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Ni/TiC metal matrix composites have been processed using the laser 

engineered net shaping (LENS) process. Changing the relative amounts of 

titanium and carbon in the nickel matrix, relatively low volume fraction of refined 

homogeneously distributed carbide precipitates, formation of in-situ carbide 

precipitates and the microstructural changes are investigated. The composites 

have been characterized in detail using x-ray diffraction, scanning electron 

microscopy (including energy dispersive spectroscopy (XEDS) mapping and 

electron backscatter diffraction (EBSD)), Auger electron spectroscopy, and 

transmission (including high resolution) electron microscopy. Both primary and 

eutectic titanium carbides, observed in this composite, exhibited the fcc-TiC 

structure (NaCl-type). Details of the orientation relationship between Ni and TiC 

have been studied using SEM-EBSD and high resolution TEM. The results of 

micro-hardness and tribology tests indicate that these composites have a 

relatively high hardness and a s teady-state friction coefficient of ~0.5, both of 

which are improvements in comparison to LENS deposited pure Ni. 
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CHAPTER 1 

METAL MATRIX COMPOSITE (NTIC)  

1.1 Introduction 

The term metal matrix composite is often known as light metal matrix 

composites (MMCs). MMCs are a combination of metallic base like Al, Ni, Ti, Mg, 

Cu, and Fe with a reinforcing unit which is normally a ceramic. MMCs combine 

metallic properties with ceramic characteristics and have been produced with a 

wide range of matrix materials [1-4]. These MMCs come into picture if the 

properties of the conventional materials do not reach the increased standards of 

the specific demands. These composite materials are indigenously 

inhomogeneous based on both elastic and non elastic properties, for example 

when load is applied on t he composite material the stress is not uniformly 

distributed within the material. This understanding and prediction of the behavior 

of stress is used to explain the importance of the composite materials over the 

conventional materials. In 1980s research and development was actually nerved 

using both the discontinuous and continuous reinforced MMCs to achieve the 

balance in performance, affordability and risk involved in producing MMCs 

commercially [5]. The reinforcement for the metal matrix composites has its own 

importance which is determined by production and processing and by the matrix 

system of the composite material [6-8].  



 

 

Over the past 20 years the availability of relatively inexpensive 

reinforcements and the development of various processing routes increased the 

interest in MMCs [9]. As a result of these development most of the MMCs are 

found in several engineering applications including aerospace application due to 

their high specific stiffness and strength, and promising high temperature 

mechanical properties like creep resistance [10-11]. MMCs balance the 

properties of metals and ceramics which could be d ifficult to achieve by using 

them individually. Probably the most important characteristics of reinforcement 

are low density, chemical compatibility, thermal stability, economic feasibility, 

high Young’s modulus, high compression and tensile strength [12-17]. 

For the conventional MMCs the reinforcing phase is prepared separately 

prior to the composite fabrication [19]. Thus, the conventional MMCs are called 

as ex-situ MMCs. The main drawbacks of these conventional MMCs are poor 

wettability between the reinforcement and t he matrix due t o surface 

contamination of the reinforcement and also the particle size of the reinforcement 

is also limited.  As the MMCs are known for its tailored mechanical properties by 

controlling the volume fractions of the reinforcement particles in the composite, 

efforts were made to reach that optimum set of mechanical properties. This led to 

the evolution of in-situ MMCs in which the reinforcements are synthesized due to 

the chemical reaction between the components. The advantages of the in-situ 

MMCs over conventional MMCs are mentioned below: 



 

 

1) The interfacial bonding between the matrix and the reinforcement is 

strong. 

2) The phases formed due to chemical reactions are thermodynamically 

stable. 

3) The finer scale of precipitates formed during the process is 

homogeneously distributed in the matrix. 

 The properties expected would be increase in yield and tensile strength at 

room temperature along with minimum ductility, increase in creep resistance and 

fatigue strength at higher temperatures, improvement of thermal shock 

resistance,  i ncrease in young’s modulus and lastly, reduction in coefficient of 

thermal expansion. This expected improvement in tailored properties added to 

the development of the in-situ MMCs. However, the fabrication routes and 

processing features of in-situ MMCs are not well understood. Mainly, the 

mechanism responsible for the in-situ formation of reinforcements in the metal 

matrix is not well understood. These MMCs are produced by many different 

techniques like casting, powder metallurgy process, hot isostatic pressing (HIP), 

welding of half manufactured products, and forging etc to get optimum properties. 

These processing routes play a crucial role in altering the microstructure which in 

turn can change the properties [10-11]. The material with same composition and 

amounts of components will show different properties in different processing 

techniques. 



 

Koczak et al. [18] have suggested that the in-situ reactions can be 

categorized in terms of the starting reaction phases, such as gas to liquid, liquid 

to solid, liquid to liquid reaction but  Tjong et al. [19] have effectively categorized 

the processing methods utilized to manufacture the in-situ MMCs depending on 

the temperature of the metallic matrix and reactants during the processing. 

Finally, the four categories of the processing routes mentioned by Tjong et al. 

[19] are (a) solid – liquid reaction process; (b) vapor – liquid – solid reaction 

process; (c) solid – solid reaction process, and ( d) liquid – liquid reaction 

process. 

Among all these above reaction processes the widely used reaction to 

form MMCs are solid- liquid reaction process. In solid – liquid reaction process 

the reactants react in-situ to form reinforcing phases in the presence of a third 

liquid metallic phase or this process is a solvent assisted reaction in which the 

reinforcing particles are generated in the matrix via diffusion of the components.      

The processing routes related to this reaction process are self- propagating high- 

temperature synthesis (SHS) [20-22], exothermic dispersion (XD) [23-25], 

reactive hot pressing (RHP) [26], combustion assisted cast (CAC) [27], direct               

reaction synthesis (DRS) [28-29], flux assisted synthesis (FAS) [30], reactive 

spontaneous infiltration (RSI) [31], direct melt/metal oxidation (DIMOX) [32], 

reactive squeeze casting (RSC) [33] and lastly rapid solidification process (RSP) 



 

[34-39]. The selection of the suitable matrix is completely depended on t he 

application of the composite material.  

In the present work, nickel was chosen as the matrix (solvent) material 

that was reinforced with titanium carbide (TiC) (Solute). This MMC was fabricated 

using laser engineered net shaping (LENS) which falls into the first category 

(solid- liquid reaction process) by Rapid Solidification Process (RSP) mentioned 

by the Tjong et al. [19]. 

 

1. 2 Objectives 

(A)  Studying the microstructural evolution in laser deposited nickel- titanium- 

carbon in-situ metal matrix composite. 

(B) Determining the structure-property relationships of the as deposited nickel- 

titanium- carbon composite. 

(C) Effect of microstructure on t ribological properties of the nickel- titanium – 

carbon composite. 

(D) Laser deposition of Ni- TiC composites with a relatively low volume fraction of 

refined homogeneously distributed carbide precipitates resulting from an i n-situ 

reaction between elemental carbon (graphite) within the molten nickel pool. 

 

 

 



 

 

1.3 Organization of Thesis 

There are total 5 chapters in the thesis. The chapter 1 completely deals 

with the introduction of metal matrix composite and t he motivation of choosing 

the new generation “composite material.” Chapter 2 deals with the introduction 

and purpose of selecting the nickel- titanium carbide composite (Ni-Ti-C) system 

including the previous and present work done by the peers. Chapter 3 provide a 

detailed experimental procedure followed in order to process and characterize 

Ni-Ti-C composite to find out the importance of the Ni-Ti-C composite including 

the various conditions and introduction of the machines and apparatus used to 

fabricate and characterize the Ni-Ti-C composite respectively. Chapter 4 

documents the results and discussion based on the experiments involved in the 

chapter 3. Lastly, chapter 5 summarizes the present study and proposes further 

work that can be done in the future. 



 

 

CHAPTER 2 

LITERATURE REVIEW 

This chapter discusses the importance of Ni-Ti-C ternary system with 

reference to the previous and the present work as well as the importance of laser 

engineered net shaping (LENS) as an effective fabrication tool for such 

composites. 

2.1 Laser Engineered Net Shaping (LENS) 

This technique is an extension of rapid prototyping (RP) technologies into 

the direct fabrication of metal and alloy parts [40]. It is a promising technique for 

the rapid fabrication of full dense components. The technique was first developed 

at Sandia National laboratory in United States in the 1990s and was 

commercialized by Optomec Inc. Compared to conventional methods it has the 

advantage of improving microstructural and m echanical properties as it goes 

under rapid cooling/ solidification rate including,  the efficiency to prepare the 

parts with greater homogeneity. Usually, Nd-YAG or fiber laser are used to 

process wide range of metal powders. The LE NS process is a direct laser 

fabrication processing and solid metal forming process to form 3D components. 

In this process, unlike other RP techniques, no plastic coatings, binders, or filler 



 

 

materials are required rather spherical metal powders ranging from 50µm-150µm 

(-100/+325 mesh) is needed for the LENS system.   

The current LENS equipment uses Nd- YAG laser, a four nozzle co-axial 

powder feeder system, Argon controlled environment in the glove box and a 

control system. The Nd- YAG laser has a 0.5-1mm diameter circular beam at the 

focal zone with the Gaussian intensity distribution and a maximum output power 

of 750W [36]. The pow der delivery through the four co-axial nozzles powder 

system is designed in such a way that these all are focused at a sing le point, 

which is a focal point of the laser beam. LENS uses the powder stock to allow the 

flexibility to deposit various types of elemental powders to form an al loy. 

Additionally, using m ultiple hopers give the flexibility to build a compositional 

graded specimen. Fabrication of components is done under Ar atmosphere to 

avoid contamination as well as to prevent the formation of unwanted intermediate 

phases. The control system controls the movement of the stage, flow rate of the 

powder, etc. The operation of LENS system is explained in detail in the section 

3.2. 

2. 2 Composites Processed by laser Deposition 

Advanced materials like functionally graded materials (FGMs) are 

processed using LENS. The m ain characteristic that distinguishes FGMs from 

conventional composite materials is the variation in the composition and 

microstructure in a manner to select the desired composition which gives better 



 

 

properties. Some examples of FGMs fabricated by the laser techniques are Fe- 

Cr- Ni and Fe- Co-Al system studied by Steen et al [41], WC- Co cermets 

fabricated by Xiong et al. [34], stainless steels, nickel-based superalloys, copper 

alloys, titanium alloys have also been deposited using LENS. Bio implant 

materials like TNZT and Co-Cr-Mo were also prepared using LENS [42, 43]. 

2. 3 Nickel- Titanium- Carbide 

Among various metals matrix like Al, Cu, Fe, Mg, Ti and reinforcements 

like tungsten carbide (WC), titanium nitride (TiN), etc respectively, a combination 

of Ni and TiC was chosen because of its considerable importance in number of 

industrial applications due to its high specific strength, stiffness, toughness and 

low coefficient of thermal expansion [44-49]. Nickel based super alloys are 

remarkable for their heat and corrosion resistance as well as low thermal 

expansion properties which allows it to be used in wide variety of industrial 

application like gas turbines and steam turbines in power generation industries. 

The nickel alloy parts which are known for their ability to resist corrosion, 

deformation, cracking and m etal fatigue in the presence of high temperature.  

Also, the aerospace and aviation industries rely on nickel based super alloys for 

their ability to retain strength and resist metal fatigue at drastic and high 

temperature, chemical and p etrochemical industries for the resistance to 

corrosion and metal fatigue at different temperatures, food processing industries 

in making parts for storage tanks, piping, etc as it is resistant to the abrasion, to 



 

 

ensure the product remains uncontaminated. Lastly, nickel alloy parts are also 

useful in paper and pulp industries as certain grades of nickel alloys are highly 

resistant to oxidation at high temperatures. Similarly, titanium carbide is chosen 

as reinforcement though it is brittle because of its high hardness (2859-3200 HV), 

high melting point (3067oC), low density (4.93 g/cm3) and high mechanical 

strength [50]. It is commercially used in tool bits. Nickel dose not form an 

equilibrium carbide phase [51] and therefore, the combination of titanium carbide 

reinforcement in a nickel metal matrix is promising. This combination is also 

considered as a hybrid material for high temperature structural applications [52-

56]. Thereby, TiC reinforced nickel matrix composites is regarded as the potential 

replacement of WC-Co owing to its exceptional mechanical and physical 

performance even at high temperature for refractory, abrasive, and structural 

applications. TiC is 33 percent harder than that of WC at room temperature [57] 

and also it is chemically inert. This TiC is thermodynamically stable in Ni matrix. 

Among the calculated Ti-C phase diagram by several authors. The phase 

diagram developed by Dum et al. [58] via modeling (Fig.1) was in closer 

agreement with the experimental data in the Ni-Ti-C ternary system in the case of 

the ideal calculation [48]. From the Ti-C phase diagram (Fig.1) it is difficult to 

quantify the structure and composition of TiC as the % of C in TiC varies from 0.4 

at% to 0.5 at%. 



 

 

 

                  

 Fig. 1.  Calculated Ti-C phase diagram by Dum et al. [58] via modeling. 

Zheng et al. [47] studied the influence of Ni coated graphite on laser 

deposited IN625 MMC.  A study on the carbide phase directly introduced in these 

composites as Ni- coated TiC powder has shown the enhanced mechanical 

properties of metal matrix composite. Furthermore, the stability of these metal 

and ceramic interfaces is important on m echanical performance, which is 

critically dependent on the structural conformity of the two phases at the 

interface.  

Nickel-titanium-carbon composite was manufactured by using different 

processing routes like mechanical alloying by Huang et al. [49]  to see the 

original microstructure of the ball milled materials with three different 



 

 

compositions This studies showed that the microstructure of all the three 

compositions have large agglomerates with size 3-10mm which were abruptly 

formed, suggesting that melting of the powders and subsequent quenching has 

occurred with quite a di fferent route from those of gradual diffusion reaction. 

Bapu et al. [59] studied the same system by electrocodeposition of TiC onto 

nickel substrate and found that  12.9 vol % TiC have both the hardness and wear 

resistance twice as compared to the electrodeposited nickel with poor resistance 

to oxidation. Sans et al. [60] prepared Ni/TiC micro laminates using direct 

evaporation for nickel layers and activated reactive evaporation of TiC which 

gave better control in synthesizing the TiC layers. Takahashi et al. [61] used 

differential thermal analysis of the Ni- TiC system to define the high temperature 

reactions and observed the structural changes corresponding to these reactions. 

Choi et al. [62] studied the densification behavior of the TiCx- 50 wt% Ni 

composites processed via se lf- propagating high temperature synthesis (SHS). 

They reported that the densities of the liquid-phase sintered samples were 

greater than ~97% of the theoretical density whereas the liquid infiltrated sample 

was ~95%.  

In the present research I focus on the microstructural evolution and 

characterization of laser deposited nickel titanium carbon in-situ metal matrix 

composite. The aim is to exploit the inherent rapid solidification rates in LENS 

processing to achieve a homogeneous distribution of titanium carbide precipitate 



 

 

 

reinforced by the nickel matrix, while maintaining a relatively low volume fraction 

of these precipitates relatively low.  The det ailed characterization of the Ni/ TiC 

interface using hi gh resolution electron microscopy. The evaluation of the 

microhardness and tribological properties of Ni-Ti-C composite was compared to 

laser deposited pure Ni.  

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER 3 

MATERIALS AND EXPERIMENTAL PROCEDURE 

3.1 Fabrication of Ni-Ti-C Composite 

The raw material used to fabricate the nickel titanium carbide composites 

consisted of near- spherical Ni (40-150µm), pure Ti (40-150um) and N i coated 

graphite powders which can pass through -300/ +325 mesh. These powders 

were commercially acquired from crucible research. All these powders were gas 

atomized. The reason to choose the Ni-coated graphite powders instead of pure 

graphite powder was to avoid variation in flow rate of each powder due t o the 

difference in their densities. The Ni coated graphite consists of 75% of C and 

25% of Ni by weight. Two different nominal compositions with varying 

percentages of nickel, titanium and nickel coated graphite are chosen. The final 

compositions are summarized in Table 1. 

Table 1 

List of samples with Nominal Composition 

S. No Sample  Nickel (at%) Titanium (at%) Carbon (at%) 

1 Ni - 10Ti -10C 80 10 10 

2 Ni - 10Ti – 5C 85 10 5 

3 Ni 100 - - 

 

 



 

 

All these compositions were prepared by pre- mixing powders in a twin 

roller mixer which consists of two rollers moving in opposite direction. The mixing 

of powders was done for 6 hours at 300 rotations per minute (rpm) to achieve a 

near homogeneous mixture. Then the mixture was loaded into the powder 

hoppers of the Laser engineered net shaping (LENS) system. 

3.2 Laser Engineered Net shaping (LENS) 

 The LENS process begins with a computer-aided design (CAD) file of a 

three dimensional component, similar to rapid prototyping technologies such as 

stereo lithography. To build three dimensional components, the powders are 

injected through nozzles which are focused at a point where the high power laser 

beam was focused. The information about each of these layers is transmitted to 

the manufacturing assembly. The entire deposition is carried out with a controlled 

inert argon gas environment in the glove box. The argon gas is continuously re- 

circulated during the LENS deposition process. A metal substrate is typically 

used as a base for depositing the component. An overall diagram of the LENS 

system is shown in Fig. 2. In this case, a stainless steel substrate was used for 

depositing the Ni- Ti-C in-situ composites.  



 

 

          

 Fig. 2. Laser Engineered Net Shaping (LENS). 

A high powered 500W Nd: YAG laser, emitting near infrared laser 

radiation at a w avelength of 1.064µm, is focused on the substrate to create a 

melt pool into which the powder feed stock is delivered through an inert gas 

flowing through a f our-nozzle assembly. The nozzl e is designed such that the 

powder streams converge at the same point where the laser beam is focused as 

shown in Fig. 3, subsequently the substrate is moved relative to the laser beam 

on a co mputer controlled stage to deposit thin layers of controlled width and 

thickness. In our case, the scan speed of the laser was 10 inches/min and the 

hatch width used for the deposition was 0.018 inch with 0.01 inch of layer 

thickness. Each layer of scan was deposited in a sequence of 00, 900, 180o, and 

270o to ensure uniform layers. The oxygen content in the glove box was 

maintained below 5 parts per million (PPM) during all the depositions. The 



 

 

measured powder flow rate was 2.57 g/min while the argon volumetric flow rate 

was maintained at 3 litres/min.  

The powder mixture with two different nominal compositions along with 

pure nickel are mentioned in the Table 1.These compositions were fed into the 

powder feeder of the LENS deposition system after mixing them in the twin roller 

mixer. The composites were laser deposited in a cylindrical geometry of diameter 

10mm and height 10mm. The laser power used in these depositions was 350W.  

 

Fig. 3. Schematic view of the LENS. 

The LENS deposited cylindrical in-situ composites were taken out from the 

glove box through the anti chamber (the medium to load/unload the samples 

from the glove box to avoid any atmospheric oxygen contamination) and were cut 



 

 

 

from the as mentioned stainless steel plate substrate using the electric discharge 

machine (EDM). 

The Electric discharge machine (EDM) is also called as spark eroding or 

sparks machining which uses recurring high voltage electric discharge. It is an 

important tool to cut parts with precision as high as 1/1000th of an i nch with a 

brass wire. This is usually used for making prototypes and production parts 

especially in automobile and aerospace industries. The samples of 10mm height 

deposited through LENS were cut into 3 pieces with 3.3mm height.  

After the cut, these samples were then characterized using various 

characterization techniques mentioned below one by one in a sequential order.  

3.3 Characterization of Ni-Ti-C Composite                   

3. 3. 1 X- Ray Diffraction (XRD) 

 This experiment was carried out in a Rigaku Ultima III diffractometer with a 

Cu Kα incident x-ray source generated at 40KV and 44mA which has a 1.54 Ao 

wavelength. The parameters which were used to collect the data are sample step 

size: 0.010, scan speed: 0.50 per min, start degree: 20, stop degree: 90, 

attenuator: open, receiving slits: DS=3mm, SS=1mm, RS=1mm.  

  Due to the wave nature of the X- rays these are reflected at different 

planes at different angles with varying intensity. The condition for this is given by 

the Bragg’s relationship.  

                                        nλ = 2dsinƟ  



 

 

Where, n=  Integer determined by the given order 

             λ= Wavelength  

             d= Interplanar spacing 

             Ɵ= Angle of diffraction. 

The data given by the X- ray detector is plotted between the intensity of the 

peaks versus the angle at which it got reflected. The processed results were 

analyzed using the Jade v7.0 software.   

3.3.2 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) was used to study the 

microstructure of the LENS deposited composites.  As the samples that were cut 

using the EDM were of 3.3mm each, it was difficult to hold and polish them. In 

order to avoid this difficulty, these samples were mounted using the mounting 

press manufactured by Buehler. The pow der used for the mounting was a 

conducting polymer. The mounting press had one and half inch diameter stubs to 

heat and compress the powder from both top and bottom so that the resulting 

sample had suitable dimensions enough to hold the specimen by hand during 

mechanical polishing.  

After mounting, the surface of the metallographic sample was grounded by 

mechanical polishing using silicon carbide emery paper. The pol ishing was 

performed in a sequential manner from coarse to fine by using 400, 600, 800, 



 

 

1200 grit papers. Subsequently a finer polishing was done using polishing cloth 

and alumina powders of 1µm, 0.3µm and 0.05µm to obtain a mirror finish.  

Then these samples were ultra sonicated for 20 minutes with acetone 

followed by methanol to completely remove the remains of the surface alumina 

which gets onto the surface during the finer polishing. After ultra sonification 

these samples were heated on the heating plate to evaporate the remains of the 

alcohol on the surface of the sample and also to avoid the degassing, when the 

sample is loaded in the scanning electron microscope.  

The morphology of different phases plays a vital role in determining the 

properties of the material. To investigate the morphologies, these samples were 

analyzed using FEI nova scanning electron microscope (SEM) in both secondary 

electron and back scattered electron mode (Z- contrast). Apart from the 

morphology, the chemical composition was determined by the energy dispersive 

spectroscopy (EDS).  

3. 3. 3 Auger Electron Spectroscopy (AES) 

This technique is normally used for surface analysis. 670xi scanning auger 

nanoprobe was used to map both the elemental distribution in carbon, titanium 

and nickel rich regions in the Ni-Ti-C composite operating at 20KV and 10nA.  

 

 

 



 

 

 

3. 3. 4 X-ray energy dispersive spectroscopy (XEDS) 

In XEDS technique the X- rays emitted from the sample by the 

bombardment of the electrons consist of characteristic X-rays with particular 

energies which are used to identify each element present in the sample. It is an 

analytical technique that can be used in SEM for the characterization of unknown 

material by virtue of its chemistry and phases. Both qualitative and quantitative 

elemental analysis can be m ade. The interaction volume is more compared to 

auger electron spectroscopy (AES), secondary electrons (SE) imaging and back 

scattered electrons (BSE) imaging as shown in the Fig. 4.  

                       

Fig. 4. Interaction volumes when bombarded by electron (Courtesy: www. 

unl.edu).     

This XEDS is challenging when the unknown material has phases with 

same chemical composition but different crystal structures.  All the polymorphs 

cannot be distinguished by the XEDS.  It is also challenging when the unknown 

phases have different chemical composition but have overlapping peaks in the 



 

 

XEDS spectrum. It is also difficult to analyze phases with elements lighter than 

carbon. 

3. 3. 5 Electron Back Scattered Diffraction (EBSD) 

 It is also called as orientation imaging microscopy (OIM) to measure the 

crystallographic orientation in polycrystalline as well as single crystal materials. It 

can also be explained as a micro structural crystallographic technique which is 

used to examine the crystallographic orientations of the phases/grains.  A more 

recent development in EBSD technique was made by introducing field emission 

gun scanning electron microscope (FEGSEM) manufactured by FEI.  This 

FEGSEM increases the spatial resolution much better than the environmental 

scanning electron microscope (ESEM). This technique made it possible to 

characterize sub-micron grain structures as well as the grain boundary 

misorientations. The schematic of the EBSD set up is shown in the Fig. 5.  

The sample is tilted at 700 from the horizontal to reduce the scattering or 

to reduce the travel distance of the electrons to the detector. The measurements 

are made at individual locations on a use r defined array of points. At each point 

diffraction pattern is collected and the orientation of the collected bands is 

determined from the geometry of the bands. All these data points are stored in 

the software (TSL OIM) which analyses, manipulates and displays the data. This 

point by point differentiation makes it powerful for characterizing sub micron 

multiphase material. EBSD is used to assist in the selection of a phase from a list 



 

 

of candidate phases derived from a co mprehensive database. While scanning 

individual points it tries to find the constituent phase corresponding to the bands 

in the diffraction pattern.  

                         
 
Fig. 5. SEM- EBSD experimental set up (Courtesy: Oxford Instruments). 

 

Boundary with Ɵ (misorientation) less than 150 is called as low angle grain 

boundary and that with Ɵ greater than 150 is called as high angle grain boundary. 

In this experiment the tolerance angle to measure the misoriented grain 

boundaries was normally high angle grain boundary to avoid false boundaries 

and misorientations.  

The advantages of EBSD are the ability to differentiate different crystal 

structures with same chemical composition (E.g. a FCC phase is relatively easily 

differentiated from a H CP phase because of its unique inter-planar angles 

between the diffracting planes for each phase). In EBSD the crystal orientation of 

two different phases can be determined for bulk samples in contrast to 



 

 

transmission electron microscopy (TEM) which is done on t hin foils. It reduces 

sample preparation time for the crystallographic analysis compared to TEM. In 

addition to that specific grains can also be selected to see the orientation from 

more than 100 grains (large area).  

Along with these advantages it also has some limitations. This becomes 

challenging when it tries to index two constituent phases having similar crystal 

structure. It is difficult to measure the orientation relationship of both Ni and TiC 

in the Ni-10Ti-10C and Ni-10Ti-5C composites, as both of them fall under FCC 

crystal structure.   

  This limitation can be overcome by combining the individual limitations of 

XEDS and EBSD. Both elemental information via XEDS and crystallographic 

data via EBSD can be collected simultaneously in FEGSEM.  

 In order to measure the orientation relationship (OR) in the Ni-Ti-C 

system, the combination of EBSD and EDS experiment were performed by 

following procedure: 

1. The Region of Interest (ROI) 20* 20 µm2 on the sample was aligned for 

EBSD scan- the procedure for setting up an E BSD scan is same as 

discussed earlier in this section. 

2. XEDS data was collected using the EDS spectrum collection page within the 

OIM data collection software for 60sec of acquisition time. 



 

 

 

3. The peaks were identified or assigned for that corresponding entered 

element information. 

4. An EBSD scan was set up with a step size of 0.1 microns in the same area 

immediately after the EDS data collection. 

5. After the EBSD data collection, the scan was reopened in the TSL OIM data 

collection software. 

6. From the scan properties window the chemistry limits for individual phases 

were assigned. This can be done manually or automatically. For this 

analysis, automatic component analysis was used with 70% tolerance and 4 

*4 bin size to find the components. This step uses the XEDS data to find the 

regions with similar composition 

7. The regions with high Ni spectrum count were manually assigned as Ni 

phase and regions with high Ti and C count were assigned as TiC phase. 

8. The ROI was rescanned with the assigned phases and at each point, Hough 

transform of the corresponding pattern is calculated. Bands in the EBSD 

pattern determine the peaks in the Hough transform. The height of the peak 

corresponds to the intensity of the band and the width of the peak 

corresponds to the width of the band. 

9. The points where it marked Ni phase in XEDS were indexed with the nickel 

kikuchi standard pattern and the points marked as TiC phase were indexed 

as TiC standard kikuchi pattern. This technique clearly distinguished the 



 

 

bands collected at particular point as Ni or TiC bands. This procedure is 

explained in detail by the Nowell and Wright [63]. 

3. 3. 6 Transmission Electron Microscopy (TEM) 

It is a technique used to characterize the microstructure of materials with 

very high spatial resolution. Ni-Ti-C composites were studied in a FEI Tecnai F20 

field-emission gun (FEG) TEM at an operating voltage of 200keV. TEM transmits 

very high energy electrons which have very small wavelength (0.025A0) through 

a thin sample (electron transparent) to image and analyze the microstructure of 

the materials with high resolution. This small wavelength of electrons allows 

observing planar and line defects, grain boundaries, interfaces, morphologies, 

crystal phases and defects present in the material. Sample preparation for TEM 

generally requires more time compared to other characterization techniques. 

Both conventional and non co nventional techniques were used to prepare the 

samples for TEM analysis.  

In conventional technique one of the three 3.3mm discs were cut by the 

EDM and w as polished by the series of abrasive papers. Subsequently these 

discs were further mechanically thinned in a Gatan dimple grinder, and then ion- 

milled with 5kv in a Gatan duo mill to make it electron transparent.  Whereas, in 

the non conventional technique dual beam focused ion beam (FIB) was used in 

order to study the site- specific region of the Ni-Ti-C composite.  

 



 

 

 

3. 4.  Mechanical Property 

3. 4. 1 Vickers Micro Hardness 

 The micro hardness measurements were done on the Ni-10Ti-10C and Ni-

10Ti-5C composites using SHIMADZU vickers micro hardness tester at a load of 

300g for 15 seconds. The er ror in the hardness measurement was ±0.5µm; it 

was the minimum apparatus error. The test was carried out at room temperature 

(RT). More than 10 readings were measured across each sample and standard 

deviation of the measured values was calculated.                         

3. 4. 2 Tribology 

  Sliding friction and wear testing was conducted with a Fa lex (Implant 

Sciences) ISC-200 pin-on-disk (POD) system at room temperature. The samples 

were openly exposed in lab air (̴ 40% RH) during the tests. Tests were performed 

under a 1 N  normal load and track radii of 1.6mm with Si3N4 ball, which 

corresponds to an initial maximum Hertizan contact stress (Pmax) of 1̴.2 GPa. The 

sliding speed was fixed at 50mm/sec. The ratio of tangential to normal load is the 

friction coefficient. Two POD tests were carried out with sliding distance of 10m 

(to show run-in friction behavior) and 140m (to show steady-state friction 

behavior) for each sample. 

 



 

 

 

CHAPTER 4 

RESULTS AND DISCUSSIONS 

4. 1  X-Ray Diffraction (XRD) 

  Fig. 6 and Fig. 7 show the x-ray diffraction pattern of the as 

deposited Ni-10Ti-10C and Ni-10Ti-5C composites, respectively. In both 

the composites, the primary peaks can be consistently indexed based on 

the face- centered cubic (FCC) Ni phase and the TiC phase exhibiting the 

rocksalt (NaCl- type) structure. In addition, both the composites show only 

two phases which explains that there is no residual reaction between Ni-Ti 

and Ni-C. It is well known fact that, if lattice parameter (a) increases, 

peaks shift towards left and vice–versa. This explains that shift in peaks is 

directly proportional to change in lattice parameter. The lattice parameter 

for Ni and TiC is calculated by using Bragg’s law: 

                                                 nƛ= 2dsinƟ  , n=1, ƛ= 1.54A0    

          The calculated lattice parameters for Ni and TiC are mentioned in Table 2 

in comparison to the standard JCPDS [64] values. 

            From the Table 2, it is observed that there is negligible change in 

the lattice parameter of the TiC compared to JCPDS standard card. This 

indicates that there is no change in the composition of the TiC in both the 

composites. 



 

 

Table 2 

Lattice parameter of Ni-Ti- C composites 

Sample a (Ni) (A0) a (TiC) (A0) 

JCPDS Card  3.522 4.328 

Ni-10Ti-10C 3.565 4.331 

Ni-10Ti-5C 3.555 4.337 

                

Whereas, there is 1.2% and 0.93% increase in ‘a’ of nickel in Ni-10Ti-10C 

and Ni-10Ti-5C composite respectively. This increase in the lattice parameter 

may be a result of a possible super saturation of carbon in nickel.                     

           

Fig. 6. XRD pattern of Ni-10Ti-10C. 

         



 

 

   

Fig. 7. XRD pattern of Ni-10Ti-5C. 

 In addition, it is also observed that there is a change in intensities of the 

peaks of Ni and TiC in Ni-10Ti-5C composites. This indicates the change in the 

volume fraction of Ni and TiC. From Fig. 7, the increase in intensity of Ni peaks 

and decrease in intensity of TiC peaks indicates higher content of Ni and lower 

content of TiC respectively compared to Fig. 6. For further confirmation, Ni (111) 

plane and TiC (200) plane shows 100% (primary) peak which are in agreement 

with the JCPDS database. Calculation of the intensity ratio between titanium 

carbide peaks with nickel peaks in Ni-10Ti-10C and Ni-10Ti-5C gives a 

qualitative measure of the overall volume fraction of TiC in nickel matrix as 

shown in the Table 3. 

 



 

 

Table 3 

 Ratio of 100% intensity peaks 

         

                                   

                 

                               

Table 3 also confirms that there is high volume fraction of TiC and lower 

volume fraction of  Ni in Ni-10Ti-10C compared to Ni-10Ti-5C. 

4.2 Scanning Electron Microscope (SEM) 

The microstructural characterization of the as deposited Ni-10Ti-10C and 

Ni-10Ti-5C composite by the backscatter SEM imaging of this sample is shown in 

the Fig. 8. This clearly shows the uniform distribution of the TiC particles in the 

nickel matrix of two different morphologies and size scales, i.e. large cuboidal 

and fine scale acicular. The faceted cuboidal carbides are likely to be the primary 

TiC as they are first formed in the liquid melt and the fine scale acicular carbides 

are likely to be the eutectic carbides as they are formed at the eutectic point. The 

formation of these phases was consistent with the phase diagram of the Ni-TiC 

mentioned by the Liu et al [65]. This also shows that there is no reaction between 

Ni and Ti as Ni has less affinity towards carbon compared to titanium resulting in 

the formation of TiC by which we can say that nickel is acting like a diluents, Ti 

and C are acting as reactants and upon reaction TiC is formed as the product.   

Sample I TiC(111)/ I Ni(200) 

Ni-10Ti-10C 0.153 

Ni-10Ti-5C 0.102 



 

 

Note that the region immediately adjacent to both primary and eutectic TiC 

precipitates exhibit a relatively brighter contrast in this backscatter image 

suggesting possible local compositional segregation in terms of either carbon or 

titanium depletion with respect to the matrix composition. 

In Ni-10Ti-10C composite it is observed that the volume fraction and the 

size scale of the primary carbides is more compared to the Ni-10Ti-5C whereas 

the volume fraction of the eutectic TiC in Ni-10Ti-5C composite is more than that 

of the Ni-10Ti-10C composite with decrease in the size scale of both primary and 

eutectic TiC. Quantitative analysis of area fraction is calculated using I mage J 

software. 

            



 

 

            

Fig. 8. Backscatter electron images a) Ni-10Ti-10C@5000X; b) Ni-10Ti-

10C@10000X; c) Ni-10Ti-5C@5000X and d) Ni-10Ti-5C@10000X. 

As shown in Fig. 8 backscatter SEM images have a sharp contrast 

between the TiC and the Ni matrix in the grey scale. Therefore these images are 

most suited to measure the area fraction of primary and eutectic TiC in both Ni-

10Ti-10C and N i-10Ti-5C composites using imageJ software. This tool helps in 

differentiating both primary TiC and eut ectic TiC by using different filtering 

options like size scale, area, intensity thresholding and circularity to filter the 

particles. The backscatter SEM images in high resolution tiff format (1024 x 1024 

pixels) were used as the input. This software allows assigning a value in amount 

of pixels, by measuring the actual length of the micron bar and converting them 

into pixels. Once the scale is set, measurement of each particle in pixels can be 

performed, which is directly converted into length unit and allows analyzing the 

area fraction, average area, mean diameter. By using this filtering process 

parameters, the obtained qualitative outline area fraction of both primary and 



 

 

eutectic TiC in Ni-10Ti-10C and Ni-10Ti-5C composite is shown individually in 

Fig. 8(a) and (c) and Fig. 9(a) and (c) respectively along with the corresponding 

backscatter image shown in Fig. 9 and Fig. 10 (b)  

 

 

Fig. 9. Area fraction in Ni-10Ti-10C (a) primary TiC; (b) BSE i mage and (c) 

eutectic TiC.   

 

Fig. 10. Area fraction in Ni-10Ti-5C (a) Primary TiC; (b) BSE image and (c) 

eutectic TiC. 

The quantitative area fraction is shown in Table 4. 

 

 

 



 

 

Table 4 

Comparison of area Fraction and average area of Primary TiC and Eutectic TiC 

in Ni-Ti-C composite 

Sample Ni-10Ti-10C Ni-10Ti-5C 

Primary TiC (%) area fraction 16.8 1.4 

Eutectic TiC (%) area fraction 6.8 8.6 

Primary TiC (µm2) avg area 2.4 0.512 

Eutectic TiC (um2) avg area 0.257 0.079 

 

Table 4 shows significant difference in the area fraction and the average 

area of the particles by reducing the carbon content by 50% (atomic) in Ni-10Ti-

5C compared to Ni-10Ti-10C composite. The total Area fraction of primary and 

eutectic TiC in Ni-10Ti-10C composite is greater (approx 24%) compared to Ni-

10Ti-5C (approx 10%) which is in congruence with XRD data showing reduction 

in intensity of the TiC peaks in Ni-10Ti-5C. This change can be clearly seen in 

the Fig. 9. 

 The energy dispersive spectroscopy (EDS) maps of Ni-10Ti-10C shown 

in the Fig. 11 (b)-(d) are from the exact same region as shown in the Fig. 11 (a), 

corresponding to different elemental species, Ni, Ti and C . These EDS maps 

reveal that the primary TiC are rich in Ti and C with depletion in Ni.  



 

 

           

            

Fig. 11. EDS mapping of Ni-10Ti-10C composite (a) SEM of Ni-10Ti-10C and (b)-

(d) EDS maps of Ti, C and Ni. 

 

It shows similar result in the Ni-10Ti-5C as shown in Fig. 12 (a)-(d).                                 



 

 

 

Fig. 12. EDS mapping of Ni-10Ti-10C composite (a) SEM image of Ni-10Ti-5C 

and (b)-(d) EDS maps of Ti, C and Ni. 

 

 

 

 

 



 

 

 

4.3 Auger electron Spectroscopy (AES) 

High resolution auger electron spectroscopy (AES) maps from a region of 

the Ni-10Ti-10C composite sample are shown in Fig. 13 (b)-(d) with the 

corresponding SEM image in the Fig. 13(a).            

  

 Fig. 13. (a) SEM image of Ni-10Ti-10C; (b)-(d) AES m aps; and (e)-(g) color          

overlay of Ti, C and Ni at 20Kv and 14KX magnification. 

The depletion of Ni (Fig. 13(d)), and the higher Ti (Fig. 13(c)) and C (Fig. 

13(b)), within the carbide precipitates of both types is clearly visible. Based on 



 

 

the Fig. 13(b) it can be seen that there is some carbon remaining in the nickel 

matrix, which is unusual based on t he argument that there is negligible 

equilibrium solubility of C in  Ni but the rapid solidification rates inherent during 

the laser deposition by LENS result in diffusion limited trapping of C, resulting in 

super saturation within the Ni matrix.  Fig. 13 (e) – (f) shows the color overlay by 

combining individual color codes given to the elements. Ti (red), Ni (green) and C 

(blue) combining these three colors gives magenta which shows the titanium 

carbide.  

4.4 Electron Backscatter Diffraction (EBSD) 

This technique helps in identifying the phases with same chemical 

composition but vary in crystallographic structure. In this case this cannot be 

resolved through XEDS. This technique becomes challenging when it has to 

identify the same crystal structure but differ in chemical composition. In Ni-Ti-C 

composite both Ni and TiC has similar FCC crystal structure. Therefore to 

overcome the limitations of both XEDS and EBSD, the combination of XEDS and 

EBSD helps in identifying Ni and TiC phase in the Ni-Ti-C composite.  Although 

combining these techniques overcome some of the limitations, the analysis has 

been limited due to the mismatch of the spatial resolutions, the geometry of the 

EBSD scan at 700 is not ideal for the XEDS which may lead to reduction in the 

counts for identification of lighter elements like carbon. In Fig. 14(a) we could see 

the overall scan of the 20*20µm2 area with different colors showing different 



 

 

orientations. Fig. 14(b) determines the stereographic triangle and the direction of 

orientation. Fig. 14(c) corresponds to the phase map of the EBSD scan. Fig. 

14(d) shows the color code of the phase map. 

                                     

 

Fig. 14. SEM- EBSD (a) IPF; (b) ST; (c) phase map; (d) color code of Ni-10Ti-

10C composite. 

To check the orientation relationship of the nickel matrix and the TiC 

precipitates, two unique features are studied in two different cases; parts of the 



 

 

scan are selected as shown in the Fig. 15 and Fig. 17. The two cases to study 

are 

a) Case 1: TiC at the grain boundary of nickel grains and 

b) Case 2: TiC inside the nickel grain.  

a) Case 1: TiC at the grain boundary with ROI is highlighted as shown in the fig. 

15(a)  

            

Fig. 15. Case-1: TiC at grain boundary of Ni-10Ti-10C composite (a) inverse pole 

figure (IPF); (b) phase map of ROI; (c) color-code; (d) Stereo-graphic triangle 

(ST). 



 

 

 

 Fig. 16. Case 1: Pole Figures (PF) of Ni and TiC in ROI of Ni-10Ti-10C 

composite. 

Fig. 15 (b)-(d) shows corresponding phase map, color code and 

stereographic triangle respectively. Figure 16 shows the 001, 110, 111 pol e 

figure (PF) of Ni a nd TiC. The highlighted (001), (110) and ( 111) poles of a 

specific grain 1, exactly matches with the Poles of one of  the TiC grains 

highlighted in red circles indicating a specific orientation relationship (OR) 

between them, whereas, no single point in the PF of Ni grain 2 matches with any 

point of the TiC PF indicating that there is no specific OR between the grain 2 



 

 

 

and TiC at the grain boundary. This concludes that the grain 1 started growing 

from the primary titanium carbide as shown in the Fig. 15(a), whereas, grain 2 

possibly nucleated from a different primary TiC (outside the ROI). It can also be 

observed from Fig. 15(a) that there is a single TiC at the grain boundary but the 

PF shown in Fig. 16 indicates two TiC grains. To check this mismatch of both IPF 

and PF two TiC particles are highlighted to see the mis-orientation among them 

and was found that there is less than 30 mis-orientation between two TiC present 

at the grain boundary. 

       Finally, the pole figures shown in Fig. 16 show that the 001, 110, and 111 

poles of Ni grains and 001, 110 and 111 poles of TiC are lying parallel to each 

other respectively which are marked by red circles.  Fr om the OIM results, we 

can conclude that the orientation relationship between the TiC and Ni grain 1 is 

(001)TiC // (001) Ni,  [001]TiC// [001]Ni. Namely, these two phases, both based on a 

FCC crystal structure show cube on cube relationship. This relationship between 

Ni and TiC are studied in detail by TEM analysis in the following section. 

 

 

 

 

 

  



 

 

b) In Case 2: TiC inside the nickel grain, ROI is shown in Fig. 17     

 

 

Fig. 17. Case 2: Inverse Pole Figures (IPF) of Ni and TiC in ROI of Ni-10Ti-10C 

(a)-(b) composite; (c) color codel; (d) Stereographic triangle (ST). 

 



 

 

 

 

 Fig. 18. Case 2: Pole figure of TiC inside Ni grain in Ni-10Ti-10C composite 

This IPF and PF highlight the same region as shown in Fig. 17 and Fig. 

18. It is observed that the TiC shown in Fig. 17(a) inside the nickel grain does not 

have an OR with Ni grain. That indicates that the nickel grain surrounding the 

precipitate TiC did not nucleate and gr ow from the TiC in the ROI but was 

possibly engulfed by the growing nickel grain. From the PF in Fig. 18 it can be 

deduced that both Titanium carbides shown in the picture do not have any OR 

with the nickel matrix. A similar observation has been made for a different region 

and is shown in Fig. 19 and Fig.  20. 



 

 

 

  

Fig. 19. Case 2(a): (a) IPF of Ni in ROI of Ni-10Ti-10C composite; (b) Phase 

map; (c) color code of the phase map; and (d) Stereographic triangle (ST). 

 



 

 

 

 

Fig. 20. Case 2(a): Pole figure of TiC inside Ni grain in Ni-10Ti-10C composite. 

These observations indicate that in most cases, TiC precipitates within the Ni 

grain do not have an OR with the nickel grains. 

4. 5 Transmission Electron Microscopy Studies (TEM) 

 Bright field TEM images and electron diffraction patterns from the Ni-10Ti-

10C composite are shown in Fig. 21. Fig. 21(a) shows overall microstructure with 

both primary and eutectic carbide precipitates. Higher magnification bright field 

images of the primary and eutectic carbides are shown in the Fig. 21 (b) and Fig. 

21 (d) respectively.  Selected area diffraction patterns from these precipitates are 

shown in the Fig. 21(c) and ( e). These diffraction patterns can be co nsistently 



 

 

 

indexed as the [001] and [112] zone axes of the TiC phase exhibiting a NaCl-type 

rocksalt structure. This result was consistent with the XRD patterns shown in Fig. 

6 and Fig. 7. The primary TiC phase exhibits a relatively coarse-faceted 

structure, while the eutectic TiC precipitates are refined  ̴200nm in size as shown 

in Fig. 20. The presence of these primary and eutectic TiC precipitates, result in 

an increase in the hardness in this composite. 

  



 

 

 

                                                                                                                                                            

 

Fig. 21. TEM analysis of Ni-10Ti-10C composite  (a) BF of primary and eutectic 

TiC; (b) BF of Primary TiC; (c) SAD of Primary TiC @ [001] zone axis; (d) BF of 

eutectic TiC; and (e) SAD of eutectic TiC @[112] zone axis. 

A similar microstructure analysis by transmission electron microscopy 

study has been done on t he Ni-10Ti-5C sample. As similar to Ni-10Ti-10C 

sample, two different types of TiC were observed in this sample. Fig. 22(a) 

shows the faceted primary TiC as well as eutectic TiC along the sub-grain 



 

 

boundary. The selected area diffraction pattern taken along <001> zone axis has 

confirmed the fcc-TiC structure having 0.433nm lattice parameter in Fig. 22(b). 

The primary TiC particles have ~0.5um length scale cubic shape in the Ni matrix, 

while eutectic TiC particles have finer grain around 500nm scale decorating 

along the Ni grains. A more detailed orientation relationship study has been 

performed between the faceted TiC and N i matrix. The S AD pattern obtained 

from the area in Fig. 22(c) revealed the (002) of TiC aligned with (002) of Ni. 

Thus, the orientation relationship between the faceted TiC and Ni matrix is 

<001>TiC//<001>Ni and {001}TiC//{001}Ni. It is similar to the relationship obtained 

from the EBSD results in Ni-10Ti-10C sample, however, the relationship shown 

here is not always observed in other primary TiC particles. It is believed that the 

orientation relationship has been influenced by the nucleation and gr owth 

mechanism of TiC and N i in this system. However, it is not fully understood in 

this system. Thus, the systematic study with careful understanding of 

thermodynamic and kinetic processes leading to the evolution of present 

microstructure needs be done in the future.  

 

 



 

 

  

                             

Fig. 22. TEM analysis of Ni-10Ti-5C composite (a) BF of Primary and eutectic 

TiC; (b) BF-Primary TiC; and (c) SAD at interface of Primary TiC and Ni matrix in 

Ni-10Ti-5C composite. 

 

 



 

 

4. 6 Hardness 

 Due to the differences between the microstructures of the Ni-10Ti-10C 

and Ni-10Ti-5C composites, differences in the mechanical properties are 

expected. Table 5 shows the values of the Vickers micro hardness of the Ni-Ti-C 

composite. The Ni-10Ti-10C composite exhibited a h igh hardness value of 370 

VHN in comparison to both LENS deposited pure Ni and Ni-10Ti-5C. This 

increase in hardness of the Ni-10Ti-10C was due to the contribution of the 

increased volume fraction of the primary titanium carbides.  

Table 5 

Vickers’s micro hardness number for Ni-Ti-C composite with pure Ni 

 

Sample Hardness (VHN) 

Ni-10Ti-10C 370±4 

Ni-10Ti-5C 265±2 

Pure Ni 165 

 

4. 7 Wear 

   Preliminary pin-on-disk (POD) tribometry studies have been ca rried out 

on the LENS deposited Ni-10Ti-10C, Ni-10Ti-5C composites and pure Ni 

samples. These samples were tested for a total sliding distance of 10m and 140 

m as shown in Fig. 23 and Fi g. 24. These distances allow for a co mparison 

between run-in (early stage) friction behavior and steady-state friction behavior, 



 

 

 

respectively.  From Fig. 23, it is clear that the TiC phase in the composites were 

beneficial in reducing the friction coefficient during the entire run-in and steady-

state regimes compared to pure Ni. The f riction coefficients for run-in regime 

were ~0.4 and ~0.5, whereas, the friction coefficients in steady state regime were 

~0.5 and ~0.6 for Ni-10Ti-10C and Ni-10Ti-5C respectively. This can be 

attributed to the presence of primary and eutectic TiC. The reason for the initial 

transition from low to high friction coefficient during the run-in regime, shown in 

Fig. 23, may be a result of the removal of the nascent oxide film on the surface of 

the composite.  M eanwhile, the longer run-in period, shown in Fig. 24 may be 

due to the increase in plowing (abrasive) component of friction because of 

metallic roughening in the sliding contact. Also the wear track width of Ni-10Ti-

10C composite as shown in Fig. 25 is smaller than the wear track width of the Ni-

10Ti-5C composite. This shows that in Ni-10Ti-10C composite, the decrease in 

the wear track area decreases the force which in turn decreases the friction 

coefficient. However, more detailed studies of the structural and chemical 

modifications inside the wear tracks are currently underway to explain these 

friction coefficient transitions. The steady-state friction coefficient for the LENS 

deposited Ni-10Ti-10C composite is only ~0.1 higher than that of previously 

reported self-lubricating LENS deposited Ni/multi-walled carbon nanotube 

(MWCNT) composite [66], its micro hardness is much higher by ~100 VHN.  

Thus, the Ni-10Ti-10C composite appears to be a promising material for surface 



 

 

 

engineering applications requiring high hardness with low coefficient of friction, 

whereas, Ni-10Ti-5C with lower hardness and high coefficient of friction but 

possibly higher toughness will be a good candidate for structural application. 

 

 

 

 

 

 

 

                                                                                     

Fig. 23. Run-in-friction for 10m of Ni-Ti-C composite. 

 

 

 

 

 

 

 

 

Fig. 24. Steady State Friction for 140m of Ni-Ti-C composite. 
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Fig. 25. Wear track of Ni-Ti-C composite. 

 The Ni-TiC composites, discussed in the present study have resulted from 

an in-situ reaction between Ti and C  within a N i matrix. Consequently, the 

sequence of phase evolution in the ternary Ni-TiC system as a function of 

composition needs to be investigated. The thermodynamic enthalpy or heat of 

mixing plays a vital role in the formation of various competing compounds and 

phases during homogenous mixing. During rapid solidification processing via 

laser deposition the possible compounds that can form are TiC, Ni3Ti, NiTi2. . In 

addition, as Ti has more affinity towards carbon rather than nickel, the probability 

of carbon reacting with Ti is more. Therefore, Ti is called as strong carbide 

former.  

 



 
 

 

 

CHAPTER 5 

CONCLUSIONS 

1. Successfully deposited in-situ metal matrix composite using Laser Engineered 

Net Shaping (LENS).  

2. Homogeneous distribution of TiC precipitates within the eutectic Ni+TiC matrix.  

3. Successfully achieved lower volume fraction of the primary TiC in the Ni- 10Ti-

5C composite by reducing the carbon content. There is a tremendous decrease 

in the volume fraction from 16% to around 1%.  

4. The TiC precipitates exhibiting the rocksalt structure is acting like a nucleation 

site for the nickel grains as well as the barriers towards the growth of the Nickel 

grains.  

5. The primary TiC seen at the grain boundary has a cube on cube orientation 

relationship (OR) with the nickel matrix. Whereas, TiC inside the grain does not 

have an OR with the nickel matrix as it is engulfed by fellow nickel grains.  

6. Successfully deposited high hardness and low COF Ni-10Ti-10C composite, 

making this a promising candidate for surface engineering applications.  

 



 

 

 

7. Though Ni-10Ti-5C has high COF and low hardness compared to Ni-10Ti-

10C, it is the best candidate with high mechanical strength. The 

homogeneous distribution of finer eutectic TiC in the nickel matrix helps in 

improving the strength as the dislocations have less mean free path (λ) to 

pass through the grains.  
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