due to the presence of the contaminants from the post-sputtering annealing process. The oxide layer (TiO2) was found to have a rough surface even though its thickness is just a few nano meters on top of the annealed NiTi coating and was not suitable to be coated by any other coatings. This demonstrated the importance of the preparation of the surface to be coated, to ensure good structural and wear properties of the final coating. This finding demonstrated the unsuitability of the annealed/crystalline NiTi SMA to be used as an interlayer beneath the TiN hard coatings. 






































[bookmark: _Toc271104282]Figure 4. 59. Optical micrographs of TiN with the annealed NiTi interlayer at different annealing parameters: (a) 600°C / 30 min (2.0 µm) and (b) 600°C / 120 min (4.0 µm)





[bookmark: _Toc271109256]4.6.2.	Adhesion Properties of TiN Coating

(i)	Rockwell C Adhesion
The Rockwell C adhesion morphologies of TiN coatings containing a NiTi interlayer are shown in Figure 4.60. Crack networks with no coating delamination were observed around the edge of Rockwell C imprint for the TiN coating with the amorphous interlayer (Figure 4.60a). These features represented adhesion HF3 on the adhesion scale. The adhesion was found to slightly increase in the case of the TiN coatings with the crystalline NiTi interlayer as shown in Figure 4.60b. The number of cracks around the imprint edge was found to reduce and this feature represented adhesion roughly between HF1- HF2 on the adhesion scale. However, the surface roughness of this TiN coating was obvious and seen to be very rough (Figure 4.60b) due to the roughness of the crystalline NiTi interlayer. The adhesion properties were improved by removing the TiO2 layer by a polishing process prior to TiN deposition process. The TiN coating with the crystalline NiTi interlayer (after removing the TiO2 layer) had a good adhesion property without any cracks around the edge of Rockwell C imprint (HF1) as shown in Figure 4.60c. This finding clearly showed the obvious effect of TiO2 layer on the microstructure and adhesion properties of the TiN coating. Based on the Rockwell C adhesion morphology observations (Figure 4.60), the TiN coatings with the crystalline NiTi interlayer (without the TiO2 layer) were found to be optimal in terms of coating design with excellent adhesion properties. 
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[bookmark: _Toc271104283]Figure 4. 60. Rockwell C indentation imprint of the TiN with the NiTi interlayer at a thickness of 2.0 µm; (a) amorphous interlayer and (b) crystalline interlayer and (c) crystalline interlayer (after removing the TiO2 layer prior to TiN deposition)
(ii)	Scratch Adhesion
Figure 4.61 shows the scratch adhesion observations of the TiN coatings with NiTi interlayer for a similar thickness of interlayer (2.0 µm). Based on the scratch line morphologies, all samples showed poor coating adhesion with three different coating failures. The TiN coating with the amorphous NiTi interlayer was found to demonstrate plastic deformation at the early stage and then started to fail at the middle of the scratch line as shown in Figure 4.61a. The coating chipping and spalling were found within/along the scratch line morphology (Figure 4.61a). However, the TiN coating with the crystalline/annealed NiTi interlayer was demonstrated the low adhesion bonding with a coating break through at the middle of the scratch line morphology as shown in Figure 4.61b. This low adhesion properties correlated with the severe structure and rougher surface of this TiN coating with the crystalline NiTi interlayer (Figure 4.61b). The TiN coating with the crystalline NiTi interlayer (without a TiO2 layer), scratch result (Figure 4.61c) supported the Rockwell C indentation result (Figure 4.60c), in terms of enhanced adhesion properties, without the coating breaking through or spalling within/along the scratch line. This coating only demonstrated the angular cracking along the scratch line.

Both the Rockwell C and scratch adhesion results highlighted the poor adhesion of the TiN coating with the crystalline NiTi interlayer coated onto the stainless steel 316L. The results presented in this section clearly showed the disadvantages of the annealed NiTi SMA coatings which contained the layer of TiO2 at the top of them, to be used as interlayer between the TiN hard coating and the stainless steel substrate. 
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[bookmark: _Toc271104284]Figure 4. 61. Scratch line morphology of TiN with NiTi interlayer at a thickness of 2.0 µm; (a) amorphous interlayer, (b) crystalline interlayer and (c) crystalline interlayer which removed the oxide layer prior to TiN deposition
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[bookmark: _Toc271109258]5.1. As-deposited NiTi SMA coating characterisation
The composition of the as-deposited NiTi SMA coating was Ni 52 ± 1 at.% and Ti 48 ± 1 at.%. The Ni rich NiTi composition was obtained due to the effect of the different sputtering yields of Ti and Ni during the coating deposition process [36, 60]. Sputtering yield is one of the most important parameters in the sputtering process, as different materials have different sputtering yields [36]. Thus, the content of Ni was higher due to the higher sputtering yield of Ni than that of the Ti. The composition of the as-deposited NiTi SMA coating can be controlled by target modification [16, 43, 50, 67]. However, in this study, target modification to reduce the sputtering yield effect was not applied as the research interest was to produce Ni rich NiTi coatings. A coating with Ni rich NiTi composition produces Ni3Ti precipitates when this material is annealed to above its crystallisation temperature [36, 81]. The presence of the Ni3Ti precipitates can strengthen the coating against dislocation slip and act as a strength mechanism to enhance the mechanical properties of the NiTi SMA coatings [30, 46].

The as-deposited NiTi SMA coating was found to be amorphous by the XRD (Figure 4.6) and DSC (Figure 4.7). The presence of the broad peak of amorphous NiTi coating (XRD) at around 2θ equal to 42.5° was in agreement by previous research [44, 51, 54, 67, 91][44, 44]. The amorphous structure obtained due to the sputtering deposition process was conducted at a low temperature, below its crystallisation temperature [19, 34, 36, 50]. The DSC results (Figure 4.7) showed the crystallisation temperature of the as-deposited NiTi coating to occur at a higher temperature than that reported by publications [43, 51, 67, 91]. This was due to the higher amount of Ni contained within this coating (Ni52Ti48) as confirmed by the EDX analysis (Section 4.3.1). A similar finding was reported by Zhang et al. [51] where the crystallisation temperature of NiTi SMA coatings increased with increasing Ni content. 

In order to crystallise these coatings, the post-sputtering annealing process was conducted at temperatures (550°C, 600°C and 650°) above the crystallisation temperature obtained (512°C). The effects of the post-sputtering annealing parameters on the properties of the as-deposited NiTi SMA coatings are discussed in Section 5.2. Based on literature in Section 2.3.3 [4, 32, 67, 76, 77], the NiTi SMA may crystallise to an ordered B2 NiTi parent phase if the deposition was conducted at a high temperature (above its crystallisation temperature) or annealed above its crystallisation temperature from the amorphous state. The post-sputtering annealing process can produce the B2 NiTi parent phase or a twinned martensite phase having monoclinic (B19’) or rhombohedral symmetry (B19) depending on its coating composition and thermal history. 

The amorphous NiTi SMA coatings coated onto the stainless steel 316L substrates had a dull metallic shine appearance and followed its substrate surface morphology under the optical observations (Figure 4.8). In contrast, the coating deposited onto the silicon (1 0 0) substrate had a bright metallic shine surface appearance as the coating’s surface morphology mimicked the substrate surface finish [47, 79, 136]. Due to the different substrate surface finish, the surface roughness of the as-deposited NiTi SMA coated onto the 316L stainless steel substrate were found to be ten times rougher than that of the NiTi SMA coated onto the Si (1 0 0) as shown in Table 4.1. The finding demonstrated the influence of substrate on morphology and surface roughness of the deposited coatings. 

The morphology of the as-deposited/amorphous NiTi SMA coating comprised of a mixture of large and small islands (Figures 4.9b and 4.10b) observed over the small scan areas (1.0 x 1.0 µm2). Other research showed similar morphologies of NiTi SMA coatings coated onto the silicon (1 0 0) [76]. Changing the substrate material from silicon (1 0 0) to silicon (1 1 1) produced different surface morphologies with an equiaxed/uniform islands [76]. This finding also showed the substrate preferential orientation plane greatly attributed to the formation of the final coating surface morphology [71, 76].

The surface roughness of the as-deposited NiTi SMA coatings applied onto the silicon (1 0 0) were found to be almost consistent throughout, despite increasing coating thickness (2.83 nm, 2.54 nm and 1.94 nm for each of 0.5 µm, 2.0 µm and 4.0 µm thicknesses). Other researchers found the surface roughness to increase with an increase of the coating thickness [119, 142]. However, in this study, the effect of thickness on surface roughness was not evident, this may be due to the silicon (1 0 0) substrate been very smooth (0.20 nm) and therefore the coating growth was not affected by the changes in coating thickness from 0.5 to 4.0 µm [94, 143]. As discussed in the previous paragraph, this result also shows that the surface morphology of the as-deposited NiTi coating was attributed to its substrate material, substrate surface finish and substrate preferential orientation plane [47, 76]. 

The microstructure of the amorphous NiTi SMA coatings produced in this study were open structured, non dense, voids and contained fine cracks throughout (Figure 4.12). The fine cracks were more obvious in the thicker coating (4.0 µm). A similar microstructure was found by other researchers [31, 71]. It is well established that the microstructure of the coating strongly influenced their physical and mechanical properties [74, 144]. Microstructure is determined by a number of deposition process parameters, which controls the energy delivered to the growing coating film onto the substrate [74, 75]. These open structures and non dense features are believed to be due to the vapour supply and the slow surface mobility of an atom during the sputtering process [71, 75]. One of the important parameters affected the mobility of atoms was the argon gas sputtering pressure. The effect of the sputtering gas pressure can be explained by the relationship of the mean free path, λ (cm) with the molecular diameter of the sputtering gas as given by [145]:

								(5.1)

where T (K) is the temperature, P (Torr) is the sputtering pressure and δm (cm) is the molecular diameter. According to above equation when the sputtering pressure is high, the free mean path is less. Therefore, if high argon gas pressure is applied in the chamber during the coating deposition, it may reduce the energy of the deposited NiTi atoms due to large number of collisions with the argon ions. The low diffusion energy of the deposited atoms causes the structure of the as-deposited NiTi SMA coatings to contain some voids and become non dense [67, 75]. A dense, featureless and compact NiTi SMA coating is believed to be obtained if the argon gas pressure during the sputtering process is low and atoms have the high diffusion energy [67, 71, 78]. According to the surface morphology observed (Figure 4.11), the argon gas pressure applied in this study (1.5 x 10 -3 mbar) may have been high for depositing this coating. This was supported by the formation of a columnar structure of the NiTi SMA coating as shown in Figure 4.40. The presence of the columnar structure showed that the coatings were deposited at a high argon gas pressure [31, 36, 146]. Another factor to consider in the formation of this non dense structure with the presence of micro voids is the homologous temperature. It has been established that there are three zones of microstructure with distinct structural and physical properties [75, 144]. The zone of microstructure was classified according to the homologous temperature, T/Tm (in Kelvin). T is the substrate temperature and Tm is the melting point of the coating material. The as-deposited NiTi SMA coating microstructure which contained voids, non dense and porous columnar as found in this study represents the low temperature zone 1 where T/Tm is less than 0.3 [75, 144]. In this zone, atom mobility is low, incident atoms adhere where they impinge and atomic shadowing is the dominant mechanism for the coating growth [144]. If the T/Tm increases such as in zone 2 (T/Tm between 0.3 – 0.5), the atomic mobility can be higher and the dense structure with no voids is believed to form. Based on this explanation, the microstructure of the as-deposited NiTi SMA coating can be improved by increasing the substrate temperature during coating deposition from a low temperature (with no substrate heating) to a higher temperature (with the use of a heating facility) [75]. The cracking throughout the coating surface is possibly due to the argon atoms been entrapped within the NiTi SMA coating during the deposition and it incurring high intrinsic stresses [32, 75]. 

The adhesion of the 0.5 µm amorphous NiTi thickness sample (Figures 4.12a-b) showed better adhesion (HF2) compared to the thicker amorphous coating samples (Figures 4.12c-f). The deterioration of coating adhesion properties with increasing coating thickness was confirmed by the Rockwell C adhesion and the scratch adhesion results. The change of the coating from ductile to brittle was due to the increase of the hardness with increasing coating thickness. Thus the increment of the hardness was attributed to the increase of the internal stress within the coating. Increasing the coating hardness may have reduced the coating adhesion and this correlates the finding that the adhesion deteriorated with increasing coating thickness. In summary, the optimum thickness of the amorphous NiTi SMA applied onto stainless steel 316L to be 0.5 µm.

Poor adhesion between the coating and the stainless steel 316L with a critical load (Lc1), 6 N (at a thickness of 2.0 µm) was found to cause a severe wear failure when this coating was tested under the pin-on-disk sliding wear (Figure 4.16). This was due to the wear resistance of the coating been dependent on its adhesion, hardness and surface roughness [96, 107, 110, 127]. Thus the adhesion decreased with increasing coating thickness, and therefore the wear resistance also decreased. Two types of wear occurred in the amorphous NiTi SMA coating; adhesive and abrasive wear mechanisms. The adhesive wear mechanism occurred at the first stage of two bodies by adhesion between tungsten carbide (WC) pin and NiTi sample and the abrasive wear mechanism occurred at the next stage of the wear test by producing a material transfer layer and wear debris. A large amount of wear debris was found on the amorphous NiTi wear track and this wear debris produced a parallel deep ploughing line along the wear track. The severe adhesive, abrasive and deformation wear mechanisms were experienced by the amorphous NiTi SMA samples. 

The deterioration of the adhesion and wear of the amorphous NiTi coatings was due to an increase of internal stress stored in the coating with increasing coating thickness [96, 101, 106, 107]. High internal stress developing during coating growth prevents the deposition of thick coatings [96]. This was shown in this study that some of the as-deposited NiTi SMA coating with a thickness of 4.0 µm was found to delaminate from the substrate after cooling process due to the high internal stress developed during the deposition process. The internal stresses can be attributed to: coating growth process parameters (intrinsic stress) and/or thermal stress due to the mismatch of the thermal expansion coefficient of the NiTi coating, Ti bond layer and the substrate, (stainless steel 316L) and the phase transformation. As the NiTi SMA coating deposition was sputtered at low temperature and this had no effect on any phase transformation occurring in the amorphous NiTi coating, it was believed that the intrinsic stresses (growth stresses) accumulated and tended to dominate over the thermal stresses [147]. The features of NiTi coating microstructure found in this investigation (Figure 4.12) were due to the intrinsic stresses, caused by the surface mobility of an atom during the sputtering process [71, 75]. High argon gas pressure during the deposition may have reduced the energy of the deposited NiTi atoms by colliding them with the argon ions. Therefore, the low diffusion energy caused the structure of the as-deposited NiTi SMA coatings contained some voids and became non dense [75]. The formation of this stress cracking elongated on coating structure and poor adhesion bonding between the as-deposited NiTi SMA coating and the substrate is due to the exceeding the critical stress. For as-deposited/amorphous NiTi SMA coatings, this study demonstrated the optimum thickness was 0.5 µm. Therefore, the adhesion and wear properties can be improved while reducing/controlling the internal stress within the coating. Thus, this study set out to investigate the effect of post –sputtering annealing process on amorphous NiTi coatings. Thus, the post-sputtering annealing process can produce a crystalline and dense NiTi SMA coating and release some of the internal stresses stored in the as-deposited/amorphous NiTi coatings. 

[bookmark: _Toc271109259]5.2. Effect of the post-sputtering annealing process on structure and properties of NiTi SMA coating
The crystalline NiTi SMA coating was successfully obtained by the post-sputtering annealing process (Figures 4.18, 4.19 and 4.20) with the present of the cubic structure NiTi B2 parent phase; (1 1 0) and (200), the Ni3Ti precipitation; (2 0 0), (0 0 4), (2 0 2) and (2 0 3) and the TiO2 phase; (1 1 0) and (2 0 0) crystal planes. The Ni3Ti phase was found to form in this annealed sample due to the rich Ni content in the NiTi coating composition [36, 81]. According to literature, the annealed Ni rich NiTi compound consists of three types of precipitates: Ni4Ti3, Ni3Ti2 and Ni3Ti [21, 44, 81]. However in this study, the crystalline B2 NiTi parent phase was found to exist with only the Ni3Ti precipitates in the annealed NiTi coating. The peaks representing the Ni4Ti3 and Ni3Ti2 phases were not detected. This result was supported by other research [35, 48], owing to the selected annealing temperatures and times (550°C and 600°C for 30 and 60 minutes) which promoted all the intermediate phases (Ni4Ti3 and Ni3Ti2) to form an equilibrium phase (Ni3Ti) [36, 81, 81]. The Ni3Ti has also been reported to exist in annealed samples if an oxidation process occurred [44, 49]. 

The oxidation was found to exist during the post-sputtering annealing process with the detection of the TiO2 peaks in the XRD results. The observed TiO2 peaks representing the rutile type structure due to the TiO2 rutile type can easily be formed during thermal treatment [7, 48]. The existence of this rutile structure is due to the high annealing parameters, thus transformed all the anatase to rutile structure. Based on literature, anatase is a metastable phase with a tetragonal structure which transforms to rutile (more stable structure) at higher temperatures [6, 85]. However, other researchers have reported that the anatase structure was not found at temperature higher than 700°C [84, 85]. 

The oxidation of the crystalline NiTi SMA coating was found to increase with increasing temperatures [48]. This is due to the crystalline NiTi SMA coatings having a low resistance to oxidation compared to amorphous NiTi SMA coatings at temperature above 627°C [148]. The oxidation process kinetic of the NiTi SMA coating varies with increasing temperatures [121]. In TiN coatings, the oxidation follows the logarithmic growth at a low temperature (22°C - 100°C) and the parabolic growth at a high temperature (500°C - 650°C) [83, 121]. 

The intensities of the observed peaks in the annealed NiTi SMA samples were varied with annealing temperatures and times. The highest intensity of the crystalline NiTi B2 SMA parent phase and the lowest intensities of Ni3Ti and TiO2 phases contained in the annealed samples at the optimal annealing parameter (600°C for 30 minutes), greatly contributed to the optimum adhesion properties compared to other annealing parameters (Figure 4.20). This was due to the crystalline NiTi B2 parent phase contributing to the enhancement of the ductility of the NiTi coating. While the Ni3Ti and TiO2 phases contribute to the deterioration of the ductility of the NiTi coating and increase the NiTi SMA coating hardness and strength [5, 48, 49]. Thus to achieve the optimal adhesion and mechanical properties, the amount of the TiO2 and Ni3Ti phases must be controlled as these phases can cause a high hardness and brittlement in the annealed NiTi SMA coating [48]. The effect of the TiO2 thin layer in increasing the material’s hardness was reported by other researcher [6, 7]. Therefore, the annealing parameters must be controlled as longer annealing times and higher annealing temperatures introduce higher intensities of the TiO2 and Ni3Ti phases. The precipitation of Ni3Ti formed in a crystalline NiTi SMA coating at the grain boundaries provided more spaces for precipitation atoms to diffuse and grow [35]. The amount of the Ni3Ti precipitates was found to greatly affect the mechanical properties of these annealed samples [46, 91]. This was due to the fact that the Ni3Ti precipitates were associated with the strengthening of the crystalline NiTi B2 parent phase and enhanced their mechanical properties [30, 46]. 

The presence of Ni3Ti precipitation was revealed by the black dispersed phase in the annealed NiTi samples (Figure 4.21). The highest Ni3Ti precipitation was found in the NiTi SMA sample annealed at temperature 550°C for 60 minutes (Figure 4.21b), due to the excess oxygen in the furnace during the annealing process, as the oxidation can increase the formation of the precipitation [44, 49]. However, the precipitation was not found in sample annealed at 550°C for 30 minutes (Figure 4.21a) as the amorphous state still remained in the annealed coating. This finding shows that at this process parameter, the heat was not sufficient to completely crystallise the amorphous coating and grow the Ni3Ti precipitation. Different intensities of Ni3Ti precipitation within the annealed samples provide a significant change in their adhesion and wear properties. As the Ni3Ti precipitates can attribute to enhance the hardness and strength of the coating, thus the samples with the lowest amount of the precipitates (550°C / 30 min) demonstrated the low hardness and strength. In contrary, the samples with the highest amount of the Ni3Ti precipitates (550°C / 60 min) demonstrated high hardness and strength. 

The existence of the TiO2 layer on the top of the annealed NiTi coating was confirmed by the EDX (Figure 4.22c) and XRD results (Figures 4.18, 4.19 and 4.20). The presence of the crystalline, grainy and dense layer of TiO2 (Figure 4.22) and Ni3Ti precipitation within the annealed NiTi (Figure 4.21) caused a significant improvement to the mechanical properties of NiTi SMA coatings. The formation of these structures depended on the annealing parameters. However, the coating adhesion deteriorated when the annealing temperature was increased to 700°C. The coating was totally delaminated and the cracks throughout the coating surface were due to the fact that the oxidation increased with temperature and time, and increased the amount/thickness of the TiO2. The cracking that occurred (Figure 4.24) can be explained by the large generation of intrinsic stresses in the coating during the cooling process at a high temperature (700°C) [18]. The annealed NiTi would have been in a tensile intrinsic stress state as it was crystallised and had more compact ordering structure compared to the amorphous NiTi coating. Therefore, increasing the annealing temperature above 600°C, increased the tensile stress and led to the cracking of the coating during the cooling process [18]. 

Based on the discussion above, TiO2 was present at the top of the annealed NiTi SMA coating, followed by a mixture of Ni rich NiTi precipitates (Ni3Ti) and the NiTi B2 parent matrix. Similar findings were found by depth analysis of the bulk NiTi SMA using the auger spectroscopy [49]. The coating depth analysis showed that large quantities of Ti and O atoms were found at the top of the annealed NiTi SMA and the presence of these both atoms decreased with the increase of the coating depth. Ni atoms started to increase at the middle of depth, below the TiO2 top layer and produced a Ni rich NiTi layer (Ni3Ti), followed by the NiTi B2 parent phase matrix. Thus, the Ni atoms diffused inward due to the Ti being more reactive with oxygen, increasing the amount of Ni and forming a Ni rich layer between the TiO2 layer and the NiTi B2 parent matrix [8, 85]. 

From the above explanation, it was strongly believed that the same situation occurred in the annealed NiTi SMA coatings. The annealed NiTi SMA coatings consisted of a TiO2 layer, followed by the Ni3Ti precipitation in between the oxide layer and the NiTi B2 parent matrix. The depth profile of this annealed structure resembles a hybrid layer. The amount of oxygen was high at the top of the coating surface and decreased with the increasing depth. The formation of TiO2 and Ni3Ti should be controlled in the future to balance the ductility and the load bearing capacity of the coatings. The excess of Ni3Ti and TiO2 phases within this coating contributes to a more brittle and harder coating, in contrast with the NiTi B2 parent phase which can be more tough, elastic and ductile. The tough and elastic properties of the NiTi B2 parent phase were believed due to the ductility effect in the crystalline NiTi SMA coatings [44]. 

The surface roughnesses of the annealed NiTi coatings were greater (approximately 10 to 15 times) than the as-deposited/amorphous NiTi coatings. However, this may be due to the crystallisation and crystal growth processes with increasing temperature. The thermal stress generated during the post-sputtering annealing process may have induced swelling and shrinkage of the large and small islands on the coating morphology [60]. In comparison with the samples annealed at various annealing parameters, the growth of the large and small islands increased with increasing annealing temperature and time [50]. This inconsistent surface roughness trend (Table 4.2) was believed to be due to the effect of the Ni3Ti precipitation distribution (Figure 4.21). The annealed sample with the highest amount of the Ni3Ti precipitation (Figure 4.21b - 500°C / 60 min) showed the lowest surface roughness (Ra: 16.39 nm) compared to other annealed samples. The lowest surface roughness of this annealed sample, which also contained the highest amount of the Ni3Ti precipitates, was due to the uniform growth arrangement of this precipitates and filling in of all the cavities. This caused a reduction of the deeper valleys and increased the smoothness of the surface compared to the sample (Figure 4.21a - 550°C / 30 min) which had very low/no Ni3Ti precipitation (Ra = 25.60 nm). 

Based on the findings, the conducted post-sputtering annealing process was found to establish the following reaction:
 (
600°C / 30 min
)

As-deposited NiTi coating                TiO2 + NiTi B2 parent phase + Ni3Ti		(5.2)
(amorphous structure)		(crystalline structure)


The hardness of the annealed NiTi SMA coating was higher than that of the as-deposited/amorphous NiTi SMA coatings (Figure 4.27) due to the presence of the TiO2 and the Ni3Ti4 precipitates. This fact can be explained by the formation of the TiO2 thin layer at the top of the annealed samples. The thickness of the TiO2 layer increased with annealing temperature and annealing time. Thicker layers of TiO2 increased the hardness of coating [5, 7]. The formation of the Ni3Ti4 precipitates also affected the hardness of the coating. Higher amounts of the Ni3Ti4 precipitates also increased the hardness of the annealed coatings [46]. Higher amount of Ni3Ti4 precipitates induced further solid solution strengthening mechanisms in the annealed NiTi SMA coatings [46]. Due to this, the hardness and strength of the annealed NiTi SMA coatings increased compared to the as-deposited NiTi SMA coatings. 

A summary of the effect of Ni3Ti precipitates on the surface roughness and the hardness (qualitatively) of the annealed NiTi SMA coatings are shown in Table 5.1. The annealed NiTi SMA coatings were observed to have high surface roughness (Ra between 20 – 40 nm) compared to the as-deposited/amorphous NiTi SMA coating (Ra = 2.64 nm) as shown in Table 5.1. The hardness and surface roughness of the coating were found to greatly influence by the amount of the Ni3Ti precipitation in the annealed coatings. 

[bookmark: _Toc271104379]Table 5. 1. Effect of the Ni3Ti precipitation on the surface roughness and hardness
	Sample
	Ra (nm)

(n=5)
	Amount of Ni3Ti
Precipitation
(qualitative)
	Hardness

	As-deposited
	2.64
	No
	Low

	Annealed
550°C / 30 min
	25.60
	Very low/No
	-

	Annealed
550°C / 60 min
	16.39
	Highest
	-

	Annealed
600°C / 30 min
	21.42
	Medium
	High

	Annealed 
600°C / 30 min
(removed the oxide layer)
	9.08
	-
	Medium

	Annealed
600°C / 60 min
	35.90
	Medium
	-




The effect of the post-sputtering annealing process on the adhesion of the NiTi coating depended on its coating thickness. For the annealed coating with a thickness of 0.5 µm, the selected annealing parameters were not effective in producing significant improvements to its coating adhesion, due to the fact that the 0.5 µm NiTi coating thickness reacted easily with oxygen. The oxidation process became dominant in a thin layer of coating and produced higher TiO2 compared to the thicker NiTi coatings (2.0 µm and 4.0 µm) [19, 149]. Due to this, the thicker layer of TiO2 possibly deteriorated the adhesion properties of the annealed NiTi coatings. 

The post-sputtering annealing process showed a similar effect when applied to the thicker coatings (4.0 µm). This was due to the selected annealing parameters as a full crystalline structure for the 4.0 µm thick NiTi coatings was not produced. This finding showed that the thicker coating required a higher annealing temperature or longer annealing time to form crystalline NiTi SMA coating [18]. The main drawback of higher annealing temperatures or longer annealing times can be seen from the micrographs in Figure 4.35, the various colours within the images were due to the severity of oxidation process. The thickness of the TiO2 layer increased with increasing annealing temperature [48]. Thicker layers of TiO2 with rougher surface morphologies on the annealed NiTi SMA samples contributed to the weakening of the coating adhesion. The worst adhesion of NiTi SMA coating with a thickness of 4.0 µm (Figure 4.35) showed that the applied annealing parameters chosen were not as effective to improve the mechanical and tribological properties of these coatings. 

However, the selected annealing parameters were found to be very effective in providing great enhancement of the adhesion and wear resistance when the coating thickness was 2.0 µm. For the adhesion properties, both the Rockwell C adhesion and the scratch demonstrated similar results and confirmed that the optimum adhesion properties was obtained at a temperature of 600°C for a period of 30 minutes with the highest critical load (Lc1) at 72 N. There was no coating delamination, ploughing and severe plastic deformation were observed at the edge of the scratch morphology line or within the scratch line due to the high critical load (Lc1:72 N) of this coating. The high load bearing capacity was demonstrated due to the advantages of the hybrid layer of the annealed NiTi SMA coatings as discussed in the previous paragraphs. The worst adhesion was found in the coating annealed at 550°C for duration 30 minutes due to the partial crystalline structure of this coating and less amount of ductile phase (B2 NiTi parent phase). The presence of the ductile phase (B2 NiTi parent phase) and the hard and high strength phase (Ni3Ti) in the other annealed samples were important to attribute to high adhesion due to their high load bearing capacity properties (Figures 4.30b-d and 4.33c-d).

The annealed samples at a temperature of 600°C for 30 minutes and 60 minutes (Figures 4.37c-d) showed similar wear width morphologies and demonstrated a significant wear improvement. The sample annealed at a temperature of 550°C for 60 minutes (Figure 4.37b) demonstrated the most optimum wear resistance properties (in terms of the wear width analysis) compared to the other annealed samples (Figures 4.37a, c-d). This finding shows that the effect of coating hardness was more significant than the effect of coating adhesion, in improving the wear resistance properties of these annealed NiTi SMA coatings. In summary, the Ni3Ti precipitation within the crystalline NiTi B2 parent phase greatly affects the enhancement of the wear performance of the NiTi SMA coatings. 

The hardness results (Section 4.4.5) showed that the crystalline NiTi SMA coating was harder than that of the amorphous NiTi SMA coating. The presence of the Ni rich compound (Ni3Ti) and TiO2 in the annealed NiTi coatings increased the hardness and influenced the wear resistance. This is in agreement with other findings that showed that both Ni3Ti and TiO2 phases have good wear resistance properties [6, 7, 9, 45]. The present of the TiO2 layer at the top of the annealed NiTi sample is important to prevent the Ni release for corrosion protection besides enhancing its mechanical properties. This may be due to the Ni rich NiTi coating being easy to release Ni and having low corrosion protection. 

In conclusion, a greater degree of adhesion performance can be attained in the annealed NiTi coating at the optimum post-sputtering annealing parameters. Therefore, the observation of the effect of the annealing process on the adhesion (which in turn has a great influence on the tribological behaviour) of NiTi coatings can contribute greatly to the research of NiTi SMA coating for tribological applications. This was expected as different properties of each phase were found in the annealed samples. The NiTi B2 parent phase (crystalline NiTi SMA) contributed to the elastic and toughness of the coatings and the Ni3Ti and TiO2 to the hardness properties of the coatings. Both of the Ni3Ti and TiO2 can deteriorate the ductility of NiTi coating beyond the optimum limits [5, 44, 48, 91]. Crystalline NiTi can demonstrate much greater mechanical and tribological properties than amorphous NiTi coating. This is due to the fact that the annealing process can release the internal stresses in the amorphous NiTi SMA coating which causes poor coating adhesion and low wear resistance performance.

[bookmark: _Toc271109260]5.3. Structure and mechanical properties of TiN coating with the amorphous NiTi interlayer
The TiN coating with the amorphous NiTi SMA interlayer was deposited using the closed field unbalanced magnetron sputtering system. Both the TiN coating and its amorphous interlayer showed the typical columnar structure (Figure 4.40a-b). The columnar structure of the amorphous NiTi interlayer (Figure 4.40b) was found to be obvious in the thicker coating due to the sufficient time growth [119]. There are three basic steps in the formation of the columnar structure [75]; firstly the transportation of the coating species onto the substrate surfaces, secondly, the absorption of the coating species onto the substrate surface and coating growth process, and finally the movement of the coating atoms to their final position within the coating. In the sputtering process, the first step is controlled by the sputtering apparatus and the working gas pressure and the third step (diffusion process) is largely controlled by the substrate temperature and the energetic ions bombardment. In this study, two important factors were strongly influenced the formation of the columnar structure of these coatings. The factors were the low substrate temperature and the high argon gas pressure during the sputtering deposition process. The columnar growth was due to the atomic shadowing action at low atom mobility when the coating deposited at low T/Tm (K) as discussed in Section 5.1. 

The FESEM and XRD results demonstrated the crystallinity of the TiN coating and the amorphous structure of the NiTi interlayer. The crystalline structure of the TiN hard coating was revealed by the presence of a nano-grains size approximately of about 100 nm (Figures 4.44c-d). The difference in these microstructures can be observed in Figure 4.44. The TiN coating showed the complete grain growth structure (Figures 4.44a & c) while the TiN coating with the NiTi interlayer (with a thickness of 0.5 µm) showed the incomplete grain growth structure (Figures 4.44c & d). This may be due to the higher thermal conductivity of NiTi SMA interlayer than with the TiN coating which caused the heat to transfer at a high rate from the NiTi layer to the 316L stainless steel substrate. Hence, the remaining heat generated was not sufficient to fully grow the TiN grains. The microstructure of the TiN coating was found to be dense and compact as shown in Figure 4.44, due to the argon gas pressure used during depositing of the TiN coating (1.5 x 10-3 mbar) which was optimal for this process. However, the same could not be explained for the deposition of the NiTi interlayer when the same argon gas pressure was used (see the non-dense and cracked microstructure of as-deposited NiTi coating in Figure 4.12). The applied argon gas pressure was found to be high for the NiTi SMA interlayer due to its final microstructure, resulting in non-dense, full of voids and cracked microstructure. A decrease of the argon gas pressure from 1.5 X 10 -3 mbar to a lower value can provide a denser and compact structured NiTi SMA interlayer. Another factor that can be considered in improving the microstructure of the as-deposited NiTi coating is the substrate temperature as discussed in the previous paragraphs [75, 144]. Increasing the T/Tm can provide dense and compact structure of the as-deposited NiTi coatings. The improvement of its microstructure can be attributed to the enhancement of the overall properties of the NiTi coating applied as an interlayer beneath TiN coatings.

The mechanical properties of the TiN coating with and without the NiTi interlayer were determined by the nano-indentation test. The high indentation depth results of the TiN with the NiTi interlayer (a thickness of 0.5 µm) demonstrated the coating had lower elastic modulus and tougher than the TiN coating without the NiTi interlayer (Figure 4.46). The measurements proved that the average hardness (H) values were 17.6 GPa and 29.3 GPa for the TiN with and without NiTi interlayer coatings, resulted in elastic modulus (E) of 286.9 GPa and 460.7 GPa respectively. The difference of their H and E strongly affected their adhesion and wear properties and this is discussed in the following paragraphs. 
The adhesion trend of the TiN coating with the amorphous NiTi SMA interlayer showed the similar trend with the amorphous NiTi coating itself (coating without the TiN ) as presented and discussed in Section 4.3 and Section 5.1. Only the amorphous NiTi coating with a thickness of 0.5 µm showed to be effective either as a single coating or an interlayer coating beneath the TiN. Both types of coatings (single amorphous NiTi coating or NiTi interlayer) showed adhesion properties that deteriorated with increasing thickness of the amorphous NiTi coating. Therefore, only 0.5 µm thick samples, demonstrated higher critical load in comparison with the TiN coating without interlayer as shown in Table 4.4. The adhesion and wear performance of the TiN with the amorphous NiTi interlayer (0.5 µm) significantly increased due to the increase in the load bearing capacity (resistance to plastic deformation) of the soft 316L stainless steel substrate with a tough amorphous NiTi interlayer beneath hard TiN coating applied to it. The TiN coating with a thin amorphous interlayer of NiTi (0.5 μm) showed higher critical load in comparison to the TiN coating with thicker interlayer (> 2 μm). Thicker amorphous NiTi interlayers contained hard and brittle interlayer properties which resulted in poor adhesion and low load bearing capacity properties. As a result, these properties were ineffective as an interlayer beneath TiN coatings. 

In summary, the high adhesion strength of the TiN coating with the amorphous NiTi SMA interlayer (a thickness of 0.5 µm) was attributed to its high wear resistance compared to the TiN coating without the NiTi interlayer. 

[bookmark: _Toc271109261]5.4. Structure and mechanical properties of TiN coating with the crystalline NiTi Interlayer
The application of the TiN coating with a crystalline/annealed NiTi SMA interlayer was found to be ineffective and not suitable to be used in tribological field. The TiN coatings demonstrated very poor microstructures; non dense and full of cracks, and the coating surface was very rough. These features as a final structure of the TiN coatings did not provide any positive signs of improvement to their mechanical properties. The adhesion properties of the TiN coatings with the annealed/crystalline NiTi interlayer exhibited poor properties due to the high surface roughness of the interlayer with the presence of the TiO2. A thin layer of TiO2, which was rough and brittle at the top of the annealed NiTi interlayer surface was attributed to the severe structure of the deposited TiN coatings. Due to this, the final structure of TiN coatings were found to be very rough, non dense and full of cracks (Figure 4.58) compared to TiN without the NiTi interlayer (Figure 4.57). As a result, the TiN coating did not show the excellent adhesion, in fact well below the expected result. 

The surface embrittlement and rough oxide layer at the top of the crystalline NiTi coating were removed by the mechanical polishing, to improve the surface finish. Thus it was more successful to improve the structure and adhesion of the TiN coating using a crystalline NiTi interlayer as shown in Figures 4.60 and 4.61. Thus, the crystalline/annealed NiTi interlayer could possibly be used effectively as an interlayer between the TiN hard coating and the stainless steel substrate if the post-sputtering annealing process was carried out at a high vacuum, to avoid any oxide layers to form at the top of the annealed NiTi layer. This would provide a smooth interlayer surface without any contaminants and can be effective when coated by the TiN coating. The final structure and properties of the TiN coating with the crystalline NiTi interlayer (without a TiO2 layer) demonstrated excellent properties. 

In summary, the annealed NiTi SMA coating with a presence of a hybrid layer of TiO2 and a mixture of Ni3Ti and B2 NiTi parent phase demonstrated excellent coating for the tribological applications as discussed in Section 5.1. However, the application of this annealed NiTi SMA as an interlayer between the TiN hard coating and its substrate was found to be ineffective due to oxidation effects and the final rough coating surface. The rough surface of the annealed NiTi interlayer was not suitable to be coated by other coatings as surface roughness was influenced on the final structure and properties of the coating. Thus, the properties were far below the expected properties of TiN coating with a crystalline NiTi interlayer, exhibiting low adhesion within the TiN coating.





[bookmark: _Toc271109262]Chapter 6: Concluding Remarks and Recommendations for Future Work


[bookmark: _Toc271109263]6.1	Concluding remarks
The following conclusions can be drawn from this study:
(i) Production of amorphous NiTi SMA coatings using the PVD closed field unbalanced magnetron sputtering system
The as–deposited NiTi SMA coatings were successfully produced by the closed field unbalanced magnetron sputtering (CFUBMS) system to thicknesses of 0.5, 2.0 and 4.0 µm. The amorphous Ni rich NiTi coating was produced with a composition of 52Ni:48Ti at.%. The microstructure of the amorphous NiTi coating was open structured, non dense and contained fine cracks throughout for all thicknesses. This kind of microstructure was obtained due to the high argon pressure gas (1.5 x 10-3 mbar) and the low substrate temperature (T/Tm < 0.3) used during the deposition of the as-deposited NiTi SMA coatings. The coating structure and properties (adhesion and wear) deteriorated with increasing thickness. The optimum adhesion and wear properties of the amorphous NiTi SMA coating were determined to be achieved at a coating thickness of 0.5 µm. The deterioration of the structure and properties of this coating was due to the fact that the internal stress stored in the sputtered NiTi SMA coatings increased with thickness. The internal stress that incurred in the deposited coatings was due to the atoms rearrangement and movement to their final position during coating film growth. The internal stress was attributed to the sputtering parameters during deposition and the thermal stresses were due to the thermal expansion coefficient mismatch between the coating and its substrate. Reducing/controlling the internal stress is necessary to drive a balance between the internal stress and their mechanical properties. In order to reduce the effect of the internal stress within the amorphous NiTi coatings, a post-sputtering annealing process was considered to significantly enhance the NiTi coating structure and properties. 
(ii) Production of crystalline NiTi SMA coatings using the post-sputtering annealing process
Crystalline NiTi SMA coatings were successfully produced by post-sputtering annealing conducted at annealing temperatures of 550°C, 600°C and 650°C, and annealing times of 30, 60 and 120 minutes. A combination of the ductile properties of B2 NiTi parent phase and hard properties of Ni3Ti precipitation, and TiO2 rutile layer at the top of the annealed NiTi provided excellent structured NiTi coatings. The excellent structure with the relief of the internal stress due to the post-sputtering treatment process produced excellent NiTi SMA coating properties. However, the treatment parameters and the NiTi SMA coating thickness greatly influenced the annealed sample behaviour. The optimum coating thickness for the selected annealing parameters was 2.0 µm. The thinner (0.5 µm) and thicker (4.0 µm) NiTi SMA coatings did not show any obvious improvement in their adhesion and wear properties compared to the as-deposited NiTi SMA coating. The poor adhesion properties of the thinner NiTi coatings (0.5 µm) were believed to be due to the dominant oxidation effect from the high surface –volume ratio. The poor adhesion properties of the thicker coatings (4.0 µm) were due to the chosen annealing parameters which did not sufficiently crystallise the coatings. Increasing the annealing temperature and time were found to be ineffective due to the severe oxidation at longer annealing time and higher annealing temperature. For the optimum coating thickness of 2.0 µm, the sample annealed at a temperature of 600°C for 30 minutes demonstrated the greatest adhesion properties (72 N) compared to the as-deposited NiTi coating (6 N). The combination of the optimum amount of the TiO2 layer with a mixture of the Ni3Ti precipitation in the NiTi B2 parent matrix was significant in contributing to the improvement of adhesion. However, the coating annealed at a temperature of 550°C for 60 minutes demonstrated the optimum tribological wear resistance properties based on the wear width/depth morphology and also exhibited excellent adhesion properties (64 N). Based on the wear results (Figures 4.37 and 4.38), it can be summarised that the wear resistance of the NiTi coatings were influenced by its hardness, adhesion and surface roughness. However, the effect of the coating hardness was found to be greater than that of the coating adhesion. From these findings, it is emphasized that the success of the post-sputtering annealing process depends on the thickness, annealing parameters of the amorphous NiTi SMA coating, the resulting thickness of TiO2 layer and the amount of the Ni3Ti precipitates within the NiTi B2 parent matrix. 

(iii) Investigation of the possibility of applying an amorphous NiTi interlayer beneath a hard TiN coating
The as-deposited/amorphous NiTi alloy was successfully applied as an interlayer beneath TiN coating as it showed a significant improvement to the adhesion and wear of TiN compared to TiN without the NiTi interlayer. However, the applications of the amorphous NiTi interlayer were only successful when the thickness of the NiTi was 0.5 µm. A significant decrease in the adhesion properties of the TiN coating was observed when the thickness of the amorphous NiTi interlayer increased from 0.5 µm to 4.0 µm and also when the coating was deposited without any interlayer. The reduction of adhesion was due to low load bearing capacity of the substrate in case the of TiN coating without the amorphous NiTi interlayer and TiN coating with thicker (> 2.0 µm), harder and brittle amorphous NiTi interlayer in comparison to a thin, hard and tougher NiTi interlayer (0.5 µm) which provided a high load bearing capacity to the substrate. Consequently, this study does show the potential of using the amorphous NiTi as interlayer for improving the adhesion and wear properties of TiN coatings when the thickness is equal to 0.5 µm. 

(iv) Investigation of the possibility of applying a crystalline NiTi interlayer beneath a hard TiN coating
The crystalline NiTi was found to be ineffective as an interlayer between the TiN coating and the substrate due to the existence of the TiO2 layer at the top of the annealed NiTi coating. The rough surface morphology of TiO2 layer produced was not suitable to be deposited onto by other coatings. The TiN surface and properties was influenced by the NiTi interlayer surface and properties. Due to this, the structure and mechanical properties of the TiN with the annealed NiTi interlayer was found to totally deteriorate due to the rough surface and full of fine cracks throughout its coating surface independent of annealing temperature and time. The present of the TiO2 thin layer at the top of the annealed NiTi interlayer produced high surface roughness and severe surface defect in the final TiN coating, resulting in poor adhesion performance of the annealed NiTi coating. 

[bookmark: _Toc271109264]6.2	Thesis contributions
Contribution 1
The amorphous Ni rich NiTi coating with a composition of Ni52:Ti48 % at. at a thickness of 0.5 µm was found significant as an interlayer between TiN hard coating and the stainless steel 316L substrate. The adhesion and wear resistance properties of the amorphous Ni rich NiTi coating with a thickness of 0.5 µm demonstrated the optimal coating compared to a thicker coating due to the low internal stress formed in this coating. The successful of this approach greatly depends on the coating thickness. The selection of the amorphous NiTi SMA interlayer thickness is crucial in demonstrating excellent adhesion and wear property in turn tribological performance of TiN coatings.

Contribution 2
A combination of NiTi B2 parent phase, Ni rich NiTi (Ni3Ti) compound and TiO2 layer was found in the annealed NiTi samples. The mixture of the NiTi SMA compound with the TiO2 on top of it was found beneficial in improving the tribological properties of NiTi coating as these phases can exploit a mixture of properties: superelasticity (NiTi B2 parent phase), hardness and brittle (Ni3Ti) and protective layer (TiO2). However, the amount of hard and brittle phase must be balanced to balance the superelasticity and load bearing capacity properties in the annealed NiTi SMA coatings.

These two important findings can contribute greatly to the knowledge regarding the structure, morphology, topography and mechanical properties of the amorphous and the crystalline NiTi coating. This study also contributes to the effect of the annealing process on the structure, phase and mechanical properties of the annealed NiTi coating. The findings will prove valuable for future research carried out in this area. Further research and development steps that would contribute to this field have been identified. The recommendations for future works are presented in next section.
[bookmark: _Toc271109265]6.3. Recommendations for future work
[bookmark: _Toc271109266]6.3.1. Using lower loads and lower speeds during the wear pin-on-disk test
One important issue in this study was the pin-on-disk wear measurement applied to the 0.5 µm coatings. This test may have measured/indented both the coating and substrate at high loads. Future analysis should emphasize on using lower loads and possibly lower speeds (limit heat effects) as these thicknesses may present better results. Future studies should also include the selection of lower annealing temperature to achieve optimum properties, close to the crystallisation temperature.

[bookmark: _Toc271109267]6.3.2. Optimisation of the post-sputtering annealing process
In this study, the post-sputtering annealing process in a partial oxidation environment was found to effectively produce the hybrid layer structure of the annealed NiTi coatings with excellent adhesion and wear properties. Due to this, it is necessary to conduct the optimisation for the post-sputtering annealing process as this study was only the preliminary study. The finding from this study suggested that the NiTi coating thickness was optimised to approximately 2.0 µm and the annealing process environment to be varied to three conditions; high vacuum, low vacuum and partial oxidation. The optimisation of the annealing process would maximise the research output and provide significant results for future research in this field.

[bookmark: _Toc271109268]6.3.3. Deposition of the amorphous NiTi coating using various argon gas pressure
The microstructure of the as-deposited/amorphous NiTi SMA coatings was found non dense and full of cracks throughout the surface due to the sputtering deposition parameters. One of the most important parameters is the argon gas pressure. Based on the research findings, it was demonstrated that the argon gas pressure used (1.5 x 10-3 mbar) was high and greatly affected the energy of the atom mobility during the coating deposition. The application of the argon gas pressure below 1.5 x 10-3 mbar during the deposition process is believed to provide denser, compact and non-cracked microstructure throughout the NiTi SMA microstructure, which would greatly enhance the adhesion and wear performance of this coating. 

[bookmark: _Toc271109269]6.3.4. Deposition of the NiTi SMA coating using a reactive nitrogen ion or a mixture of both argon and nitrogen ions
In this study, it was found that the as-deposited NiTi SMA coating that was produced using only the argon ions exhibited less effective coating for the tribological applications. The deposition of the as-deposited NiTi SMA coating could be carried out using a reactive nitrogen ion or a mixture of argon and nitrogen ions. High chemical affinity between the titanium and nitrogen is believed to easily form a hard TiN crystal particle during the NiTi SMA coating deposition process. Following this, it would be expected to obtain the coating that is composed of TiN crystalline particles embed in an amorphous NiTi SMA matrix. As the TiN coating is well-known in having high hardness and good wear resistance properties, it is strongly believed that this new composite compound may increase the tribological properties of the NiTi SMA coating if the TiN crystallites are successfully formed in this process [66, 150]. The presence of the TiN particles within the ductile NiTi SMA matrix would be beneficial to avoid the slip and to increase the coating densification. Both factors would possibly increase the coating wear resistance. The enhancement of the tribological properties of this coating could thus be improved by modifying the size of the TiN particle and the composition of the NiTi SMA matrix. Both modifications could be performed by controlling various coating deposition parameters such as the argon and nitrogen gas ratio and the NiTi SMA target composition. 

[bookmark: _Toc271109270]6.3.5. Deposition of the ternary NiTiAl coating using the closed field unbalanced magnetron sputtering
Alloying the NiTi coating with some amounts of Al can increase its hardness due to the effect of the solid solution hardening that occurs in the NiTi system [30]. Previous research found that an amount of Al of 5.1 wt. % can provide hardness enhancement compared to the NiTi coating itself [30]. High hardness of the NiTiAl can be demonstrated to be similar to the annealed NiTi SMA produced in this study. The crystallisation temperature of the NiTiAl was found to largely decrease with increasing Al content [30]. It would be beneficial if the coating could be deposited to above its crystallisation temperature and directly producing a crystalline NiTiAl during the sputtering deposition process (one shot process). The tribological properties of the NiTiAl could then be investigated, similar with this study; based on its single crystalline NiTiAl coating and as an interlayer beneath TiN coating. The application of the NiTiAl as an interlayer beneath TiN hard coating is believed to demonstrate better results compared to the findings in this research as the interlayer (crystalline NiTIAl) would be free from any rough oxide layer and oxide phase when deposited in a high vacuum condition.

[bookmark: _Toc271109271]6.3.6. Deposition of the TiN coating with a crystalline NiTi interlayer using one-shot process 
The application of TiN hard coating with the crystalline NiTi interlayer by deposited as one shot in the sputtering system is possible with the aid of the substrate heating part. This process can avoid any problems related to the annealing process such as an oxidation. The oxidation was demonstrated to have a minor effect that formed a rough surface morphology of TiO2 onto the NiTi SMA layer, and greatly influenced the final properties of TiN coating. The rough surface of the TiO2 layer was found to be useless in depositing any other coating onto this surface. The final surface morphology was very rough and exhibited the least optimal mechanical properties as found in this study. Due to this, it is believed that the deposition of TiN hard coating with the NiTi SMA interlayer using a one shot process could eliminate the oxide surface layer from the top of the crystalline NiTi surface. 
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[bookmark: _Toc271109273]Appendix A – Sputtering operating instructions

Step 1: Operation of the vacuum system
1. Switch on the compressor and make sure the compressed air levels at around 5 bar.
2. Open the valve on the compressed air line.
3. Switch on the water cooling valve on the main water supply line.
4. Switch on the booster pump and check the water flow rate sufficient enough to take away the heat from the diffusion pump.
5. Turn on the reset switch at the control panel.
6. Turn on the power of the flow control unit.
7. Ensure that the gate valve (high vacuum), roughing valve, backing valve and air inlet valve (bleed valve) are closed.
8. Turn on the rotary pump.
9. Turn off the reset switch.
10. When the backing line pressure (gauge 2) is approximately 1 x 10-2 mbar (approximately 10 minutes) on the Piranni Penning Meter (PPM), turn on the backing valve (gauge 2 shows the line pressure).
11. When the PPM pressure is 5 x 10-2 mbar (gauge 2), turn off the backing valve.
12. Turn on the roughing valve.
13. When the PPM pressure is in the range of 8 to 3 x 10-2 mbar (gauge 1) turn off the roughing valve (gauge 1 shows chamber pressure under low vacuum conditions).
14. Turn on the backing valve.
15. When the Piranni gauge reads ~ 5 x 10-2 mbar (gauge 1), turn on the diffusion pump.
16. Allow the diffusion pump to heat up for 45 minutes.
17. Turn off the backing valve and turn on the roughing valve.
18. When pressure in the chamber (gauge 1 or gauge H) reaches ~ 3 x 10-2 mbar, turn off the roughing valve.
19. Turn on the backing valve and then HV valve halfway.
20. If the chamber pressure reduces, fully open HV valve (gauge 1). If the HV valve is already opened, the chamber is ready for coating deposition.

(Reminder: If the chamber is left with the diffusion pump, rotary pump, backing valve turn on, and the HV valve is closed, continue the procedure with the steps 17, 18, 19 and 20)
Step 2: Procedure for gas flow to the chamber
1. Close the gate valve halfway.
2. Set READ/SET toggle switch to SET on the flow control unit (Controller No.4 is for argon and No.3 for nitrogen).
3. Set the flow rate through the flow control valve (No.4) to a minimum level (say 1.0) from the flow control unit.
4. Set VALVE/OFF toggle switch to VALVE. This will open the corresponding valve on the flow control unit. Observe the pressure meter. If the pressure in the chamber increases rapidly then set the flow control VALVE/OFF to OFF and investigate the problems (valve No.4 for argon gas).
5. Ensure the argon cylinder regulating pressure is set to 0.5 bar.
6. Open the argon gas cylinder valve by rotating the valve in the anti-clockwise direction.
7. Open the argon valve (blue) just nearby the mass flow controller in the gas supply line.
8. Open the gate valve fully (gate valve open fully for coating and gate valve open halfway for argon plasma etching).
9. Adjust the flow control valve by moving the set knob on the flow control unit and observe the reading of gauge 3 on the pressure meter. The pressure reading depends on the process to carry out:
(i) Argon plasma etching
The pressure is between 1.5 x10-3 mbar with the gate valve halfway open.
(ii) Coating deposition
The pressure is between 1.5 x 10-3 mbar with the gate valve fully. 

Step 3: Start-up procedure for the magnetron drive
1. Set the MODE key switch to OFF.
2. Turn on the beaker at the rear of unit. Both monitors will display ‘OFF’.
3. Turn on the MODE key switch to LOCK. The monitors will display zeros. The alarm will sound and the OUTPUT OFF led will blink. Press OUTPUT OFF to silence the alarm and cause the blinking to stop.
4. Turn on MODE key switch to PROG. Select the regulation mode (POWER, CURRENT, or VOLTAGE). This is normally set to CURRENT mode which is used for most command operations.
5. To set ramp rate, press RAMP and hold while using the MODIFY knob. The value will be displayed on the right display (A Vernier adjustment is also available if you need to set the rate in smaller increment). Usually the ramp time is 1.5 minutes for current of 3.0 A or 2.0 minutes for current of 6.0 A.
6. To set output level, press LEVEL and hold while using the MODIFY knob. The value will be displayed on the right display. Release the level switch when the desired value is reached.
7. Check the pressure meter to ensure that the pressure in the chamber is stable at the desired level.
8. Press OUTPUT ON. The main contactors will close. Observe the leds in the upper second section of the magnetron drive. The ARC will momentarily light, and the OUTPUT, RAMP and PLASMA leds will light. The output will ramp to the selected set point, causing the RAMP led to go out, the SET POINT led to light, and the end-of-ramp alarm to sound.
9. Check the voltage on the left hand side led display it. It should be constant eg. 300-350 V. If the reading close to 0 V then there is a short circuit. If the reading is 1023 V, check the condition of the shutter in front of the magnetron in the chamber.

(Reminder: Check water pump and all the water valves to the magnetrons and substrate table are working. The operator must be in attendance while the magnetrons are powered up).


A)	Procedure for plasma etching (using the 3rd magnetron drive)
1. Set the MODE key switch to OFF.
2. Turn on the beaker at the rear of unit. Both monitors will display ‘OFF’.
3. Turn on the MODE key switch to LOCK. The monitors will display zeros. The alarm will sound and the OUTPUT OFF led will blink. Press OUTPUT OFF to silence the alarm and the OUTPUT OFF led to stop blinking.
4. Turn the MODE key to PROG. Select VOLTAGE regulation mode by pressing both CURRENT and POWER buttons.
5. To set ramp rate, press RAMP and hold while using the MODIFY knob. The value will be displayed on the right display (A Vernier adjustment is also available if you need to set the rate in smaller increment). Usually the ramp time will be 4 minutes for voltage-1000 V.
6. To set output level, press LEVEL and hold while using the MODIFY knob. The value will be displayed on the right display. Release the level switch when the desired value is reached (voltage level normally 1000 V).
7. Check the pressure meter to ensure that the pressure in the chamber is stable at the desired level.
8. Press OUTPUT ON. The main contractor will close. Observe the leds in the upper second section of the magnetron drive. The ARC will momentarily light, and the OUTPUT, RAMP and PLASMA led will light. The output will ramp to the selected set point, causing the RAMP led to go out, the SETPOINT led to light, and the end-of-ramp alarm to sound.

B)	Procedure for substrate biasing (using the 3rd magnetron drive)
1. If the substrate is conductive, it is possible to bias the substrate table using a second power supply. This is connected through the bottom of the substrate table shaft via the HN type connector.
2. Set the MODE key switch to OFF.
3. Turn on the beaker at the rear of unit. Both monitors will display ‘OFF’.
4. Turn on the MODE key switch to LOCK. The monitors will display zeros. The alarm will sound and the OUTPUT OFF led will blink. Press OUTPUT OFF to silence the alarm and causes the OUTPUT OFF led to stop blinking (it will still be lit).
5. Turn the MODE key to PROG. Select VOLTAGE regulation mode by pressing both CURRENT and POWER buttons.
6. To set ramp rate, press RAMP and hold while using the MODIFY knob. The value will be displayed on the right display (A Vernier adjustment is also available if you need to set the rate in smaller increment). Usually the ramp time is 0.5 minutes for -50V.
7. To set output level, press LEVEL and hold while using the MODIFY knob. The value will be displayed on the right display. Release the level switch when the desired value is reached (The bias voltage normally are -50 to -100V for this system).
8. Check the pressure meter to ensure that the pressure in the chamber is stable at the desired level.
9. Press OUTPUT ON. The main contactor will close. Observe the leds in the upper second section of the magnetron drive. The ARC will momentarily light, and the OUTPUT, RAMP and PLASMA leds will light. The output willl ramp to the selected setpoint, causing the RAMP led to go out, the SETPOINT led to light, and the end-of-ramp alarm to sound.
10. Press OUTPUT ON. This will supply the voltage to the substrate table.

Step 4: Sputtering using the reactive gas controller (RGC).
This reactive gas controller is used when depositing TiN coatings. It controls the level of nitrogen gas present in the chamber. It assumes the magnetron drive power supply is in use and in generating titanium atoms from the target plate.
THERE MUST BE AN OPERATOR PRESENT IN THE ROOM ALL THE TIMES WHILE THE MAGNETRON DRIVE SUPPLY IS POWERED ON.

1. Set the OFF/AUTO toggle switch to OFF position.
2. Turn on power to the RGC.
3. Set the SP/HV toggle switch to centre position. The related LED indicator shows the density of titanium atoms generated. This number is directly related to the amount of current supplied by the Magnetron power supply.
4. Set the SP/HV switch to SP position. The LED indicator will show the amount of the nitrogen atoms to be allowed into the chamber to react with the titanium atoms.
5. Using a small screwdriver rotate the Set Point screw to desired position. For stoichiometric coating, this level is 50% of the value shown in step 3.
6. Return the SP/HV switch to centre position (HV value is between-700 and 800V).
7. Go to the nitrogen gas bottle. Open the valve of the cylinder anti clockwise and observe the regulating pressure is near 0.5 bar.
8. In the reactive gas section, set the Flow/Cal toggle switch to the Flow position. At this time there should be no nitrogen gas flowing in the chamber.
9. Observe the related LED indicator. It should be show zero. If not, use a small screwdriver to rotate the zero pot until 0 is showing on the LED indicator. When operating correctly, this should display approx. 8 sccm. To much nitrogen in the chamber will cause vacuum pressure to drop below the level required for good sputtering and causing arcing.
10. Open the green valve (nitrogen) near the Mass Flow Meter (MFM). This is closed to the chamber.
11. At the RGC, set the OFF/AUTO toggle switch to AUTO position.
12. Watch the indicator above the switch. Within a couple of minutes, the needle on the scale should be in or close to the middle of the scale, indicating the RGC is controlling the flow of Nitrogen into the chamber. 
13. If this is not the case no Nitrogen will flow. A possible cause: the fibre optic channel into the chamber may be contaminated by the sputtering material. Clean with the methanol or acetone.
14. The gain and reset screw must be adjusted to get the needle in the middle (It is normally do it by itself, no need to do adjust the gain and reset screw).
(Note : Check the wavelength of Ti is 454)




Step 5: Shut down procedure for the magnetron drive
1. Turn off the OUTPUT ON switch.
2. Turn off the MODE key to OFF position, both monitors will display OFF.
3. Turn off the beaker at the rear of the unit.

Step 6: Shut down procedure for the gas supply system
1. Turn off the green (Nitrogen) and blue (Argon) valves.
2. Close the flow control valve by turning off the valve switch in the flow control unit of the respective flow controller.
3. Turn off the cylinder valve by rotating it in the clockwise direction.

Step 7: Shut down the vacuum system for opening the chamber
1. Close the HV (gate valve) fully.
2. Open the air valve in the chamber.
3. After 15-20 minutes, the sample can be taken out from the chamber.
4. Open the chamber, take out the coated sample and clean the chamber before put it again the next sample.
5. Close the chamber and follow the steps, 17-20 in the Vacuum System Operation Procedure

Step 8: Shut down the vacuum system if the chamber is not used for more than 3 days
1. Close the gate valve (HV) fully.
2. Turn off the diffusion pump.
3. Allow 60 minutes (during winter) and 40-60 minutes (during summer) to cool down the diffusion pump.
4. Turn off the backing valve.
5. Turn on the roughing valve.
Reminder: The system is left with the rotary pump and the roughing valve is turned on. 
Step 9: Shut Down the system if the chamber is not be used for more than one month
1. Close the gate valve (HV) fully.
2. Turn off the diffusion pump.
3. Allow 60 minutes (during winter) and 40-60 minutes (during summer) to cool down the diffusion pump.
4. Turn off the backing valve.
5. Turn off the roughing valve.
6. Turn off the rotary pump.
7. Turn off the compressor.
8. Turn off the water valve in the main water supply line.
9. Turn off the valve in the compressed air line.
10. Turn off the Piranni/Penning pressure display panel.
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[bookmark: _Toc258445471][bookmark: _Toc271109274]Appendix B – J.C.P.D.S. powder diffraction files

(i)	NiTi B2 parent phase
[image: ]

(ii)	Ni3Ti Precipitation
[image: ]
 (iii)	Titanium nitride (TiN)
[image: ]
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[bookmark: _Toc271109275]Appendix C - The effect of oxidation process on the adhesion of NiTi coatings without rotary pump and argon gas facilitity
· Treatment at different oxidation temperatures ; 400°C, 500°C, 600°C, 650°C and 700°C.
	Thickness
	400°C
	500°C
	600°C
	650°C
	700°C

	
2.0 µm





	
[image: Rockwell C 5 Xb]
	
[image: Rockwell hole2 5 Xc]
	
[image: adhesion 2NiTi after 600C 1H in air 5X]
	
[image: Rockwell C point 2 a]
	
[image: Rockwell Cb]

	EDX analysis

	O (50-52%),Ti ( ~21%)
Ni (26-29 %)
	O (50-54%),Ti ( ~21%)
Ni (26-27 %)
	O (53-56%),Ti ( ~21%)
Ni (23-25 %)
	O (69-71%),Ti (26-27%)
Ni (~ 3%)
	O (69-72%),Ti (28-30%), Ni (0%)





[bookmark: _Toc271109276]Appendix D: Scratch Adhesion Test (Example of critical load calculation)

Sample 1: Annealed NiTi coating at a temperature of 600°C for 30 minutes
Critical load (Lc1) = Failure length (µm) x Total load (N)
Total length of scratch line (µm)

	Test No.
	Starting Load
(N)
	End Load
(N)
	Total length 
Of Scratch Line
(µm)

	Failure 
Lenght
(µm)
	Critical
Load
(N)

	1
	5
	88.5
	5288.76
	4758.50
	75.1281

	2
	5.1
	80.5
	5048.99
	4590.22
	68.5488

	3
	5.2
	80.7
	5199.78
	4688.45
	68.0766

	4
	5.2
	85.8
	5078.22
	4478.78
	71.0859

	5
	5.1
	86.3
	5167.22
	4698.88
	73.8403

	
	
	
	
	Average Lc1
	71.8359
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