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Zusammenfassung 

 

Es wird prognostiziert, dass sich der weltweite Elektrizitätsverbrauch bis 2030 mit der bisher 

schnellsten gemessenen Zuwachsrate verdoppeln wird [1]. Um diese Nachfrage in den 

folgenden zwei Jahrzehnten zu befriedigen, wird zusätzlich zur Erforschung von alternativen 

Energiequellen ein umfangreicher Ausbau der konventionellen Kraftwerke notwendig. 

Abgesehen von diesem Szenario, ist es daher ein Hauptbelang die Leistungsfähigkeit der 

bereits bestehenden Kraftwerke zu verbessern, um deren Nutzungsdauern zu verlängern und 

die CO2-Emissionen zu verringern. Letzteres ist von besonderer Bedeutung da 80% der 

Treibhausgase durch Energieproduktion oder -verbrauch verursacht werden. In diesem 

Kontext ist es sinnvoll, speziell bei den Hydro- und Dampfkraftwerken die 

Leistungsfähigkeit zu verbessern, da diese mehr als zwei drittel der Elektrizität weltweit 

produzieren [2]. Die Zuverlässigkeit und der langfristige Dauerbetrieb dieser Kraftwerke 

werden stark durch die unvorhersehbaren Ausfälle der Turbinenbestandteile der 

unterschiedlichen Druckstufen begrenzt. Die kritischen Bauteile, die besonders empfindlich 

gegen Ausfall sind, sind Rotor-Scheibe, Tannenbaumfuss, Verbindungszapfen, 

Außenrahmen und Turbinenschaufel. Unter diesen ist der Ausfall der 

Niederdruckstufenturbinenschaufeln aufgrund seiner gefährlichen Konsequenzen von 

besonderer Bedeutung. Der Ausfall erfolgt meist aufgrund von Korrosionserscheinungen und 

von Kavitations- und Tropfenerosionsverschleiß. 

 

Als Turbinenschaufelwerkstoffe werden meistens ein martensitischer rostfreier Stahl 

(X20Cr13, 1.4021) oder die Titanlegierung (TiAl6V4) wegen ihrer überlegenen 

Eigenschaften im Bereich des Erosionsverschleißwiderstandes verwendet. Jedoch hat sich 

das Maß des Erosionsangriffes in den letzten Jahren wegen der zur Steigerung der 

Energieproduktion notwendigen immer höheren Betriebsdrücke und Strömungs-

geschwindigkeiten sehr stark erhöht. Im Allgemeinen kann Erosionsverschleiß durch 

Optimierung der hydrodynamischen Profile, Entwicklung der erosionsbeständiger 

Werkstoffe oder der Oberflächenmodifikation herkömmlicher Materialien vermindert oder 

vermieden werden [3]. In neuerer Zeit ist eine Vielzahl von leistungsfähigen Prozessen zur 

Oberflächenmodifikation wie z.B Induktionshärten, Karburieren, Nitrieren, 

Ionenimplantation, Plasmanitrieren, PVD- und CVD-Beschichten, Plasmaspritzen und nicht 

zuletzt auch das Laserlegieren und -beschichten eingesetzt worden, um den 

Erosionsverschleißwiderstand von Turbinenschaufeln zu verbessern. Hierbei erfährt in letzter 

Zeit besonders die Oberflächenmodifikation durch Laserlegieren und -beschichten viel 

Aufmerksamkeit, da diese Verfahren die Möglichkeit bieten, Legierungen mit 

Nichtgleichgewichtsaufbau und metastabilen Gefügezuständen zu bilden, die mit anderen 

Verfahren nicht zu realisieren sind. 
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In der vorliegenden Untersuchung wurde die Oberflächenmodifikation von X20Cr13 und 

TiAl6V4 durch Laserlegieren bzw. -beschichten mit karbidverstärkten Nickel- und 

Titanaluminiden untersucht. Die Prozessparameter Laserleistung, Vorschub-geschwindigkeit 

und Pulverförderrate wurden variiert und mit einer entsprechenden Vor- und Nachwärmung 

kombiniert, um die Beschichtungen in Hinblick auf Riss- und Porenfreiheit zu optimieren. 

Die Schichten wurden in entsprechenden Versuchen auf ihre Beständigkeit gegen Kavitation, 

Tropfenerosion und partikelbeladenen Tropfenerosion untersucht. Dabei wurden jeweils die 

Gewichtverluste in konstanten Zeitabständen gemessen, um die entsprechenden 

Verschleißraten zu ermitteln.  

 

Der Kavitationserosionswiderstand von X20Cr13 laserbeschichtet mit einer intermetallischen 

Matrix aus NiAl-Ni3Al, verstärkt mit TiC und WC (intermetallic matrix composite, IMC), 

wurde um einen Faktor von 3.6 beziehungsweise von 14.2 verbessert. Dieses kann 

insbesondere der hohen Kaltverfestigungsfähigkeit und dem pseudoelastischen Verhalten der 

Schicht zugeschrieben werden. Dies führte in Verbindung mit der Karbidverstärkung zu der 

deutlichen Verbesserung des Erosionswiderstandes. Die vorherrschenden 

Erosionsmechanismen des Grundmaterials und der Beschichtungen wurden anhand der 

Volumenverlustraten und rasterelektronenmikroskopischen Untersuchungen nach Ende der 

Kavitationsversuche bestimmt. Beim Grundwerkstoff ist duktiler Bruch der vorherrschende 

Erosionsmechanismus, erkennbar an tiefen Kratern und Rissen aufgrund der umfangreichen 

plastischen Deformation. Die IMC-Schichten zeigten dagegen einen eher spröden 

Bruchmechanismus, erkennbar an Ausbrüchen von Teilen der durch Verformung verfestigten 

Schicht. In den Tropfenschlagversuchen lag die Intensität der Erosion aufgrund der 

zusätzlichen scherenden Effekte der Flüssigkeit, die über die Oberfläche in eine seitliche 

Richtung abfließt, deutlich höher. Im Rahmen dieser Versuche wurde durch eine 

Instrumentierte Eindringprüfung mit einem Vickers-Prüfkörper neben der Oberflächenhärte 

auch der E-Modul der Beschichtungen gemessen. Zusätzlich wurde der 

Kaltverfestigungkoeffizient der Beschichtungen über die Belastungs- und den 

Entlastungszyklen gemessen. Die Resultate zeigten, dass eine Zunahme der Härte zu einer 

Zunahme der reversiblen Deformation und einer Abnahme der irreversiblen Deformation und 

des Kaltverfestigungkoeffizienten führt. Jedoch konnte keine direkte Korrelation zwischen 

diesen Eigenschaften und dem Erosionswiderstand beobachtet werden. Die Eigenschaften der 

Beschichtungen in Hinblick auf Anwendungen, die den Verschleiß durch partikelbeladene 

Flüssigkeiten mit einbeziehen, wurden untersucht, indem dem Flüssigkeit-Strahl Korund 

zugesetzt wurde. Die Tiefe des Erosionsabtrages wurde mit einem 3D-Oberflächenmeßgerät 

gemessen und ausgewertet. Die erodierte Oberfläche zeigte eine Kombination von abrasivem 
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Partikelverschleiß in Form feiner Rillen und Kratern  resultierend aus der 

Flüssigkeitserosion. 

 

Die Laserbeschichtungsversuche auf TiAl6V4 mit einer Ni/Al + TiC Pulvermischung zeigte 

umfangreiche Rissbildung, verursacht durch die Aufmischung des Titansubstrats, das zur 

Bildung der spröden intermetallischen Phase Ti2Ni führte. Um die Aufmischung gleichzeitig 

auszunutzen und zu optimieren, und damit die Rissempfindlichkeit herabzusetzen, wurde das 

Laserlegieren mit unterschiedlichen angepassten Pulvermischungen eingesetzt. Durch 

Verwendung einer Ni/Al + VC Pulvermischung wurde eine Multiphasen-IMC-Beschichtung 

basierend auf B2-NiTi/Ti3Al-TiC erzeugt. Auch hier führte die Aufmischung mit dem Ti 

vom Substrat zur Bildung von Ti-basierten intermetallics. Das Laserbeschichten mit 

Pulvermischungen aus Al + VC und Al + Cr3C2 führten zur Bildung einer Multiphasen-IMC-

Beschichtung aus TiAl/Ti3Al-TiC. Diese Schichten zeigten im Vergleich zum 

Substratwerkstoff TiAl6V4 eine Zunahme des Kavitationserosionswiderstandes um das 1.2 

bis 5.2 fache. Das Substrat zeigte einen Übergang von duktilem zu sprödem Bruchverhalten 

aufgrund der progressiven Verformungsverfestigung der Oberfläche. Die legierten Schichten 

zeigten dagegen durchgehend ein sprödes Bruchverhalten unterschiedlicher Stärke. Im Fall 

einer Rissbildung in den Schichten beeinflussen diese merklich das Schichtverhalten unter 

Beanspruchung durch Tropfenschlag- und partikelbeladener Tropfenschlagerosion. Wegen 

der hohen Impaktenergie beschleunigen die schwachen Punkte entlang solcher Risse stark 

den einsetzenden Materialverlust. In allen untersuchten Proben zeigte sich erneut keine 

eindeutige Korrelation zwischen Härte und Erosionswiderstand. 

   

Abschließend kann festgestellt werden, dass durch das Laserbeschichten und -legieren mit 

unterschiedlichen Kombinationen aus intermetallics und verstärkenden Karbiden 

Oberflächenbeschichtungen erzeugt werden können, die in der Lage sind, die Zuverlässigkeit 

und Nutzungsdauer von Turbinenschaufelwerkstoffen zu verbessern.   
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I. Introduction  

 

The world electricity consumption has been forecast to double by 2030; the quickest increase 

in energy consumption ever recorded [1]. In order to meet the projected demand over the 

next two decades, an extensive expansion of power plants will be required, in addition, to the 

exploration of alternate energy sources. Apart from this scenario, improving the efficiency of 

current operating power plants is a major concern in respect of improving the service life and 

in reducing the CO2 emission. Eighty percent of green house gases are emitted through 

energy production or consumption. In this context, it is more realistic to improve existing 

hydro- and steam power plants, which produce more than two-thirds of the world’s electricity 

[2]. The reliability and long-term continuous operation of these power plants are severely 

limited by the unpredictable failure of turbine components in different pressure stages. The 

critical turbine components susceptible to failure are rotor-disk, steeple, tenon, shroud and 

blade. Of these, the turbine blade failure has been a great concern for many years. A failure 

may occur due to droplet erosion which leads to vibration and/or mechanical fatigue.  

 

Martensitic stainless steel (AISI 420 MSS) and the titanium alloy (Ti-6Al-4V) are widely 

used as turbine blade materials due to their superior resistance to erosion. However, the 

incidence of severe erosion has increased in recent years due to higher operational pressures 

and speeds to cope with increasing energy requirements. In general, the erosion can be 

minimised or avoided by optimisation of hydrodynamic profiles, development of erosion 

resistance materials and surface modification of conventional materials [3]. Over the years, a 

variety of high efficient surface modification processes such as Induction hardening, 

Carburizing, Nitriding, Ion beam deposition, Self-propagating high temperature synthesis, 

Physical/Chemical vapour deposition, plasma spraying and laser alloying and cladding have 

been developed to fabricate erosion resistive coatings on turbine blades. Recently, surface 

modification by laser alloying and cladding has attracted much attention due to several 

advantages over conventional material processing technologies. These advantages include 

highly localized and concentrated heat input, minimum distortion of the work piece, high 

production rates and greater flexibility for industrial automation.  

 

Ordered intermetallic alloys based on nickel and titanium aluminides have unique properties 

for structural applications at elevated temperatures. Their attractive properties include high 

melting point, low density, good high temperature strength, resistance to oxidation and 

corrosion [4]. In addition, the pseudo elasticity associated with the formation of stress 

induced martensite in NiAl and high work hardening ability of Ni3Al, TiAl and Ti3Al are 

characteristics with which cavitation or droplet erosion could be reduced [5-8]. However, the 

poor room temperature ductility and fracture toughness limit their fabricability which 
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restricted their use as engineering materials in many cases. The intrinsic grain boundary 

brittleness in these ordered intermetallics was attributed to the intergranular fracture at 

ambient temperatures [9]. Efforts to improve the ductility and toughness of such 

intermetallics are ongoing, and promising advances have been made by solid solution 

strengthening, precipitate strengthening and particulate reinforcement [10-12].   

 

Most of the past and ongoing research on nickel and titanium aluminide based intermetallics 

mainly focused on high temperature structural applications [13-22]. A few non-aerospace 

applications have also been carried out by laser alloying or cladding of NiAl and Ni3Al with 

carbide reinforcement on nickel or mild steel substrates [23-26]. However, these 

investigations were confined to microstructural characterisation or wear resistance 

applications. The laser alloying of Al powder on a commercial purity titanium substrate to 

produce titanium aluminide based composite layers was investigated using single laser 

alloyed tracks [27-29]. An overlapped alloyed layer covering a large surface area is required 

for erosion studies and to prove the practical applicability. In addition, little is known about 

the erosion behaviour of laser alloyed carbide reinforced titanium aluminide based 

intermetallics. Considering this research gap, in the present study, laser cladding or alloying 

of nickel and titanium aluminide based intermetallic coatings with carbide reinforcement on 

AISI 420 MSS and Ti-6Al-4V were investigated.  

 

The first part of the investigation considers laser cladding of nickel aluminides based IMC 

with TiC and WC reinforcement on AISI 420 MSS. The second part of the study covers laser 

alloying of titanium aluminide based IMC with TiC reinforcement through optimum dilution 

of titanium from the substrate. In both cases, the clad or alloyed layers were examined for 

their erosion resistance under cavitation, liquid impact and particle-laden liquid impact 

erosion environments. 
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II. Literature Review 

 

1. Turbine Blade Erosion – Types 

 

In this section, the various types of erosion commonly encountered in hydro- and steam 

turbine blades, which normally lead to imbalance and failure are discussed.  

 

1.1. Cavitation Erosion 

 

The phenomenon of cavitation was investigated exhaustively in the past. The effect on 

propeller efficiency was first studied by Sir Charles Parsons in 1894 [30]. The cavities or 

bubbles nucleate within the liquid when the pressure falls below the vapour pressure of the 

liquid due to a sudden change in flow or due to vibration. The nucleated bubbles suddenly 

implode when the pressure conditions are rapidly reversed, generating high pressure shock 

waves and micro-jets. The magnitude of the pressure pulses generated can be up to 1000 

MPa, which exceed the yield strength of most metals and induce a severe deformation at the 

impacted area with the pressure pulses lasting between 2-3 µs [3]. Accumulation of these 

pressure pulses results in internal hardening, localized fracture of superficial layers and 

subsequent erosion. This kind of damage is commonly encountered in ship propellers, hydro 

turbines, valves, pumps and ultrasonic mixers in the food and pharmaceutical industries. 

 

1.2. Liquid Impact erosion 

 

Liquid impact or water droplet erosion is caused mainly when droplets of the liquid impact 

the material at high speeds. During the first stage of droplet impact, the liquid is compressed, 

which exerts a high pressure on the solid surface. The liquid near the contact zone is 

compressed without affecting the rest of the liquid drop as shown in Fig-1.1(a). As the 

droplet approaches the solid surface further, the liquid/solid contact periphery grows faster 

reaches the speed of sound. When the shock wave moves ahead of the contact edge, the 

pressurized liquid (between the solid surface and the shock envelop) escapes in the form of a 

high velocity jet (Fig-1.1(b)), which causes material erosion [31, 32]. Typical examples 

include steam turbine erosion and rain erosion of aircraft and missiles. In the case of the 

steam turbine, steam passes through the different stages of the turbine such as high pressure 

(HP), intermediate pressure (IP) and low pressure (LP) zones. As the steam enters the last 

row of LP stage, water droplets condense in the steam flow, become separated and deposited 

on the concave side of the stator blade. The deposited droplets are accelerated by the steam 

flow and strike the convex side of the moving blades at a high speed, which cause severe 

erosion. The Fig-1.2 shows the last row of the LP stage blade eroded by liquid impact. 
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                 (a)                   (b) 

 

Fig-1.1: Droplet impact mechanism and subsequent jetting [33]. 

 

 

 

 

Fig-1.2: Eroded surface of LP stage steam turbine blade [34]. 
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1.3. Particle-Laden Liquid impact erosion 

 

The mechanism of erosion in particle-laden liquid impact is similar to liquid impact erosion 

but with a higher intensity due to the abrasive action of the solid particles present in the 

flowing liquid. Although the primary causes of erosion in hydro- and steam turbine blades 

fall within cavitation and liquid impact, particle-laden liquid impact erosion is also expected 

to occur in certain cases. For example, silt erosion is a serious problem in a number of Indian 

hydro power stations located in the Himalayan region [35]. In steam turbines, solid particles 

may enter the turbine operating region due to exfoliation from boiler tubing, which causes 

erosion in turbine blades, nozzles and control valves. 

 

2. Conventional erosion resistive coatings 

 

In the past, a variety of surface modification processes such as thermal spraying (High 

Velocity Oxy- Fuel (HVOF), plasma spraying), nitriding, electron and ion-beam deposition, 

chemical and physical vapour deposition have been developed to fabricate erosion resistive 

coatings [36-42]. However, these techniques suffer from various limitations (Table-1.1) 

restricting their scope in real-time applications, which require higher reliability and 

repeatability. The recent advances made in laser surface modification techniques eliminate 

such restrictions and prove to be superior. 

 

Process Limitations 

 

Thermal Spraying 
• Delaminate or spall at high loads 

• Very high noise level (> 130 db) 

  

Nitriding • Long processing time 

• Needs precision fixturing 

 

Electron / Ion- beam Deposition 
• More sophisticated instrumentation 

and temperature control is needed 

• Limited to thin film deposition  

Chemical/Physical  Vapour 

deposition 
• Small work piece sizes since the 

process needs to be carried out in 

vacuum chamber 
 

 

Table-1.1: Limitations of conventional surface modification techniques. 
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3. Laser based surface modification techniques 

 

During laser processing of materials, the laser acts as a controllable heat source and the 

energy absorbed by the surface of the material is transformed to heat which is used to achieve 

the desired properties. After the invention of Laser in 1960, it was described as “a solution in 

search for a problem”. The use of lasers in surface treatment of metals was first reported in 

the early 1960’s [43]. However, the process has not been exploited to its full potential for a 

number of reasons. Ten years ago, the industrial applications depended solely on CO2 lasers 

which were able to produce a beam with sufficient power density necessary for surface 

treatment. Nevertheless, it was the surface preparation with special coatings, to absorb the 

infrared radiation (10.6 µm) efficiently, which made the process uneconomical for many 

applications. However, the development of new laser sources in the recent past, notably 

Nd:YAG and diode lasers, has led to a resurgence in the interest of laser surface treatment. 

These lasers produce infrared light of a shorter wavelength (0.8 to 1.06 µm) than the CO2 

laser and can benefit from fibre optic delivery systems and process automation. Today, the 

application of lasers can be found in several areas such as industry, communication, medicine 

and environmental care. This widespread application stems from the following features of 

laser surface treatment compared to its conventional rivals [44].  

 

• The laser source has a very high energy density of 10
4
-10

6
 W/cm

2
 

• Treatment is local and a non-contact interaction 

• The process involves rapid heating and quenching under non-equilibrium conditions, 

which can produce distinct microstructures. 

 

More specifically, in laser surface treatment, the process can be classified broadly into 

transformation hardening, melting, alloying and cladding. Although the present investigation 

involves laser alloying and cladding, the other laser surface treatment methods are also 

briefly discussed. 

 

3.1. Laser transformation hardening  

 

Laser transformation hardening (LTH) is a method of producing hard, wear resistant surface 

layer by inducing phase transformations through the heating effect of a laser beam. The 

surface regions exposed to laser are heated rapidly while the surrounding material acts as an 

efficient heat sink, leading to rapid quenching and martensitic hardening without affecting 

the bulk properties [45]. The hardness, strength, wear and fatigue properties of the material 

can be improved up to a depth of 1.5 mm, extending the service life of the components. The 

application of LTH in the power generation industry was evident since the 1990’s [46-48]. 
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The erosion resistance of low pressure turbine blades were improved markedly by laser 

hardening with a reduction in the treatment time by up to 90% compared to the competitive 

techniques such as induction hardening and brazing [49].   

 

3.2. Laser surface melting 

 

Laser surface melting (LSM) is of industrial interest for those materials which do not harden 

as a result of a martensitic transformation, such as cast iron, titanium and tool steels. In LSM, 

a thin layer of the surface is melted at a very high energy density with the rest of the material 

providing self-quenching at cooling rates up to 10
4
-10

6
 Ks

-1
. The rapid melting and 

solidification cycles produce distinct microstructures with improved surface properties [50]. 

LSM to improve the cavitation erosion resistance has been studied for cast irons [51-53], 

carbon steel [54], stainless steels [55-57] and titanium [58], with a proven feasibility. The 

increase in the erosion resistance of these alloys was attributed to grain refinement and 

homogenisation of solid solution. 

 

3.3. Laser surface alloying 

 

The materials used in engineering components are required to possess a combination of 

desirable properties suitable for the application environment. Among these properties, some 

are pertinent to the bulk, while others are relevant to the surface, such as wear, erosion and 

corrosion resistance. The coexistence of bulk and surface properties in a single material is 

rare. On the other hand the improvements obtainable by surface melting alone are often 

insufficient for the application requirement. One viable solution to the problem is to modify 

the surface properties by laser surface alloying (LSA) without affecting the bulk properties. 

LSA is an extension of surface melting, where new alloys are formed on the surface by the 

addition of alloy powder to the molten pool [59, 60]. The alloying element is introduced into 

the substrate surface by different techniques such as coating, particle injection, etc., and then 

melted by the laser beam. If the alloying elements are miscible in the liquid phase, novel 

phases can be produced by rapid solidification. The surface alloys produced through LSA are 

of greater thickness and concentration than those formed by ion beams [61]. The major 

limitation of LSA is that more precise control of the melt depth and powder feed rate is 

required to obtain the desired alloy composition. A substantial improvement in the surface 

properties by laser surface alloying of different elements such as Co, Ni, Mn, C, Cr, Mo, Si 

and alloy/compounds of AlSiFe, Si3N4, NiCrSiB and Stellite 6 was reported [62-64]. 
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3.4. Laser Cladding 

 

Laser cladding (LC) offers more precise control over the surface alloy composition compared 

to LSA. A clad layer of 50 µm – 2 mm thickness with dissimilar composition to the substrate 

material can be deposited with minimum dilution, yet with high bond strength. One of the 

positive aspects of LC is that the component distortion is very low as a result of the low heat 

input. The process can be used for large areas by partially overlapping individual tracks [65]. 

Laser cladding can be carried out in two different ways, either by pre-placed powder or by 

blown powder technique. 

 

3.4.1. LC with pre-placed powder: 

 

The pre-placed LC (Fig-3.1 (a)) is a two stage process in which the alloy powder mixture of 

the desired composition is coated onto the substrate surface using a chemical binder to ensure 

that the powder remains in place until melted. The laser beam is scanned over the surface of 

the pre-placed coating which results in the formation of the molten pool.  

 

 

Fig-3.1: Laser cladding methods; a) Pre-placed; b) powder-feed. 
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Continuous heating ensures that the melt pool propagates to the coating-substrate interface 

and a strong fusion bond is achieved. The heat input must be controlled and balanced to 

avoid severe dilution and at the same time to ensure a sound metallurgical bond to the 

substrate. Compared to blown powder LC, the technique of pre-placed LC suffers from the 

following limitations, which hamper its practical application.  

 

• Additional heating is required initially to melt through the pre-placed powder. 

• Continuous heating is required to remelt the layer and to melt a small amount of the 

substrate in order to form a strong fusion bond. 

• Variations in the substrate dilution are a problem since a more precise control of the 

amount of substrate melted is difficult. 

• The use of a binder material may result in contamination and gas porosity in the clad 

layer. 

• The strength of the binder should be high enough to withstand forces imposed by the 

protective gas flow or gravitation [66]. 

   

3.4.2. Blown powder laser cladding 

 

 Blown powder LC (Fig-3.1 (b)) is superior to alternatives and is the only one that has found 

practical use, because it is more energy efficient with better process control and 

reproducibility [67]. The alloy powders / mixture are delivered from the feeder to the process 

area either by the use of carrier gas (argon, helium, nitrogen) or simply by gravitation. 

Subsequently, it is directed to the melt pool by a powder feeding nozzle. The most commonly 

used nozzles are co-axial and lateral powder feeding nozzles, which are shown schematically 

in Fig-3.2. The co-axial nozzle is integrated with the optical system which provides higher 

flexibility to the supply of powder irrespective of the direction of the work piece movement. 

The controlled heating of the powder before it enters the molten pool and the high powder 

efficiency with minimum wastage are added advantages. The lateral powder feeding nozzles 

can be configured with the proper length, shape and diameter for the treatment of specific 

shapes which is not viable in the co-axial powder supply. The main advantage of blown 

powder LC lies in the melting sequence which differs from pre-placed LC [65]. The injected 

particles are heated and melted while passing through the laser beam, and subsequently 

trapped in the melt pool which was created by the simultaneous exposure of the substrate to 

laser irradiation. The energy supplied by the laser beam must be controlled carefully to 

completely melt the injected powder and at the same time with minimum melting of the 

substrate in order to keep lower dilution levels. The blown powder LC has been gaining 

importance in diversified applications including automobile, aircraft, shipping and power 

generation industries [68-72]. 
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Fig-3.2: Powder feeding configurations; a) Co-axial; b) Lateral flow [73]. 

 



4. Intermetallic composites and matrix composites 

 11 

4. Intermetallic composites and matrix composites 

 

The efficiency of fossil energy boilers and steam turbines can be improved by increasing the 

temperature and pressure at the turbine inlets. A demonstration power plant with a  steam 

inlet temperature of 700°C, and aiming at a thermodynamic efficiency of approximately 55% 

(at present: 48.5% - steam power plant in Boxberg, Germany with an output of 907 MW 

[74]) is expected to be operative by the year 2010 [75]. In order to accommodate such 

adverse operational conditions, advanced materials are needed to withstand the higher 

temperatures and pressures in terms of strength, creep, oxidation and erosion resistance.  

 

The nickel, iron and cobalt based super alloys were extensively used in turbo chargers and 

aircraft turbine engines over the last five decades. The demands regarding component size 

and operating temperatures exceed the current aero engine requirements. This led to a shift in 

the application to land-based turbines, chemical and petroleum plants. Although super alloys 

retain a significant strength up to 980°C, they are also susceptible to environmental attack 

because of the presence of reactive alloying elements which provide their high temperature 

strength. In the most demanding applications, such as turbine blade and vanes, super alloys 

are often coated to improve the environmental resistance [76].  

 

In recent years, the development of intermetallics for turbine components has gained much 

interest. Intermetallics offer opportunities for substantial component weight reduction, 

coupled with better creep, oxidation and erosion resistance compared to super alloys. Most of 

the research effort for structural applications has been concerned with intermetallics based on 

aluminides (NiAl, Ni3Al, FeAl, Fe3Al, TiAl, Ti3Al), silicides (Ni3Si, MoSi2) and NiTi. 

 

4.1. Nickel aluminides 

 

The Ni-Al binary phase diagram contains five intermetallic compounds (Al3Ni, Al3Ni2, 

Al3Ni5, NiAl, Ni3Al) as shown in Fig-4.1. Of these, NiAl and Ni3Al have attracted much 

scientific interest as they are considered candidate materials for high temperature structural 

and coating materials. These compounds have high melting points (NiAl-1638°C; Ni3Al- 

1385°C), low densities (NiAl-5.86 g/cm
3
; Ni3Al- 7.5 g/cm

3
), good high temperature strength, 

resistance to oxidation and corrosion [13].  
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Fig-4.1: Ni-Al Binary phase diagram. 

The density of NiAl is roughly two thirds that of the typical Ni-based super alloys, which 

provides one of the major benefits of component downsizing of up to 30 to 40%. The higher 

melting temperature provides an additional opportunity to extend the operating temperatures. 

NiAl also exhibits a range of interesting physical characteristics, including a highly ordered 

lattice, a wide compositional range of stability, shape memory effect and anisotropic elastic 

and plastic behaviour [77, 78]. NiAl exists as a stable B2 phase at lower temperatures over a 

stoichiometry range of 45-59 at% Ni. The structure remains stable also at high temperatures 

over a wide range of composition of 44-69 at% Ni [6]. Thermally induced martensite, with a 

tetragonal L10 ordered structure, occurs in alloys containing nickel in excess of 63 at%. They 

have shown a shape memory effect and super-elasticity associated with the formation of 

stress-induced martensite. These properties are favourable for combating cavitation [79, 80].   

 

Compared to NiAl, the density of Ni3Al is higher and the melting point is lower. However, 

the industrial applications of both intermetallics are comparable due to other exceptional 

properties of Ni3Al. Ni3Al is an L12 ordered intermetallic exhibiting an anomalous increase 

in yield strength with increasing temperature up to about 700°C [81]. It also exhibits good 

strain-hardening characteristics. In general, the strain-hardening property of intermetallic 

compounds is dependent on the state of the order, as ordered alloys work harden more 

rapidly than their equivalent disordered alloys. Work hardening in the ordered alloy is 
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controlled by cross-slip of screw dislocations from {1 1 1} to {1 0 0} cube planes. In Ni3Al, 

the cross-slip is difficult during deformation due to the motion of disassociated super lattice 

dislocations, exhibiting high work hardening rates [82, 83]. A comparative investigation on 

cavitation erosion and abrasive wear of Ni3Al alloys proved the positive contribution of work 

hardening in resisting cavitation [5].  

 

In spite of many excellent physical and mechanical properties, nickel aluminides suffer from 

low ductility and toughness at room temperature, limiting their practical applications. Many 

promising methods have been explored to improve its room temperature ductility and 

strength, such as mechanical alloying, micro alloying, solid solution strengthening, 

precipitation hardening and particulate reinforcement.  

 

The ductility of NiAl intermetallic can be improved by the formation of a dual phase 

structure of β + γ´ or β + (γ+ γ´) (β phase- B2 NiAl, γ´ phase- L12 Ni3Al) by mechanical 

alloying of Fe in the Ni-Al-Fe ternary system. The addition of Fe improves the ability of the 

alloys to deform plastically and reduces the tendency to fracture [84]. A substantial 

improvement in ductility of Ni3Al by alloying with Zr, Hf, V, Nb, Mo, Co, Pd, Cu, Cr, Mn 

and Fe was also reported [85].  

 

Single crystals of Ni3Al are ductile but the polycrystalline forms are brittle. The brittleness of 

such polycrystals is associated with a grain-boundary weakness, which causes brittle 

intergranular fracture without appreciable plastic deformation within the grains. The 

tendency to brittle intergranular fracture can be alleviated by micro alloying Ni3Al with an 

addition of a small amount of boron (up to 0.4 wt %). This resulted in a dramatic increase in 

ductility by up to 50% and the fracture mode changes from intergranular to transgranular 

[86]. However, the yield strength of B-doped Ni3Al is insufficient for it to be used as 

structural material. Solid solution strengthening and precipitation hardening are the best 

method of improving the yield strength of both NiAl and Ni3Al, but the ductility and 

toughness are reduced considerably compared to similar alloys without the strengthening 

precipitates [11, 17]. Additionally, the second-phase precipitates tend to grow and/or dissolve 

at elevated temperatures thus becoming less effective strengtheners.  

 

Particulate reinforcement is the only viable option to strengthen these intermetallics without 

sacrificing its ductility. Intermetallic matrix composites strengthened by carbides are an 

attractive method amongst the various techniques of particulate reinforcement. The 

reinforcement phase is typically hard carbide particles (eg. TiC, WC, SiC), dispersed 

uniformly in the nickel aluminide matrix; improving the strength and toughness of the 

composite while preserving the original properties of the matrix phase [24, 25]. 
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4.2. Titanium Aluminides 

 

The limited scope for improvement in the properties of conventional titanium alloys above 

600°C paved the way for Ti-based intermetallics for the use in aerospace industry. Among 

the three common titanium aluminides (TiAl, Ti3Al, TiAl3) (Fig-4.2), γ–TiAl and α2–Ti3Al 

have been given increased attention for their use as high temperature structural materials due 

to their low densities, high modulus, good creep and oxidation resistance up to 900°C [87]. 

However, the limited room temperature ductility and poor fracture toughness prevent these 

intermetallics being applied. Efforts to improve the ductility and fracture toughness, without 

compromising the desired properties of these intermetallics are ongoing and promising. 

 

The alloy compositions of γ–TiAl are in the range of Ti- (46-52) at% Al- (1-10) at% M, with 

M being at least one element from V, Cr, Mn, Nb, Ta, W and Mo. These alloys can be 

divided into two groups as single-phase γ alloys and two-phase (γ+ α2) alloys. Single-phase γ 

alloys contain additional alloying elements such as Nb or Ta, which promote strength and 

oxidation resistance. The role of additional alloying elements in two-phase alloys is to 

improve the ductility (V, Cr, Mn) and oxidation resistance (Nb, Ta) [88]. 

              
 

Fig-4.2: Ti-Al Binary phase diagram. 
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The single-phase γ-TiAl alloys show an anomalous temperature dependence of the yield 

stress, in that the yield strength increases with increasing temperature. In addition, it exhibits 

work hardening similar to Ni3Al. The work hardening of γ-TiAl has been ascribed to long-

range elastic interactions of dislocations situated on parallel and oblique glide planes [7]. The 

contribution of work hardening of Ti-52 at% Al and Ti-48Al-2Mn-2Nb (at%) towards the 

improvement in resistance to cavitation attributed [8]. 

 

The two-phase α2+β – Ti3Al alloys with composition based on Ti- (23-25) at% Al- (10-30) 

at% Nb are found in wide spread commercial applications. Other alloy compositions with 

engineering significance are Ti-24Al-11Nb (at%), Ti-25Al-10Nb-3V-1Mo (at%), Ti-25Al-

17Nb-1Mo (at%) and Ti-23.5Al-24Nb (at%). The properties of Ti3Al based alloys compared 

to TiAl as well as to the common Ti-based alloys are listed in Table-4.1. The room 

temperature ductility of Ti3Al alloys is slightly higher than TiAl. Further improvement in 

ductility can be achieved by the addition of a β- stabilizing element, particularly niobium, to 

produce α2- alloys. Niobium substitutes for Ti atoms increases the number of slip systems, 

and thus the ductility. However, the creep performance is affected by the Nb addition. This 

can be overcome by the addition of Mo, Ta and Cr [88]. 

 
 

Property Ti-Base TiAl-Base Ti3Al-Base 

Density, g/cm
3
 4.5 3.7 - 3.9 4.1 - 4.7 

Modulus, GPa 96-100 160-176 100-145 

Yield Strength, MPa 380-1150 400-650 700-990 

Tensile Strength, MPa 480-1200 450-800 800-1140 

Creep Limit, °C 600 1000 760 

Oxidation Limit, °C 600 900 650 

Ductility, % at RT 20 1-4 2-10 

Ductility, % at HT High 10-60 10-20 
 

Table-4.1: Properties of Titanium aluminides and Titanium based conventional alloys [89]. 
 

 

The possibilities to improve the physical and mechanical properties of titanium aluminides 

by carbide reinforcements were also investigated. The critical issues, involving processing, 

strength of carbide/matrix interface, residual stresses, property reproducibility was addressed 

[90-92]. 
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4.3. Nickel Titanium (NiTi): 

 

Of the three intermetallics based on Ti2Ni, NiTi and TiNi3, NiTi intermetallics are widely 

used. It is well known for their special functional properties, mainly shape memory and 

superelasticity, which was utilised extensively in engineering and biomedical applications 

[93, 94]. Shape memory alloys exhibit a special characteristic of either large recoverable 

strains or large induced internal forces under load and/or temperature changes [95]. The 

shape memory effect can be defined as the ability to fully recover the large inelastic strains 

through a reversible crystallographic thermoelastic martensite transformation from the 

austenite phase to the martensite phase or vice-versa. These transformations involve a lattice 

transformation featuring shear deformation and a coordinated atomic movement, which 

maintains the one-to-one lattice correspondence between the lattice point in the initial and 

transformed phases [96]. Martensitic transformation occurs as a function of both stress and 

temperature. The stress-induced transformation (upon loading) and the reverse 

transformation (upon unloading) result in a closed stress-strain loop. These properties are 

highly favourable to applications involving cyclic loading conditions such as cavitation and 

water droplet impact. The contribution of shape memory effect of NiTi in combating 

cavitation was discussed in the past [97, 98]. Extensive investigations were also carried out 

on NiTi intermetallic composites reinforced with TiC particles. The specific choice of TiC as 

a reinforcement was justified by the lack of reactivity with NiTi, which could otherwise 

affect the shape-memory characteristics [99-101]. 
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5. Laser-based erosion resistive coatings- Review 

 

In this section, the previous research work related to the development of laser alloyed or clad 

layer for resisting cavitation and liquid impact erosion is included (Table-5.1). The key 

features are highlighted briefly describing the improvements achieved.  

 

  

Year 

Type  

of  

erosion 

Method  

of  

coating 

Substrate 

& 

Alloying 

elements 

 

Coating characteristics 

 
n

eR

 

 

Ref. 

1987 Vibratory 

cavitation 

alloying Mild steel 

 

-NiCrFeSiBC 

-Co-based 

- Direct relationship 

between hardness and 

erosion resistance. 

- Preferential erosion of 

binder phase. 

 

 

- 

 

 

102 

1995 Vibratory 

cavitation 

alloying Al-12%Si 

alloy 

 

-Fe and Ni 

alloys with  

either Mn, Cu 

or Cr 

- Erosion resistance 

improvement due to the 

restriction of crack 

propagation by densely 

packed intermetallic 

compounds. 

- Matrix failure by plastic 

flow and ductile fracture. 

 

 

 

- 

 

 

 

103 

1998 Vibratory 

cavitation 

alloying UNS S31603 

austenitic 

stainless steel 

 

-NiCrSiB 

- Hardness was the crucial 

parameter improving the 

erosion resistance. 

-  Initiation of damage at 

the interdendritic 

boundaries. 

 

 

2.7 

 

 

104 

2000 Vibratory 

cavitation 

alloying UNS S31603 

 

-Co,Ni,Mn,Cr 

- AlSiFe 

- Si3N4 

- NiCrSiB 

 

 

 

- Martensitic 

transformability, stacking 

fault energy and hardness 

are considered as 

important factors. 

- Ductile fracture mode in 

specimens containing 

austenitic phase and 

brittle fracture when the 

major phase was ferrite or 

intermetallic. 

- Initiation of damage at the 

phase boundaries. 

 

 

 

 

7.9 

to 

11 

 

 

 

 

 

105 
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2000 Vibratory 

cavitation 

alloying AA6061 

aluminium 

alloy 

 

-SiC/Si3N4 

- Improved cavitation due 

to better locking 

mechanism between the 

hard ceramic and the soft 

matrix. 

- Progression of erosion 

from matrix/ceramic 

interface. 

 

 

 

3 

 

 

 

106 

2000 Vibratory 

cavitation 

alloying Brass (Cu-

38Zn-1.5Pb) 

 

-AlSiFe 

-NiCrSiB 

- Homogeneous distribution 

of alloying elements in 

the layer modified with 

NiCrSiB. 

- Erosion resistance 

improvement consistence 

with the increase in 

hardness 

 

 

3 

to 

7 

 

 

 

107 

2001 Vibratory 

cavitation 

alloying Al6061 

aluminium 

alloy 

 

- NiCrSiB 

- Coating consists of fine 

dendritic structure of 

intermetallic compounds 

based on Ni-Al. 

- High resistance to impact 

stress by the strong 

intermetallic dendrites. 

- Pit formation at the 

interdendritic zones. 

 

 

 

2 

 

 

 

108 

2001 

 

 

 

 

 

Rotary 

disk 

cavitation 

alloying Constructional 

steels 

(15GA,15HN, 

45,2H13) 

 

- Nb,Fe-Cr, 

SiC 

 

- Stress relaxation in ductile 

materials through 

deformation and 

subsequent cracking. 

- In brittle materials, the 

relaxation directly led to 

formation of cracks. 

- No correlation with 

hardness at high intensity 

erosions. 

 

 

 

 

- 

 

 

 

 

109 

2001 Vibratory 

cavitation 

alloying AISI 1050 

Mild steel 

 

- NiCrSiB 

- Borides and boro-carbides 

in the matrix improved 

the erosion resistance. 

- Evidence of plastic 

deformation with eroded 

dendritic pattern and 

eroded interdendritic 

regions. 

- Good correlation between 

hardness and erosion 

resistance. 

 

 

 

 

8.9 

 

 

 

 

63 
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2001 Vibratory 

cavitation 

alloying AISI 1050 & 

AISI 316L 

Stainless steel 

 

-NiCoCrB 

- A decrease in stacking 

fault energy and strain-

induced martensitic 

transformability 

improved the erosion 

resistance. 

 

4.2 

to 

12 

 

 

110 

2001 Vibratory 

cavitation 

alloying UNS S31603 

Stainless steel 

 

-WC,Cr3C2, 

SiC, TiC,CrB2 

Cr2O3 

- Interfacial bonding 

between the matrix or 

binder and the ceramic 

phase is vital. 

- Initiation of erosion at 

interfacial boundaries. 

- No correlation between 

hardness and erosion 

resistance. 

 

 

 

1.7 

to 

9.4 

 

 

 

 

111 

2002 Vibratory 

cavitation 

alloying Brass (Cu-

38%Zn) 

 

-NiCrAlMoFe 

- Formation of hard boride 

phases in a ductile Ni-rich 

matrix improved the 

erosion resistance. 

- Erosion resistance was 

correlated well with the 

hardness. 

 

 

2.4 

to 

4.6 

 

 

 

112 

2002 Vibratory 

cavitation 

cladding Brass 

 

-NiCrFe-WC 

- Increase in erosion 

resistance was attributed 

to the formation of a Ni-

rich matrix reinforced by 

precipitated carbides and 

tightly bound WC 

particles. 

- Matrix/WC interface was 

vulnerable to erosion 

attack. 

 

 

 

 

9.1 

 

 

 

 

113 

2002 Vibratory 

cavitation 

cladding S31603 

stainless steel 

 

-Co-WC 

-Ni-WC 

- Ceramic particles would 

act as obstacles to the 

merging of craters formed 

in the ductile matrix. 

- High work hardenability 

was regarded as 

influencing factor. 

 

10 

to 

45 

 

 

114 

2002 Vibratory 

cavitation 

alloying Brass 

 

- NiCrSiB 

- Layer was strengthened by 

the formation of (Cu, Ni) 

and secondary hard 

phases. 

- Erosion resistance closely 

related to hardness. 

 

6.1 

to 

9.1 

 

 

115 
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2003 Vibratory 

cavitation 

alloying AISI 316 

Stainless steel 

 

- WC 

 

- Appropriate combination 

of hardness and fracture 

toughness led to high 

cavitation resistance. 

- Preferential erosion of 

interdendritic region, 

leaving behind a 

delineated dendritic 

microstructure. 

 

 

 

 

30 

 

 

 

 

116 

2003 Vibratory 

cavitation 

alloying UNS S31600 

Stainless steel 

 

- WC 

- A layer with WC finely 

precipitated on γ-

FeCrNiW solid solution 

matrix was produced. 

- Preferential erosion of 

matrix phase. 

 

 

11 

 

 

117 

2004 Rotary 

disk 

cavitation 

alloying 0.45% C 

Steel, 13% Cr 

Steel 

 

AlNi,Nb,Cr,B 

Ni,Si,Mn,Ti 

Co,Mo 

- High work hardening 

ability was attributed to 

the improved erosion 

resistance. 

- No correlation between 

hardness and impact 

toughness to erosion 

resistance. 

 

 

 

- 

 

 

 

118 

2005 Rotary 

disk 

cavitation 

alloying 0.45%C Steel 

 

-Mn,Ni,Cr,Nb 

Mo,Co 

 

- Resistance of surface to 

plastic deformation and 

susceptible to strain 

hardening improved the 

cavitation performance. 

 

 

- 

 

 

119 

2005 Rotary 

disk 

cavitation 

alloying 0.45% C 

Steel, 13% Cr 

Steel 

 

- Mn,Cr,Ni,Si 

Ti,Co,Nb,Al, 

Mo,B 

- Presence of hard phases 

deteriorate the ability to 

work harden by 

increasing the stacking 

fault energy. 

- No relationship between 

cavitation performance 

and hardness. 

 

 

 

- 

 

 

 

120 

2005 Vibratory 

cavitation 

alloying AISI 316L 

Stainless steel 

 

-NiTi 

- A homogenous fine 

grained microstructure 

with super plastic NiTi 

phase was produced. 

- Surface hardness and 

elasticity of the coating 

was regarded as 

contributing factors to 

erosion resistance. 

 

 

 

29 

 

 

 

121 
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2006 Vibratory 

cavitation 

alloying Cu-Mn-Ni-Al 

alloy 

-Al powder 

- More homogenous 

structure with β-phase 

(bcc) was alloyed. 

- Hardness-to-elasticity 

ratio correlates well with 

erosion resistance. 

 

 

30 

 

 

122 

 

 

Table-5.1: Overview of laser based surface modification methods developed for erosion 

resistance applications. 
 

 

In the investigation listed in Table-5.1, Ni and Co-based alloy were predominantly used to 

produce erosion resistant coatings. Hardness, surface elastic property and work hardenability 

were considered to be crucial factors improving the erosion resistance. However, it was 

demonstrated that hardness alone can not provide an improvement in erosion characteristics. 

A few investigations were also carried out involving hard carbide particles in the metal 

matrix composites (MMC). In these layers, preferential erosion of the binder phase and the 

bond between the matrix and carbide reinforcement are critical which normally act as 

initiation sites for erosion. Although information related to the tribological characteristics of 

nickel and titanium aluminides with carbide reinforcement was reported in the past, the 

investigation on laser clad/alloyed nickel or titanium aluminide IMC with carbide 

reinforcement for resisting cavitation or liquid impact erosion is scarce. 
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6. Aim of the present investigation 

 

The aim of the present study is to investigate experimentally the possibilities of developing 

laser surface modified layers on AISI 420 MSS and Ti-6Al-4V to combat erosion. The alloy 

or clad layers proposed include mainly nickel and titanium based aluminides and NiTi with 

carbide reinforcements.  

 

                

 

Fig-6.1: Flow-chart of the planned work. 

The superior erosion resistant properties required the selection of these intermetallics. The 

planned erosion study of the laser alloyed / clad layer includes cavitation, liquid impact 

erosion and particle-laden liquid impact erosion. Cavitation and liquid impact erosion are 

closely related to each other. Although the mechanism of cavitation in a vibratory device 

Scanning 

speed 

Laser power Powder feed 

Laser cladding / 

alloying 

Process optimisation 

and final trials 

Cavitation 

experiment 

Erosion 

resistant 

Particle-laden liquid 

impact test 

Liquid impact test 

No 
Stop 

Yes 
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differs from that occurring in hydraulic machines, the mechanism of material damage is 

believed to be basically similar [123]. In the present study, the cavitation erosion test was 

used effectively as a screening test for materials, which are later to be subjected to liquid 

impact with and without an erodent. In addition, the low impact intensity encountered in 

cavitation paves the way for a clear understanding of the erosion mechanism through the 

investigation of lightly eroded surfaces. The flowchart shown in Fig-6.1 enunciates the 

planned work. 
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III. Investigation of the improvement of the erosion resistance of AISI 420 martensitic 

stainless steel 

 

In this chapter the cavitation, liquid impact and particle-laden liquid impact erosion 

characteristics of AISI 420 martensitic stainless steel surface modified with nickel aluminide 

based intermetallic composites and IMC coatings strengthened by TiC and WC 

reinforcements were discussed.  

 

7. Experimental details 

 

The laser process parameter optimization and eroded specimen characterization demands 

different instruments and extensive measurement techniques. In the following sub-sections, a 

brief outline of different instruments and their corresponding applications to characterize the 

specimens were addressed. 

 

7.1. Specimen and alloy powder preparation 

 

The as-received AISI 420 Martensitic stainless steel (AR-420) blocks were cut into 

specimens of 100 x 60 x 10 mm and sand blasted. The chemical composition of the material 

is shown in Table-7.1. Sand blasting was used to increase the absorption of the laser beam. 

The heat treated martensitic steel is normally used for turbine applications rather than in an 

as-received conditions. Through an appropriate combination of heating and cooling cycle, a 

wide variety of hardness and microstructural conditions can be achieved. In order to have a 

realistic comparison between the clad layers and the actual condition of material used as a 

turbine blade, heat-treatment was also carried out on the as-received specimen. The specimen 

AR-420-HT was heated to, and kept at, 1040ºC for 24 min and then air-cooled. Tempering 

was carried out by holding the specimen at 650ºC for 120 min, followed by air-cooling. The 

hardness after heat treatment was 270 HV0.2, which is comparable to the reported hardness of 

low pressure (LP) steam turbine blades [124].  
 

element (wt%)   Fe        C       Si      Mn      P         S        Cr     Ni      

AR-420  bal.     0.17   0.39   0.34   0.017  0.014   13.4   0.18 
 

Table-7.1: chemical composition of AISI 420 martensitic stainless steel. 

A pre-alloyed Ni/Al powder supplied by Sulzer Metco was used to clad nickel aluminide 

intermetallic composite (IC) coating. The powder mixture for IMC coatings was prepared 

with 80 wt% Ni/Al- 20 wt% TiC and 80 wt% Ni/Al - 20 wt% WC through mechanical 

mixing of the powders for 2 hours. Pure nickel aluminide IC coating was also deposited in 
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order to identify the effect of the addition of reinforcement on the cavitation erosion 

resistance. The chemical composition and particle size of the alloy powders used to clad the 

specimen is shown in Table-7.2. 

 

 Ni Al TiC WC Particle Size (µm) 

Ni/Al 82 18   -106 +53 

Ni-coated TiC         20  80  -45 +22.5 

WC    100 -50 +30 
 

Table-7.2: Chemical composition of alloy powders in wt% and particle size distribution. 
 

 7.2. Laser cladding 

 

The laser cladding experiments were carried out at ISAF TU Clausthal using a 4 kW cw 

Nd:YAG laser. The laser beam was programmed to scan the surface of the substrate to be 

clad. A lateral powder feeding technique was used to feed the powder to the working area. 

The angle of the powder feeding nozzle was ~50° to the specimen surface and the stand-off 

distance was varied between 12-15 mm, which needed a precise adjustment to get maximum 

powder catchment. The alloy powder mixture was fed directly into the molten pool by the 

rotary-disk powder feeding system with argon as carrier gas, as shown in Fig-7.1.  

 

 

Fig-7.1: Experimental set-up for laser cladding  

(1-Laser optics; 2-powder and shielding gas feeding nozzle; 3- sample). 

Argon gas was also used to provide a protective atmosphere against oxidation during laser 

processing. The laser beam was defocused to get a spot diameter of 5.5 mm. A sufficient 
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number of overlapping tracks were made with a 50% overlap to cover the large surface area 

needed for the erosion studies. The laser beam scanning speed and the overlapping ratio were 

controlled by a CNC program.  
 

7.3. Microstructural characterization 

 

The microstructure of the cross section of clad specimens was investigated using optical 

microscopy (OM) and scanning electron microscopy (SEM- JEOL JSM 35). The specimens 

for OM were mechanically polished using 200, 300, 600, 1200 and 2000 grit paper and 

finally polished with 0.1 µm diamond paste. The polished specimens were etched using 

villela’s reagent. The OM pictures were taken at various places of interest to get a general 

view about the microstructure and the distribution of carbide reinforcement. During 

optimisation of the laser process parameters, the micrographs were helpful in identifying the 

pattern and path of the cracks or the presence and distribution of the pores. The 

microstructures of the surface of the eroded specimens were also investigated at regular 

intervals. The preferential erosion of the matrix or pit formation can be identified with these 

interpretations. The SEM micrographs were more helpful in analysing the eroded specimens 

which were used to identify the erosion mechanism and deformation pattern. 

 

7.4. X-Ray diffractometry (XRD) 

 

During laser cladding the melted alloy powder coating solidifies together with the elements 

absorbed from the substrate material. It is important to identify the various intermetallic 

phases present in the matrix in order to correlate the mechanical properties of the 

intermetallic compounds with the erosion resistance. The specimens clad were analyzed 

using D-500 Siemens X-ray diffractometer. The CuKα radiation was used at a voltage of 

40kV and a current of 40mA. The surface of the specimen was cleaned and decreased before 

analysis. The specimens were scanned from 20° to 100° at a scan speed of 0.5°/min. The 

peaks were indexed using the JCPDS software. It is worth noting that, during laser 

processing of the specimens, the rapid heating and solidification cycle results in residual 

stresses. This might lead to a shift in the peaks in one direction depending on the intensity of 

these stresses and type. Hence during peak identification, the elemental composition of the 

clad layer was also used as a guide in identifying the peaks. 
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7.5. Energy-dispersive spectroscopic analysis (EDS) 

  

The cross-sectional and surface composition of the clad layers was analysed using energy 

dispersive spectroscopy mounted on the SEM. Three important analyses were performed 

using EDS. 

 

� Quantitative compositional analysis  

� Line scan 

� Point analysis 

 

The quantitative compositional analysis was performed in a comparatively larger area (100 x 

100 µm) to identify the weight or atomic percentage of various elements present in the clad 

layer. The same analysis over a smaller area, performed at different depths, can be used to 

compare the compositional changes from the top of the layer to the interface. The sites of a 

line scan were carefully selected where carbide, matrix or grain boundaries were crossed. The 

elemental variations in an analysis are helpful in identifying the composition at different 

locations. The point analysis was also carried out to identify the elemental composition at a 

particular point of interest.  

 

7.6. Surface roughness and profile 

 

The surface roughness of the specimens was measured after each interval of the erosion test. 

The roughness of the surface during erosion is a better indication of the performance of the 

coating. A highly resistant coating normally shows a minimum variation in roughness. The 

measurements were taken 17 mm across the eroded area at a scan speed of 0.5 mm/s. The 

value of the surface roughness and a plot of the fluctuations in surface roughness were 

obtained using the attached software. In the case of water droplet erosion, the impact 

intensity was very high which requires a determination and comparison of crater depths in 

addition to the roughness. A 3D-surface profilometer was used for this purpose and in 

addition, it provides a better perception of the eroded area. 

 

7.7. Microhardness measurements 

 

The microhardness (HV) of the laser clad layers was measured in a cross-section from the 

top of the clad layer down to the substrate material passing through the interface and heat 

affected zone (HAZ). The measurements were carried out at 200 g load. The hardness 

variation versus the depth of the coating is an important factor in identifying the alloy and 

carbide distribution. The interface hardness is normally used to validate the bond between the 



7. Experimental details 

 

 28 

coating and the substrate material. A good bond can be judged by the gradual variation in 

hardness along the interface. The hardness measurements also made in the cross-section 

normal to the eroded surface to identify work hardenability of the coating.  

 

7.8. Density measurements 

 

The density measurements are essential to convert the weight loss measurements into a 

volume loss. The density of the clad layers was estimated as follows. A thin layer of the 

coating was cut from the laser-clad specimen by removing the steel backing. The layers were 

weighed in air and methylbenzol. The density of the coating is computed using the weight 

difference as shown in equation (7.1). 

 

                                                         
LA

A
L

mm

m

−

= ρρ    (7.1) 

  

7.9. Depth-sensing indentation test (DSI) 

 

Conventional hardness testing with a sharp indenter is a simple and most versatile method for 

characterizing the mechanical strength of materials. More recently the DSI became a widely 

used method for determining many important properties including hardness and elastic-

plastic properties of the surface. The surface hardness and elastic modulus of the specimens 

were measured using a DSI device (Zwick ZHU 2.5) with a Vickers indenter tip as per EN 

ISO 14577-1 standards [125]. The load used in the present study was 5 N, with loading and 

unloading speeds of 1mm/min and 0.2 mm/min, respectively. The time at maximum load 

( maxF ) before unloading was set at 3 seconds.  
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Fig-7.2: Load-displacement curve 
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The elastic modulus was computed with the attached software by using the slope (typically 

between 75% to 95% of maxF ) of the unloading cycle. The total indentation work ( totalW ), 

the irreversible indentation work ( plastW ) and the reversible indentation work ( elastW ), as 

shown in Fig-7.2, were derived by measuring the appropriate areas under the loading and 

unloading cycles using an image analysis software. The computed pixel area under the 

corresponding curves was converted into Joules by normalising the values with a known 

area. The strain-hardening coefficient ( n ) was computed by introducing a factor )(nf [126], 

to equation (7.2) proposed by Alcala et al. [127] for a Vickers indenter: 

 

         

elastu

totall

WS

WS
nnnf

×

×
=+−=

2302.0857.0202.1)(                   (7.2) 

 

 

The percentage of reversible penetration ratio (η ) was calculated using the ratio totalelast WW .

  

7.9.1. Determination of yield strength 

 

The yield strength was determined using the procedure proposed elsewhere [128], which is 

outlined below. 

 Steps 

 

 i) From the loading-unloading cycles, the residual depth of penetration ( rh ) and the 

maximum depth of penetration ( maxh ) was identified. Using that, the ratio maxhhr was 

calculated. 

 

 ii) Using equation (7.3), the constant S was determined. 

 

Sd
h

h

W

W r

total

elast
×=−= *1

max

   (7.3) 

 

Where, d* = 5 for Vickers Indenter. 

 

 iii) With S and maxh  determined, the true contact area at maximum load ( maxA ) was 

obtained from equation (7.4). 
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 iv) The effective elastic modulus of the indenter-specimen system (E*) was computed 

using the equation (7.5). 

 

   







=

dh

dP

AC
E

max*

1
*    (7.5) 

    

   Where, C* = 1.142 for the Vickers indenter. 

    








dh

dP
- Initial unloading slope. 

 

 v) The value C was estimated by least-square fit using the relation (equation (7.6)). 

 
2

maxmax ChP ≈    (7.6) 

 

 vi) The constant D was determined through interpolating the values corresponding to 
2

maxmax hA . 

 

  

D 2

maxmax hA  

1 9.82 

0.33 16 

0.27 24.5 

0.05 25.5 

0.025 28.99 

0 41.65 

 

Table-7.3: Numerical estimation of D and 2

maxmax hA [128]. 

 

 vii) The yield strength ( yσ ) was finally estimated by simultaneously iterating 

equation (7.7) and (7.8) by varying yσ  and 29.0σ . 
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  Where, M1 = 7.143 and M2 = -1 for Vickers indenter. 

29.0σ - Characteristic plastic strain of 0.29 for the clad layer in uni- 

axial compression. 

     

7.10. Cavitation test 

  

The specimens for the cavitation erosion test were prepared by grinding with 1200 grit paper 

and then cleaned, degreased, dried and weighed before and after the subsequent test period. 

A vibratory apparatus was used for cavitation studies as per ASTM Standard G32-98 [123]. 

The vibrations are generated by a piezoelectric transducer connected to an electronic 

oscillator and power amplifier. The un-attached method was used in the test, i.e. the 

specimen was held stationary below the vibrating horn at a distance of 0.5 mm as shown in 

Fig-7.3. The vibration frequency and peak-to-peak amplitude were 20 kHz and 50 µm, 

respectively. The cavitation medium was distilled water maintained at a constant temperature 

of 25 ± 2 ºC by a circulation system. During the upward motion of the vibrating horn, a low 

pressure region develops between the horn tip and specimen surface, which leads to the 

nucleation of cavities (bubbles). During the downward motion, there is a sudden change in 

pressure, which leads to the collapse of the generated cavities. The impact stresses generated 

by the repeated growth and collapse of the cavities against the specimen surface will erode 

the specimen. 
 

 

Fig-7.3: Set-up for an un-attached vibratory cavitation test. 
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The specimens were weighed with an electronic balance to an accuracy of 0.1 mg, at 2 hourly 

intervals over a 10 hour period. The mean depth of erosion ( MDE ), mean erosion rate 

( MER ) and the cavitation erosion resistance ( eR ) were calculated using the following 

equations. 
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The normalised erosion resistance (
n

eR ) was computed by normalising all specimens tested 

with respect to eR  of the as-received specimen.  

 

7.11. Liquid impact erosion test 

 

The experiments were carried out using a modified liquid erosion impingement tester similar 

to ASTM Standard G73-98 [129] but without the rotary attachment, as shown in Fig-7.4.  
 

 
 

Fig-7.4: Experimental set-up for liquid impact erosion test.  

(1-Specimen, 2-Specimen holder, 3- Shutter, 4- Nozzle exit, 5-High-pressure water inlet, 6- 

Working chamber) 
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This facilitates an estimate of the erosion under accelerated test conditions for a short 

duration. The specimen was held stationary and the water jet delivered through the nozzle, hit 

the specimen surface at an angle of 90º. The nozzle exit orifice diameter was 1.4 mm 

producing a jet with mean velocity of 150 m/s and the nozzle-to-specimen distance was set to 

100 mm. This effectively produced a water-jet of approximately 5 mm diameter at the point 

of impact. The specimens were weighed at 10 minute intervals for 60 minutes after which all 

specimens were eroded for another 60 minutes with 30 minutes interval and then weighed. 

The rate of volume loss ( lV ) and erosion resistance ( eR ) was calculated by the following 

equations: 
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7.12. Particle-laden liquid impact test 

 

The experimental set-up was the same as the liquid impact erosion tester but with a powder 

feeder for mixing the erosive particles with the water jet. This facilitates an estimate of the 

erosion accelerated by the erodent. The specimen was stationary and the water, delivered 

through the nozzle, hit the specimen surface at a high speed. The erodent was fed from a 

hopper at a constant feed rate and mixed with water at the nozzle exit. The test parameters 

used in this study are listed in Table-7.4. 

 

Parameters  

Erodent   Corundum 

Erodent size F220(µm) -75 +45 

Jet velocity (m/sec) 152 

Nozzle-to-specimen distance (mm)      100 

Erodent feed rate (g/min)                      0.7 

Impact angle                                          90º 

 

Table-7.4: Experimental conditions for the erosion test 
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The specimens were weighed at 4 minute intervals over a period of 28 min. The rate of 

volume loss and erosion resistance was calculated using equations (7.12) and (7.13), 

respectively. The normalised erosion resistance (
n

eR ) was computed by normalising all 

specimens tested with respect to eR  of the as-received specimen.  
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8. Results and discussion 

 

8.1. Microstructure of the clad layers 

 

It is important to optimise the process parameters to get defect-free coatings on the substrate 

material. A defect-free coating can be characterised by the metallurgical bond to the 

substrate, uniform distribution of alloying elements, absence of cracks and pores. The 

important parameters, which influence the coating characteristics are laser beam power, 

scanning speed and alloy powder feeding rate. A close control of these parameters and the 

selection of a suitable combination of parameters are required to produce a quality clad or 

alloyed layer. In order to understand the influence of these parameters, a number of initial 

trials were conducted over a wide range of parameters. The range of parameters used in the 

preliminary study is listed in Table-8.1. At laser powers, above 2 kW, and high scanning 

speeds above 250 mm/min, the clad layers either crack or there is porosity as shown in Fig-

8.1.  
 

Laser power, 

P 

(kW) 

Scanning 

speed, S 

(mm/min) 

Powder feed 

rate, F 

 (g/min) 

Beam 

diameter, D 

(mm) 

Overlapping 

ratio 

(%) 

1.5 – 3.0 100 - 500 7 - 14 5.5 50 

   

Table-8.1: Laser process parameter range for initial trials. 

 

    

 

        (P-2kW, S-500 mm/min, F-8 g/min)                      (P-2kW, S-300 mm/min, F-8 g/min)     

Fig-8.1: Laser clad Ni-Al IC coatings at different combinations of the process parameters. 
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These defects are mainly caused due to the rapid heating and solidification cycle associated 

with laser cladding. For example, the pores can be eliminated by reducing the scanning 

speed, which slows down the heating-solidification cycle, allowing sufficient time for the 

trapped gas bubbles to escape. Similarly, the susceptibility to cracking can also be eliminated 

by reducing the power or scanning speed. However, parameter adjustments may also lead to 

variations of other dependent coating characteristics. Considering this fact, pre-heat treatment 

of the specimen or post-heat treatment or a combination of both were also adopted to reduce 

the number of defects. By using heat-treated specimens, the thermal gradient can be 

considerably reduced. Earlier experiments on laser cladding with pre- and/or post heat treated 

specimens had been successful [130, 131]. In the present study, the specimens were pre-

heated to 350ºC and after laser cladding they were cooled at ~ 30ºC per hour down to room 

temperature. 

 

Combinations of the process parameters which provided optimum coating characteristics 

were chosen for cladding specimens for the erosion studies. These are listed in Table-8.2. 

  

Specimens Laser 

power 

(kW) 

Scanning 

speed 

(mm/min) 

Powder 

feeding   

rate   

(g/min) 

% of Fe 

dilution 

(wt%) 

% of carbide 

reinforcement 

after cladding 

(wt%) 

Coating 

Density 

(g/cm
3
) 

Ni-Al 1.5 100 8.5 38.6 - 6.29 

Ni-Al-TiC-1 1.5 100 6.5 31.7 14.0 5.70 

Ni-Al-TiC-2 2.0 150 10.75 35.7 18.5 5.68 

Ni-Al-WC-1 1.5 200 10.25 48.4 18.2 7.23 

Ni-Al-WC-2 1.5 100 5.25 47.7 17.1 7.04 

 

Table-8.2: Laser process parameters and coating characteristics. 

 

 

Fig-8.2: Macroscopic view of clad layer with overlapping tracks. 
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                                    (a)                                                                         (b) 

    

                                  (c)                                                                           (d) 

 

(e) 

 

Fig-8.3: Micrographs of laser clad specimens (with heat treatment); a) Ni-Al; b) Ni-Al-TiC-1 

(1-un-melted TiC particles, 2-re-precipitated TiC particles) ; c) Ni-Al-TiC-2 (1-un-melted 

TiC particles, 2-re-precipitated TiC particles); d) Ni-Al-WC-1 (1- undissolved WC particles); 

e) Ni-Al-WC-2 (1- re-precipitated WC particles). 
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Each IMC with carbide reinforcement was clad with two different process parameter 

combinations in order to identify the influence of microstructural and fluctuations in 

composition on the erosion resistance. A macroscopic cross-section of the nickel aluminide 

IC coating with overlapped clad tracks is shown in Fig-8.2. The clad layers produced with 

pre- and post heat treatments are shown in Fig-8.3 (a-e). The nickel aluminide IC coating was 

free of cracks and porosity. The microstructure revealed good homogeneity and uniformity 

with equiaxed grains and a dendritic structure. The XRD analysis, shown in Fig-8.4, revealed 

the presence of Ni3Al, NiAl and/or Fe3Al. The laser process parameters are controlled to 

enable a sufficient dilution of Fe from the substrate to improve the ductility of the nickel 

aluminide IC coating. 

 

The overlapping peaks of NiAl and Fe3Al in the XRD analysis provided insufficient 

information to identify the intermetallics clearly. However, an EDS analysis over the cross-

section of the coating (35.5 Fe, 40.3 Ni and 18.9 Al at.%), confirmed the possibility of both 

NiAl and Fe3Al. Similar findings were also reported confirming the formation of a mixture of 

intermetallic compounds of (Ni,Fe)3Al+(Ni,Fe)Al with mechanical alloying of Ni-Al-Fe with 

Fe in excess of 15 at.% [84].  

 

The heat treated specimens with TiC reinforcement were completely free of cracks. The 

specimen Ni-Al-TiC-1 contains essentially un-melted TiC particles with a few re-precipitated 

TiC particles as shown in Fig-8.3 (b). This can be attributed to a process parameter 

combination of low laser power, scanning speed and powder feed rate. The presence of un-

melted TiC particles was reduced significantly in specimen Ni-Al-TiC-2, which contains 

predominantly dispersed precipitated TiC particles as shown in Fig-8.3 (c). This was due to 

the fact that, at a laser power of 2 kW, the injected particles were heated and melted at a 

higher rate before reaching the molten pool. The results of the XRD analysis (Fig-8.5) 

indicate that the primary phases of the specimen are NiAl, Ni3Al and TiC. The sensitivity to 

cracking of specimens with WC reinforcement could only be reduced. In specimen Ni-Al-

WC-1, the WC particles are melted and re-precipitated along the grain boundaries of the 

nickel aluminide matrix. It is also evident that few undissolved WC particles are distributed 

randomly throughout the matrix as shown in Fig-8.3 (d). The specimen Ni-Al-WC-2 

exhibited a microstructure with only re-precipitated WC particles distributed along the matrix 

grain boundary. The phases present in the specimen (Fig-8.6) were identified as NiAl, Ni3Al, 

WC and M6C (Fe3W3C-Fe4W2C). The formation of M6C could be attributed to the 

decomposition of WC and dilution of the substrate material during laser cladding.  
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Fig-8.4: XRD spectrum of the specimen Ni-Al. 
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Fig-8.5: XRD spectrum of the specimen Ni-Al-TiC-2. 
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Fig-8.6: XRD spectrum of the specimen Ni-Al-WC-2 
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8.2. Microhardness of the clad layers 

 

The microhardness measured as a function of depth of the clad layers is shown in Fig-8.7.  

The average hardness of Ni-Al IC coating was increased to 328 HV0.2 compared to the base 

material hardness of 215 HV0.2. The IMC layers with TiC reinforcement exhibited the highest 

hardness values in the range of 580-650 HV0.2 compared to those with WC reinforcement in 

the range of 430 to 505 HV0.2. The high hardness of the clad layers with TiC could possibly 

be attributed to the retention of un-melted and partially melted particles in the clad layer and 

a low wettability of TiC compared to WC with Fe, Ni and Al [132]. The hardness of Ni-Al-

WC-2 was more uniform due to the completely dissolved and re-precipitated WC particles 

distributed uniformly throughout the clad layer. 
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         Fig-8.7: Cross-sectional microhardness of all the clad specimens 

 

8.3. Cavitation erosion studies 

 

8.3.1. Mean depth of erosion and erosion resistance 

 

The cumulative MDE  and the normalised erosion resistance (
n

eR ) of all the specimens 

tested as a function of time are shown in Fig-8.8 (a-b). The values of eR  and the normalised 

cavitation erosion resistance with respect to AR-420 of the laser clad specimens were 

computed and are listed in Table-8.3.  
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Specimens Hardness                                

(HV0.2) 

eR  

(h/µm) 

n

eR  

AR-420 215 0.018 1 

AR-420-HT 270 0.025 1.38 

Ni-Al 328 0.059 3.29 

Ni-Al-TiC-1 579 0.048 2.66 

Ni-Al-TiC-2 648 0.065 3.58 

Ni-Al-WC-1 504 0.169 9.33 

Ni-Al-WC-2 417 0.257 14.21 

 

Table-8.3: Cavitation erosion characteristics of all the tested specimens. 

 

The specimen AR-420 exhibited brief resistance to cavitation for 2 hours and then the 

material loss accelerated rapidly. During the initial stages of erosion, the material was 

displaced plastically by the collapsing cavities to form craters. Further exposure to cavitation 

led to the initiation of material removal from these craters. The MDE  decreased slightly 

between 8 and 10 hours due to the complete removal of material and exposure of the sub-

surface, indicating the start of a new erosion cycle. The improved hardness of the specimen 

AR-420-HT extended the initial resistance against cavitation erosion considerably. However, 

the MDE increased notably as the erosion progressed. The MDE was lower in the Ni-Al 

specimen than in the AR-420 and AR-420-HT. The presence of a hard ceramic phase in a 

ductile matrix of specimens Ni-Al-TiC-1 and Ni-Al-TiC-2 was expected to lead to an 

improvement in performance due to their high strength. Additionally, the ceramic particles 

could also prevent merging of craters formed in the ductile matrix. Unfortunately, the 

specimen Ni-Al-TiC-1 showed a greater depth of erosion compared to Ni-Al. The poor 

performance may be due to the large content of un-melted TiC particles in the matrix which 

are preferentially removed. However, the fine precipitated TiC particles in Ni-Al-TiC-2 

greatly enhanced the strength of the matrix against cavitation.  The specimens with WC 

reinforcement showed highest resistance against erosion with a 10 hour incubation period. In 

specimen Ni-Al-WC-1, few undissolved carbide particles present in the matrix influenced the 

coating performance significantly. The erosion initiated around these weak spots and 

progressed further with erosion time. The completely precipitated WC reinforcement along 

the grain boundaries of NiAl-Ni3Al matrix improved the strength of the matrix against 

cavitation impact stresses which exhibited highest resistance up to a factor of 14.2. 
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Fig-8.8: a) Cumulative MDE of all the tested specimens; b) Normalized erosion resistance. 
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8.3.2. Influence of hardness and work hardenability on erosion resistance 

 

The average microhardness of the specimen Ni-Al was 328 HV0.2. After cavitation, the 

microhardness measurement showed a notable increase, 340-385 HV0.2 over 0.4 mm from the 

clad layer surface. This clearly indicates some work hardening of the clad layer. Similar 

microhardness measurements made after cavitation of IMC coatings with TiC or WC 

reinforcement did not show any significant change due to the fact that the hard ceramic phase 

present in the matrix overwhelms the work hardening tendency of the matrix. However, the 

enhanced strength of the matrix with carbide reinforcement increased the resistance against 

cavitation. In the past, Re of metals and alloys was correlated with mechanical, 

microstructural and metallurgical properties. Cui et al. [133] observed that the high work 

hardenability and fatigue strength of laser melted NiTi alloy contributed to the improved Re.  

Bhagat [134] reported that the incubation time for various metals and alloys increases with 

increasing hardness. Kwok et al.
 
[104] found that Re of laser modified austenitic stainless 

steel is linearly related to the hardness. Howard and Ball [8], however, criticized correlating 

Re with the hardness. The erosion resistance and hardness of all the tested specimens is 

shown in Fig-8.9.  
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Fig-8.9: Influence of hardness on erosion resistance of the tested specimens. 

 

It can be seen that, there was no correlation found between hardness and erosion resistance. 

The average hardness of the specimen Ni-Al-WC-2 was 232 HV0.2 less than that of Ni-Al-

TiC-2 but exhibited approximately 10 times higher erosion resistance. The hardness alone 
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can not be considered as an indicator for erosion resistance. Rather, the microstructure, 

matrix toughness and form and distribution of the reinforcing phase play a decisive role. 

 

8.3.3. Surface roughness of eroded specimens 

 

The surface roughness values of the specimens measured as a function of time is shown in 

Fig-8.10. A comparison between Fig-8.8 (a) and Fig-8.10 shows that the variation of MDE 

and surface roughness versus erosion time follows similar characteristics. The substrate 

material has the highest fluctuation in roughness and hence the high MDE, whereas Ni-Al-

WC-2 has the lowest MDE and the smoothest eroded surface. 
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Fig-8.10: Surface roughness variations with erosion time. 

 

8.3.4. Topography of eroded specimens 

 

Due to the extensive plastic deformation, the specimen AR-420 showed deep craters on the 

surface after 10 hours of cavitation, as shown in Fig-8.11 (a). During the early stages of 

cavitation, small craters may have formed on the surface, but with increased cavitation time 

the density of the craters increased, which led to severe surface undulations. Later, the piled 

up material around the craters was removed which led to the formation of pits. Cracks also 

nucleate on the surface and within the craters due to micro-jets generated by the 

asymmetrical collapse of cavities as shown in Fig-8.11 (b). Further exposure to cavitation 

will lengthen the cracks until they merge with the adjacent one and then the material 
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surrounded by cracks will detach itself from the surface easily. The extent of damage was 

slightly lower in the specimen AR-420-HT compared to AR-420. The heat treatment of AISI-

420 normally results in improved abrasive resistance due to the increase in hardness. But 

consequently, it leads to the reduction of impact strength. The marginal increase in erosion 

resistance may be attributed to the increase in hardness of the heat treated AISI-420 which 

extended the strength of the surface against cavitation impact. However, the formation of 

craters and the propagation of cracks within the craters were evident in Fig-8.12 (a-b). 

 
 

   

                                 (a)                                                                        (b) 

 

Fig-8.11: SEM Micrograph of specimen AR-420; a) surface with crater; b) cross-sectional 

view (with cracks). 

 

    

           (a)                     (b) 

Fig-8.12: SEM Micrograph of specimen AR-420-HT; a) surface with crater; b) cross-

sectional view (with cracks). 
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After 4h of cavitation, the Ni-Al specimen exhibited a minimal material removal, compared 

to the AR-420, which further increased, and at the end of 10 h, a small thickness of material 

from the  ~ 2 mm clad layer was removed. The SEM micrograph in Fig-8.13 (a) shows 

comparatively less severe damage on the surface with no deep crater formation. The cross-

sectional micrograph (Fig-8.13 (b)) reveals small pit formation on the surface but with no 

crack initiation.  
 

   

                                  (a)                                                                        (b) 

Fig-8.13: a) SEM surface micrograph of eroded Ni-Al; b) cross-sectional optical micrograph 

(with shallow crater). 

 

The stress generated by the cavitation bubble collapse induces a work hardening effect, 

which makes further deformation more difficult in the case of Ni-Al. This indicated a high 

work hardening ability of the nickel aluminide IC coatings. As erosion progresses, however, 

material was removed as platelets, due to the brittle fracture of the work hardened layer.  

 

The brittle fracture is the dominant erosion mechanism in the specimens Ni-Al-TiC-1 and Ni-

Al-TiC-2, which is similar to Ni-Al. However, the high content of un-melted TiC particles in 

Ni-Al-TiC-1 decreased the coating resistance against cavitation. Due to poor bonding 

between the particle and the matrix, cracks propagated along the interface as shown in Fig-

8.14 (a).  Further exposure to cavitation will cause these particles to be removed, leaving 

large craters on the surface, which is vulnerable to erosion attack. The cross-section shown in 

Fig-8.14 (b) revealed preferential removal of matrix material, which may also lead to the 

detachment of reinforcing particles. 
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                              (a)                                                                            (b) 

Fig-8.14: a) SEM micrograph of eroded surface of Ni-Al-TiC-1; b) cross-sectional view. 

The specimen Ni-Al-TiC-2 exhibited less damage compared to Ni-Al-TiC-1 as shown in Fig-

8.15. Although the presence of few un-melted particles in specimen Ni-Al-TiC-2 affects the 

coating performance, the dispersed precipitated TiC particles improved the erosion resistance 

significantly. 

 
 

 

 

Fig-8.15: SEM micrograph of eroded surface of Ni-Al-TiC-2 

 

The extent of the damage in Ni-Al-WC-1 was much less, compared to the specimens with 

TiC reinforcement. The SEM micrograph (Fig-8.16 (a)) and the cross-section (Fig-8.16 (b)) 

indicate some slight surface damage with a largely un-eroded surface remaining even after 

10h of cavitation. The damage pattern of specimen Ni-Al-WC-2 was similar to Ni-Al-WC-1 

as shown in Fig-8.17 (a-b). However, the comparative reduction in erosion resistance of Ni-

Al-WC-1 can be attributed to the presence of few undissolved WC particles in the matrix, 
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which increases the chances of preferential cavitation attack.  The high work hardening 

characteristics of nickel aluminide, combined with the strength of the WC reinforcement, 

precipitated along the grain boundaries of nickel aluminide, contribute to the strong increase 

in the cavitation erosion resistance compared to all tested specimens. 

 
 

   

                                      (a)         (b) 

 

Fig-8.16: a) Eroded surface of Ni-Al-WC-1; b) cross-sectional view. 

 

 

   

                         (a)         (b) 

 

Fig-8.17: a) Surface SEM micrograph of eroded Ni-Al-WC-2; b) cross-sectional view. 



8. Results and discussions 

 

 49 

8.4. Liquid impact erosion studies 

 

8.4.1. Rate of volume loss and Erosion resistance 

 

The cumulative volume loss as a function of time for AR-420, laser clad IC and IMC 

coatings are shown in Fig-8.18. The ranking order of cumulative volume loss is: 
 

AR 420 > Ni-Al-TiC-2 > Ni-Al-TiC-1>Ni-Al-WC-2 > Ni-Al-WC-1 > Ni-Al 
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Fig-8.18: Cumulative volume loss of the laser clad layers and AR-420. 

 

The volume loss was highest for the specimen AR-420 and lowest for the specimen Ni-Al. 

Even though the cumulative volume loss of IMC coatings with TiC reinforcement was lower 

compared to Ni-Al up to 60 minutes of test duration, it increased steadily during the next 60 

minutes. The volume loss of IMC coatings with WC reinforcement was the lowest of all 

tested specimens up to 90 minutes but thereafter showed a higher loss between 90 and 120 

minutes compared to Ni-Al. In order to understand the variation in erosion behaviour at 

intermediate test intervals, the rate of volume loss was also used. The rate of volume loss of 

test specimens is shown in Fig-8.19 (a) and indicates that the specimen AR-420 did not show 

any resistance against erosion and the material loss started immediately at a high rate. 

However, the rate of volume loss exhibited a proportionate reduction at following test 

intervals. This was due to the fact that when the erosion had attained a considerable depth, a 
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layer of water adheres to the surface, which reduces the impact of subsequent droplets and 

reduces the destructive action [135].  
 

In order to have a closer look at the erosion behaviour of laser clad layers, the volume loss 

rate was plotted on a finer scale as shown in Fig-8.19 (b). The specimen Ni-Al exhibited the 

highest rate of volume loss compared to the specimens with carbide reinforcement during the 

initial 60 minutes test duration.  
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(b) 

Fig-8.19: a) Rate of volume loss of all the tested specimens as a function of time; b) only 

laser clad layers on a finer scale. 
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The rate of volume loss exhibited a cyclic behaviour which disappeared in consecutive test 

intervals. The peaks in the cycle where the volume loss was higher could be attributed to the 

removal of material which was deformed in the previous test duration. The pattern of rate of 

volume loss changed from cyclic to linear between 60 and 120 minutes due to the 

deformation and removal of material within the extended test interval of 30 minutes.  The 

IMC coatings follow a similar behaviour with a varying degree of severity and the rate of 

volume loss increased after an initial resistance to damage initiation. A comparison of the 

erosion rate of 12Cr steel and titanium alloys confirmed a similar behaviour in that titanium 

alloys experienced higher erosion than that of steel during extended exposure to liquid 

impacts, even though titanium alloys showed a longer incubation time initially [136]. 
 

8.4.2. Influence of mechanical properties on erosion resistance 

 

The complex erosion mechanism involved and the response of laser clad coatings to 

impinging droplets at varying exposure times hindered the possibility of obtaining a direct 

correlation with the mechanical properties of the coatings. Earlier attempts to correlate the 

cavitation erosion resistance with the yield or ultimate stress, hardness, impact strength and 

ductility were unsuccessful and the validity was limited to narrow classes of material [137, 

138]. Recent work on the correlation of the erosion resistance with indentation derived 

properties extended the scope for identifying the dominant factors [139, 140]. The 

indentation derived properties measured on the surface of the substrate material and laser 

clad coatings are listed in Table-8.4. The load-displacement curves, including loading and 

unloading cycles of all specimens tested, are shown in Fig-8.20. 

 

 

Specimen 

Hardness  

 

GPa 

Elastic 

modulus 

GPa 

plastW

 J 

(10-6) 

elastW

J 

(10-6) 

totalW

J 

(10-6) 

 

n  

 

η  

 

(%) 

σy 

 

GPa 

60

e
R

 

hr./ 

mm3 

120

e
R

 

hr./ 

mm3 

AR-420 1.775 200.2 19.59 1.78 21.37 0.280 8.33 0.663 1.3 1.9 

Ni-Al 2.863 125.9 13.13 2.08 15.21 0.187 13.68 1.282 8.9 13.9 

Ni-Al-TiC-1 6.096 199.4 8.12 2.51 10.63 0.102 23.61 3.383 14.3 4.2 

Ni-Al-TiC-2 5.911 193.8 8.79 2.48 11.27 0.108 22.00 2.898 8.1 3.9 

Ni-Al-WC-1 4.034 174.1 12.52 2.34 14.86 0.112 15.75 1.935 24.1 9.6 

Ni-Al-WC-2 3.447 162.4 12.67 2.14 14.81 0.116 14.45 1.406 23.5 9.4 
60

e
R and 

120

e
R -Erosion resistance up to 60 minutes and 120 minutes of test duration, respectively. 

Table-8.4: Mechanical properties and erosion resistance of the substrate material and laser 

clad coatings. 
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Fig8.20: Load-displacement curves of substrate and laser clad layers. 

 

The specimen AR-420 exhibited the lowest erosion resistance compared to Ni-Al IC coating 

and IMC coatings with carbide reinforcements. The loading and unloading cycle 

corresponding to AR-420 clearly indicated extensive plastic deformation ( plastW ) with little 

reversible deformation of penetration ( elastW ) which led to poor resistance against impacting 

high speed liquid droplets. The moderate percentage of reversible penetration ratio (η ) and 

the high strain-hardening coefficient of 0.187 confirmed the contribution of pseudo-elasticity 

and work hardening ability of NiAl-Ni3Al IC coatings in increasing the erosion resistance of 

the specimen Ni-Al significantly. Even though the erosion resistance of Ni-Al was low 

compared to Ni-Al IMC coatings during the first 60 minutes of test, the coating showed 

exceptional resistance up to the end of the test. The specimens with WC reinforcement 

showed the highest erosion resistance during the first 60 minutes of test. This was mainly 

attributed to the re-precipitated WC particles which increase the strength of the intermetallic 

matrix against initial liquid impacts. However, once the damage has been initiated, the 

erosion accelerated and proportionate material loss occurred in both specimens, Ni-Al-WC-1 

and Ni-Al-WC-2. The high hardness and elastic modulus of the IMC coatings with TiC 

reinforcement leads to an increase in the value of η which was believed to be responsible for 

better initial erosion resistance. However, the erosion resistance was lower compared to the 

specimens with WC reinforcement due to the low impact resistance of TiC particles [141] 

and the removal of un-melted TiC particles from the matrix. In all tested specimens it was 
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observed that an increase in hardness leads to an increase in elastW , yield strength (σy) and to 

a decrease in plastW and the strain-hardening coefficient ( n ). 

 

8.4.3. Erosion mechanism 

The SEM micrographs of the eroded specimen AR-420 shown in Fig-8.21 (a-b) are evidence 

of a severely undulated surface with isolated deep craters surrounded by irregular cracks.  
 

    

               (a)                     (b) 

Fig-8.21: SEM micrographs of specimen AR-420 after 120 minutes of erosion. a) With 

washed out craters and cracks; b) magnified view. 
 

At the initial stages of erosion, the surface of the material is plastically deformed to form 

shallow craters due to the high pressures generated by the impinging liquid droplets and the 

micro-jetting action. During continuous exposure to liquid impacts the number and depth of 

the craters increased and extensive undulation on the surface resulted in overlapping of the 

craters. The removal of dislodged material around the lip of the craters and the local fracture 

of the material surrounded by cracks accelerated the erosion rate. The 3D- surface profile 

(Fig-8.22 (a)) clearly shows the overall damage of AR-420 with extensive surface 

undulations.  The Ni-Al specimen eroded after 120 minutes is shown in Fig-8.23 (a-b). The 

surface consists mainly of few shallow craters with deep grooves and cracks. This suggested 

that the ordered intermetallic structure is very resistant to crater formation by plastic 

deformation resulting from circular propagation of pressure pulses. However, it shows the 

least resistance to the micro-jetting action in a lateral direction which initiates erosion. The 

3D-surface profile (Fig-8.22 (b)) shows only light damage to the surface compared to AR-

420.   
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              (a)                   (b) 

 

Fig-8.22: 3D surface profiles of a) AR-420 and b) Ni-Al after 120 minutes of erosion. 
 

   

   (a)                    (b) 

Fig-8.23: SEM micrographs of specimen Ni-Al after 120 minutes of erosion. a) With grooves 

and cracks; b) magnified view. 
 

The high hardness of IMC coatings with TiC resulted in an improved erosion resistance 

during the early stages. The presence of un-melted TiC particles increases the susceptibility 

to cracking around the particle-matrix interface during a continuous accumulation of impacts. 

The SEM micrograph shown in Fig-8.24 (a) indicates the propagation of cracks around the 

TiC particle. As a result, unsupported particles are removed from the matrix leaving large 

craters on the surface, as shown in Fig-8.24 (b). These craters act as initiation sites for further 

erosion and the material is removed by forming cracks. The specimens with WC 

reinforcement showed a completely different erosion behaviour compared to all tested 

specimens. Nevertheless there is a similarity in the removal of undissolved WC particles 

present in the specimen Ni-Al-WC-1 with the removal of un-melted TiC particles from the 

specimens with TiC reinforcement. The completely dissolved and re-precipitated WC 

particles in the specimen Ni-Al-WC-2 increased the strength of the matrix against liquid 

impact erosion. The good interfacial bond between the matrix and the strong reinforcement 
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by the carbide particles provided a high resistance to erosion during the initial stages. 

However, during extended liquid impacts, the matrix material is removed by groove or tunnel 

formation, similar to Ni-Al as shown in Fig-8.25.  

 
 

  

   (a)                            (b) 

Fig-8.24: SEM micrographs of IMC coatings with TiC reinforcement (after 120 minutes of 

erosion). a) Propagation of crack around an un-melted TiC particle; b) Formation of crater 

after removal of the particle and propagation of crack. 
 

 

 

 

Fig-8.25: SEM micrographs of IMC coatings with WC reinforcement  

(after 120 minutes of erosion).  
 

This may lead to the exposure of either a new surface containing the matrix or carbide 

reinforcement. The EDS analysis (Fig-8.26 (a-b)) performed on the non eroded and eroded 

specimen surfaces demonstrated this fact. It showed also, that the content of W and C was 
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higher in the eroded specimen than in the non eroded specimen. The removal of matrix 

material will create weak spots around the WC precipitates which are vulnerable to erosion 

attack. 

 

    

   (a)      (b) 

Fig-8.26: EDS spectrum of IMC coating with WC reinforcement a) non eroded b) eroded up 

to 120 minutes. 
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8.5. Particle-laden liquid impact erosion studies 

  

High-speed water droplets damage the surface and cause material removal by direct 

deformation, stress wave propagation, micro-jetting and hydraulic penetration. This is 

accelerated by the abrasive action produced by the presence of solid particles (0.005 wt %). 

The hardness (H) and elastic modulus (E) are the most important mechanical properties of 

the coatings influencing the resistance against impact erosion. The fracture toughness and the 

tribological performance of the coatings were reported to be improved by reducing E and 

increasing H (i.e. under high H/E ratio) [142]. 

 

8.5.1. Correlation between mass loss vs. hardness and elastic modulus 

 

The H/E ratio calculated from the hardness and elastic modulus of the coatings are given in 

Table-8.5. The best performance was achieved in the H/E range of 21 to 23 x 10
-3 

with 

moderate hardness,
 
which suggests

 
that the hardness alone cannot be considered as the 

influencing factor governing liquid-solid impact erosion resistance.  

 

Specimen Hardness   

(GPa) 

Elastic 

modulus  

(GPa) 

H/E 

ratio 

(x 10
-3

) 

AR-420 1.775 200.2 8.87 

Ni-Al 2.863 125.9 22.79 

Ni-Al-TiC-1 6.096 199.4 30.54 

Ni-Al-TiC-2 5.911 193.8 30.49 

Ni-Al-WC-1 4.034 174.1 23.14 

Ni-Al-WC-2 3.447 162.4 21.25 

 
 

Table-8.5: Hardness and Elastic modulus of laser clad layers measured by indentation 

method. 
 

A direct correlation between erosion resistance and H/E ratio is not found in the present 

investigation. Even though the hardness and elastic modulus of Ni-Al-WC-1 were 

comparable with Ni-Al-WC-2, the presence of a few undissolved WC particles in Ni-Al-WC-

1, which acted as initiation sites for erosion attack, caused deterioration of the coating. The 

cumulative volume loss of the IC and IMC coatings are shown in Fig-8.27. The Ni-Al and 

Ni-Al-WC-2 showed the least volume loss. The loss was higher for specimens with TiC 

reinforcement and Ni-Al-WC-1. The specimens Ni-Al-TiC-1 and Ni-Al-TiC-2 exhibited a 
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brief incubation period of 4 minutes due to its high hardness resisting the initial impacts. The 

material loss thereafter was higher. Even though TiC containing layers exhibited a high 

hardness and H/E ratio, the poor performance may be attributed to the microstructural 

characteristics and the poor impact resistance of TiC.  
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Fig-8.27: Cumulative volume loss of laser clad coatings and substrate material. 

The rate of volume loss of all specimens as a function of time is shown in Fig-8.28. The 

specimens AR-420 and Ni-Al showed a decrease in the rate of volume loss after each time 

interval.  
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Fig-8.28: Rate of volume loss of the substrate and laser clad specimens. 
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The IMC coatings with carbide reinforcement showed a different behaviour and the volume 

loss followed a cyclic pattern. The peaks in the cycle, where the material loss was highest 

could be attributed to the removal of material which was deformed plastically in the previous 

test period. The erosion resistance of the Ni-Al IC and Ni-Al-WC-2 IMC coating was 

improved significantly. The erosion characteristics are listed in Table-8.6. 

 

Specimen lV  

(mm
3
/min) 

eR  

(min/ mm
3
) 

n

eR  

AR-420 0.084 11.85 1 

Ni-Al 0.061 16.30 1.38 

Ni-Al-TiC-1 0.086 11.65 0.98 

Ni-Al-TiC-2 0.089 11.12 0.94 

Ni-Al-WC-1 0.077 13.06 1.10 

Ni-Al-WC-2 0.050 19.91 1.68 

 

Table-8.6: Erosion characteristics of tested specimens. 

8.5.2. Surface properties of eroded specimen 

 

The topography of eroded specimens was analysed by 3D-surface profilometry. For the sake 

of comparison, only the profiles of AR-420 and Ni-Al-WC-2 are shown in Fig-8.29 (a-b). 

The depth of the craters for all specimens is listed in Table-8.7. A comparison between the 

mass loss and depth of craters correlated well for the Ni-Al IC coatings, IMC coatings with 

TiC reinforcement, because the higher the mass loss the deeper the crater. The crater depth of 

IMC coatings with WC reinforcement was higher than that of AR-420, which exhibited low 

volume loss. The following reason may be assigned to explain this discrepancy. The stream 

of solid particle entrained in the liquid hit the centre of the crater at a velocity of 152 m/s. 

   

             (a)                 (b) 

Fig-8.29: 3D surface profiles of a) AR-420 and b) Ni-Al-WC-2 after 28 minutes of erosion. 
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Specimen AR-420    Ni-Al    Ni-Al-TiC-1 Ni-Al-TiC-2   Ni-Al-WC-1 Ni-Al-WC-2 

DOC (µm)     97.4        96.9            121 117 134 103 

 

Table-8.7: Depth of craters (DOC) of specimens after 28 minutes of erosion. 
 

The velocity was comparatively low for particles, which were deflected due to the spread of 

stream. However, specimen AR-420 experienced material loss even at low speeds and 

notable surface damage around the crater was observed, as shown in Fig-8.29 (a). The IMC 

coatings with WC reinforcement were very resistant to erosive impact at low velocities and 

no surface damage around the craters was evident, Fig-8.29 (b). This also suggests that the 

IMC coatings with WC reinforcement may further perform better at low velocities. 

 

8.5.3. Erosion mechanism 

 

In a typical soil-particle or slurry erosion, the carrier fluid acts either as lubricant or coolant 

and the predominant erosion is by abrasive action of solid particles [143]. In the present 

investigation, the solid particle content in the water was maintained at 0.7 g/min to provide 

erosion by liquid impact intensified further by solid particles. The erosion of specimen AR-

420 was severe compared to the clad coatings. Under the repeated impact of high speed water 

droplets, the material undergoes plastic deformation forming shallow craters. The material 

piled up around the periphery of the crater is removed by the micro-cutting action of solid 

particles. Cracks also propagate inside the crater by solid particles impact which dislodges 

chips or platelets around the crater as shown in Fig-8.30 (a).  
 

   

                         (a) With crater                                (b) With grooves 

   

Fig-8.30: SEM pictures of eroded specimen AR-420 (after 28 minutes). 
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Since the hardness of the substrate is very low, the solid particle alone can lead to material 

removal by forming deep grooves on the surface as shown in Fig-8.30 (b). These two 

mechanisms of material removal operate simultaneously. The specimen Ni-Al exhibited a 

different erosion mechanism from AR-420. The mechanism of material removal was brittle 

fracture and similar behaviour was observed at high impact angles [144]. The L12 

crystallographic order and high work hardening ability of nickel aluminides led to high 

cavitation erosion resistance but the abrasive resistance was reported to be inferior [60]. 

Similar findings also confirmed the poor abrasive wear resistance of Ni3Al compared to 

Fe3Al [145]. However, the presence of Fe3Al in the NiAl-Ni3Al matrix enhances the abrasive 

wear properties. The SEM micrograph, Fig-8.31 (a) indicates the dominance of material 

removal by impact of solid-particles. More deeper-grooves appear on the eroded surface with 

a few shallow craters. The coatings with TiC reinforcement show no improvement under 

solid-liquid impact erosion. This was mainly due to the presence of unmelted and partially 

melted TiC in the nickel aluminide matrix and the brittleness of TiC itself. Brittle TiC was 

more susceptible to cracking than ductile WC under erosive conditions [124]. The failure 

initiates at the interface between a particle and the matrix or by local fracture of TiC as 

shown in Fig-8.31 (b). The particle is released from the matrix as the crack propagates. The 

weak sites around the periphery of the crater, created by the release of the particle are 

vulnerable to erosion attack. 

 

The specimen Ni-Al-WC-2 offers the best solid-liquid impact erosion resistance. Even 

though the erosion mechanism is similar to coatings with TiC reinforcement, the better 

performance of Ni-Al-WC-2 was attributed to the completely re-precipitated WC particles 

along the nickel aluminide matrix, which improves the strength of the matrix against impact 

erosion. Fig-8.31 (c) shows the interface between the nickel aluminide matrix and WC 

particle with no crack formation. Only slight surface undulations on the WC particle in the 

form of ripples are seen which are generated by pressure waves of impacting droplets. The 

matrix material deforms on impact by the solid particles. The presence of a few undissolved 

and partially dissolved WC particles in the specimen Ni-Al-WC-1 reduces the erosion 

resistance even though the mechanical properties are similar to Ni-Al-WC-2. This suggests 

that the microstructural features of the coatings also play an important role in improving the 

erosion resistance. 
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    a) Ni-Al                                                             b) Ni-Al-TiC-1 

 
 

 
    

c) Ni-Al-WC-2 
 

Fig-8.31: SEM pictures of IC coating and IMC coatings after 28 minutes erosion. 
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IV. Investigation of the improvement of the erosion resistance of Ti-6Al-4V 

 

The experimental set-up and other related characterization procedures were similar to the 

investigations involving AISI 420 martensitic stainless steel as explained in section 7. 

However, instead of laser cladding, laser alloying was used as the surface modification 

technique. Additionally, the following heat-treatment conditions were selected for this study.  

 

� No heat-treatment was used for the specimens alloyed with Ni/Al-TiC and Ni/Al-VC. 

During optimization trials, the high Ti dilution from the pre-heated substrate material 

resulted in the formation of secondary phases which were deleterious.  

 

� The specimens used with Al-VC or Al-Cr3C2 were pre-heated to 500ºC and after laser 

cladding they were cooled down at approx. 30ºC per hour in a furnace down to room 

temperature. 

 

9. Microstructural and metallographic analysis 

 

9.1. B2-NiTi and Ti3Al based coatings 

 

 

The parameter combinations selected for the surface alloying is listed in Table-9.1. A 

constant powder feed rate of 3 g/min was used to alloy all specimens. The powder mixtures 

used in the present investigation are listed in Table-9.2.  

 

 

Specimens 

Laser 

power 

(kW) 

Scanning 

speed 

(mm/min) 

Energy 

density 

(J/mm
2
) 

Coating 

density  

(g/cm
3
) 

Ni-TiC-1 1.5 150 138.9 5.58 

Ni-VC-1                1.5 150 138.9 5.26 

Ni-VC-2 1.75 150 157.4 5.15 

 

 

Table-9.1: Laser process parameters and coating characteristics. 
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Alloy powder / 

mixture 

Ni Al TiC VC Particle 

Size (µm) 

A. Pre-alloyed Ni/Al 82 18   -106 +53 

B. Ni-coated TiC 20  80  -45 +22.5 

C. VC    100 -45 +22.5 

Ni/Al-TiC 60% of A + 40% of B - 

Ni/Al-VC 50% of A + 50% of C - 

 

Table-9.2: Chemical composition of the alloy powders in wt% and particle size distribution. 
 

The specimen Ni-TiC-1 was laser clad using the Ni/Al-TiC powder mixture. The 

microstructure of the coating shown in Fig-9.1 exhibited a dendritic eutectic structure 

surrounding the interdendritic cellular grains with un-melted and re-precipitated TiC particles 

distributed in the matrix.  
 

 

 

Fig-9.1: SEM Micrograph of Ni-TiC-1 (1-unmelted TiC; 2- reprecipitated TiC; 3- 

NiTi/Ti2Ni; 4- Ti3Al/ β-Ti). 

 

The XRD analysis of the specimen (Fig-9.2 (a)) indicates that the coating consists of B2-

NiTi, Ti3Al, Ti2Ni, β-Ti and TiC. Results from an EDS- line scan indicate that the dendritic 

eutectic could be B2-NiTi/Ti2Ni solid solution with some aluminium and the cellular grains 

could be Ti3Al/ β-Ti solid solution. The high dilution of Ti from the substrate resulted in the 

predominant secondary Ti2Ni precipitate, which causes a few macro cracks to form on the 

specimen. An EDS analysis, carried out along the path of the crack also confirms this fact. 

The hardness measurements across the clad layer are shown in Fig-9.3. The specimen Ni-

TiC-1 exhibited the highest hardness compared to other tested specimens, due to the presence 
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of unmelted TiC particles and brittle Ti2Ni precipitates. A significant increase in hardness of 

the specimen Ni-VC-2 compared to Ni-VC-1 was also attributed to the Ti2Ni precipitates. 
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Fig-9.2. XRD spectrum of the alloyed layers. 
 

In order to reduce the formation possibility of Ti2Ni, the TiC powder was replaced with VC 

powder in the starting powder mixture. The specimens Ni-VC-1 and Ni-VC-2 were clad 

using a Ni/Al-VC mixture. During laser processing, the vanadium carbide melts and reacts 
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with titanium diluted from the substrate to form TiC as per the reaction shown in equation 

(9.1).  
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Fig-9.3: Microhardness of the alloyed layers as a function of depth. 

 

   

   (a)             (b) 

Fig-9.4: SEM micrograph of alloyed layers processed using Ni-Al-VC powder mixture; a) 

Ni-VC-1 (1- reprecipitated TiC; 2- B2-NiTi; 3- Ti3Al/ β-Ti); b) Ni-VC-2 (1- reprecipitated 

TiC; 2- Ti3Al/ β-Ti). 
 

 

VC +Ti                       TiC + V           (9.1) 
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The formation of TiC is favoured because of its higher free enthalpy of formation (183.5 

kJ/mol) [146]. Vanadium, a β-stabilizer, dissolves in the Ti matrix and could also be helpful 

in lowering the α/β transformation temperature [147]. The microstructure of specimen Ni-

VC-1 (Fig-9.4 (a)) consists of re-precipitated TiC dendrites and B2-NiTi distributed along 

the grain boundaries of the matrix Ti3Al/ β-Ti. In the micrograph of specimen Ni-VC-2 

shown in Fig-9.4 (b), the content of B2-NiTi was minimal due to the higher laser power 

which resulted in comparatively more Ti dilution and favoured Ti2Ni precipitation. However, 

the XRD peaks (Fig-9.2 (b)) of Ti2Ni precipitates are relatively weak compared to the 

specimen Ni-TiC-1.  
 

9.2. TiAl and Ti3Al based coatings 

 

The parameter combinations selected for a study of surface alloying is listed in Table-9.3. 

The powder feed rate was kept constant at 1 g/min. The powder mixtures used in the present 

investigation are listed in Table-9.4.  

 

 

Specimens 

Laser 

power 

(kW) 

Scanning 

speed 

(mm/min) 

Energy 

density 

(J/mm
2
) 

Coating 

density  

(g/cm
3
) 

Al-VC-1 1.5 300 69.4 4.63 

Al-VC-2                1.75 300 81.0 4.62 

Al-Cr-1 2.0 400 69.4 4.67 

 

Table-9.3. Laser process parameters and coating characteristics. 

 

 

Specimens Al VC Cr3C2 

Al-VC-1 60 40  

Al-VC-2 60 40  

Al-Cr-1 60  40 

Particle size (µm) -45 + 22.5 -45+22.5   -45+5.6 
 

 Table-9.4: Chemical composition of the alloy powders in wt% used in the experiments.  
 

The microstructures of the alloyed layers produced using Al-VC and Al-Cr3C2 are shown in 

Fig-9.5 (a-c) which exhibit a similar structure. The TiC particles precipitated in the form of 

fine dendrites, distributed uniformly throughout the matrix. Chromium carbide was selected 

for one of the powder mixtures because chromium is also a β-stabilizer as is vanadium.  
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During laser processing the VC or Cr3C2 melted completely and decomposed to form TiC. 

The formation of TiC is associated with VC as was explained in section 9.1. The reaction 

between Ti and Cr3C2 during laser processing takes place as follows: 
 

 

 

   

                            (a) Al-VC-1           (b) Al-VC-2 

 

 

     (c) Al-Cr-1 

Fig-9.5: SEM micrographs of laser alloyed specimens.  

Melting the alloy powder mixture takes place when it passes through the laser beam and 

enters the molten pool. Melting of Cr3C2 produces a C-rich region which is more favourable 

for the formation of TiC [148]. On rapid cooling, β-Ti was formed by peritectic reaction as 

per equation (9.3): 
 

 

 

L +TiC                       β-Ti         (9.3) 

Cr3C2 +2 Ti                    2TiC + 3Cr           (9.2) 
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Upon further cooling, a TiC/Ti composite was formed by the eutectic reaction as per 

equation (9.4): 
 

 

Simultaneously, the content of Al in the powder mixture induces the formation of titanium 

aluminide based intermetallics as follows [149]. 
 

 

 

 

The phases formed in the alloyed layers were expected to change in a way as shown in 

equation (9.5), when the Ti content increases. In the XRD spectra shown in Fig-9.6 (a), the 

main phases present in the specimen Al-Cr-1 was identified as Ti3Al, TiC, β-Ti. During peak 

indexing, the peak at an angle of 47.25° matches Al3Ti. However, according to equation (9.5) 

and the Ti-Al phase diagram (Fig-4.2), the possibility of Al3Ti forming was low. Although, 

40 wt% of Cr3C2 was used in the starting powder mixture, only 5.1 wt% Cr was detected 

(EDS analysis) in the alloyed layer. This could possibly due to vaporization of chromium 

during melting as volatile sub-oxides [150]. This imbalance resulted in a comparatively high 

content of Ti in the alloy, which contained the Ti3Al phase predominantly. From the XRD, 

EDS and microstructural analysis, the alloyed coating could be viewed as the matrix 

consisting of Ti3Al/β-Ti solid solution with TiC reinforcement. Even though the micrographs 

(Fig-9.5 (a-c)) look similar, the XRD analysis (Fig-9.6 (b)) revealed the presence of TiAl in 

the matrix of specimen Al-VC-1. This was due to the fact that, the slightly lower dilution of 

Ti resulted in the TiAl- Ti3Al dual-phase intermetallic in the matrix. In specimen Al-VC-2 

the possibility of dual-phase matrix was minimum due to the higher laser power of 1.75 kW, 

which resulted in a significant increase in dilution of Ti from the substrate.  

 

L                       TiC + β-Ti         (9.4) 

Al + TiAl3          (Al) + TiAl3   (TiAl3) + TiAl  (TiAl) + Ti3Al   Ti3Al      (9.5) 

 

                                   * Phase within parenthesis is the minor phase 
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Fig-9.6: XRD spectrums of alloyed specimens. 
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10. Cavitation erosion studies 

 

10.1. B2-NiTi and Ti3Al based coatings 

 

10.1.1. Erosion rates and surface topography 

 

The average hardness of the specimens and the erosion characteristics are listed in Table-

10.1.  

Specimens Hardness  

(HV0.2 ) 

MER  

(µm/h) 

eR  

(h /µm) 

n
eR  

Ti6Al4V 355 28.4 0.03 1 

Ni-TiC-1 920 59.9 0.01 0.47 

Ni-VC-1 778 15.5 0.06 1.82 

Ni-VC-2 850 23.3 0.04 1.21 

 

Table-10.1: Erosion characteristics of alloyed layers and substrate material. 
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Fig-10.1: Cumulative MDE of all the tested specimens. 
 

The cumulative value of MDE of all tested specimen is shown in Fig-10.1.The specimen Ni-

TiC-1 was also included in the cavitation studies in order to identify the deteriorating 

influence of surface defects on erosion resistance. The depth of erosion of Ni-TiC-1 was 

much higher and increasing steadily with time. The surface profile measurements made at 

approximately the same site above a crack at 2 hourly cavitation intervals is shown in Fig-

10.2. It can clearly be seen that at the end of 4h there is an increase in the depth of the crack. 
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This was due to the fact that the weak spots over the surface of the crack could not resist the 

micro-jetting action of the collapsing cavities in the direction normal to the surface. The 

depth increases with time and at the end of 10h cavitation, the depth changed from ~110 µm 

to ~190 µm. During progressive erosion, new cracks or pits were also developed on the 

surface due to the presence of brittle Ti2Ni precipitates. The SEM micrograph (Fig-10.3) of 

the eroded surface shows a pattern of brittle fractures with material removed as particles and 

well developed cracks around the remaining particles.  

 

 

 

Fig-10.2: Surface profile measurements on specimen Ni-TiC-1 at 2h intervals. 
 

The substrate material (Ti6Al4V) provided an extended incubation time comparable with Ni-

VC-1 and Ni-VC-2. However, a substantial material loss occurred after 4h. The high work 

hardening ability of the alloy can be attributed to the initial erosion resistance. The hardness 

measurements before and after cavitation confirm this fact as the increase was from 355 

HV0.2 to 441 HV0.2. The optical micrograph shown in Fig-10.4 taken of the cross-section of 

the 10h cavitated specimen clearly indicates a work hardened layer. Even though work 
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hardenability is regarded as an important contributor to the initial erosion resistance, it could 

promote material loss at after extended periods due to the removal of the work hardened 

layer by brittle fracture. This interpretation agrees with other published results [151] and also 

with previous investigations on the failure mode of NiAl-Ni3Al intermetallic composite 

coatings as explained in section 8.3.2.  

 

 

 

Fig-10.3: SEM surface micrograph of the specimen Ni-TiC-1 after 10h of cavitation. 

 

 

 

Fig-10.4: Work hardened layer on Ti6Al4V after 10h of cavitation. 

 

The corresponding SEM micrograph, Fig-10.5, shows the eroded surface with cracks and 

craters left by the material particles removed during cavitation. Some few small craters 

without any piled up material along the periphery left evidence of the possibility of ductile 

fracture of the material. In a 4h cavitation test, it was reported that the erosion of Ti6Al4V 

was due to ductile deformation [38]. It can be deduced from the comparison of the published 

results and the result of present investigation that during the initial stages of cavitation, the 
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material undergoes ductile deformation and progressively work hardens due to the repeated 

impact of cavity collapse. As the erosion progresses and reaches the stage of removing the 

work hardened layer, the damage mode changes from ductile-to-brittle.  

 
 

 
 

Fig-10.5: SEM surface micrograph of Ti6Al4V after 10h of cavitation. 

 
 

 
 

Fig-10.6: SEM surface micrograph of eroded Ni-VC-1. 

 

In specimen Ni-VC-1, the higher content of the pseudo-elastic B2-NiTi improved the erosion 

resistance compared to Ni-VC-2. There was no correlation observed between the hardness 

and erosion resistance of the specimens tested. In fact, the hardness of Ni-VC-1 was the 

lowest among the alloyed specimens, which exhibited the highest erosion resistance. The 

SEM micrograph (Fig-10.6) of the eroded Ni-VC-1 exhibits few deep cracks with isolated 

uneroded material. Even though the failure mode of B2-NiTi was characterized as a ductile 

fracture [152], the observed failure was similar to a brittle fracture due to the predominant 

amount of Ti3Al in the matrix. 
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                  (a) Ni-TiC-1                        (b) Ni-VC-1 

 

 

   (c) Ni-VC-2 

Fig-10.7: OM pictures of surface of eroded specimens after 2h of cavitation. 

 

Although the normalized erosion resistance of Ni-VC-1 and Ni-VC-2 was improved up to 

factors of 1.82 and 1.21, respectively, a comparison between the erosion resistance of 

specimens explained in section 10.2.1 shows that the improvement was marginal. The poor 

bond between the reinforcing carbide and the matrix could be attributed to this fact. The 

optical micrographs taken after 2h erosion are shown in Fig-10.7. The shape of the craters 

resembles the reinforced carbide precipitates in the form of dendrites, which indicate 

preferential removal. The extent of the damage was still more severe in specimen Ni-TiC-1 

with serious pits due to the removal of un-melted carbide particles from the matrix. Even 

though the reinforced TiC improved the strength of the matrix and extended the resistance to 

cavitation, a preferential removal of a phase will be deleterious to the erosion characteristics 

of the alloyed layer. 
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10.2. TiAl and Ti3Al based coatings 

 

10.2.1. Microhardness and erosion characteristics   
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Fig-10.8: Microhardness variations of the alloyed layers. 

 

The variations in micro-hardness of the alloyed layers are shown in Fig-10.8. The hardness of 

the specimen Al-VC-1 was lower than that of the specimens Al-VC-2 and Al-Cr-1. This was 

due to the low hardness of the co-existing TiAl (220 HV0.2) in Al-VC-1. The erosion 

characteristics of the specimens are listed in Table-10.2. The cumulative MDE (Fig-10.9) of 

Al-VC-1 is higher than Al-VC-2. The presence of the more brittle γ-TiAl phase in the matrix 

might have resulted in a marginal increase in volume loss. The SEM micrographs of the 

eroded specimens (Fig-10.10 (a-c)) showed a few craters left by the particles removed from 

the surface by brittle fracture. It can also be seen that ‘islands’ of uneroded surface still 

remain even after 10h of cavitation. The erosion rate of specimen Al-Cr-1 falls between Al-

VC-1 and Al-VC-2.  
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Fig-10.9: Cumulative MDE of alloyed layers and Ti-alloy substrate. 

  

Specimens Hardness  

(HV0.2 ) 

MER  

(µm/h) 

eR  

(h /µm) 

n
eR  

Ti6Al4V 355 28.4 0.03 1 

Al-VC-1 661 8.27 0.12 3.4 

Al-VC-2 727 5.38 0.18 5.2 

Al-Cr-1 688 7.23 0.14 3.9 
 

Table-10.2: Cavitation erosion characteristics of alloyed layer and substrate. 

 

   

     (a) Al-VC-1                       (b) Al-VC-2 
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(c) Al-Cr-1 

Fig-10.10: SEM micrographs of eroded specimens. 

The optical micrographs taken at the end of the 2h erosion test are shown in Fig-10.11.  

 

   

     (a) Al-VC-1              (b) Al-VC-2 

 

(c) Al-Cr-1 

Fig-10.11: OM pictures of surface of eroded specimens after 2h of cavitation. 
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The surface of the specimens shows only slight damage compared to the specimens 

explained in section 10.1.1. The specimen Al-VC-1 exhibited substantially higher loss of 

material and preferential erosion occurred. In Al-VC-2 and Al-Cr-1, the reinforcing phase 

was still intact; however, randomly distributed pits were evident. 
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11. Liquid impact erosion studies 

 

The specimen Ni-TiC-1 was not included for liquid impact and particle-laden liquid impact 

tests due to its poor performance under cavitation studies. The experimental set-up was 

similar as explained in section 7. However, the test duration was 90 min with 10 min 

intervals. 

 

11.1. Cumulative volume loss of tested specimens 

 

The cumulative volume loss of all the specimens tested is shown in Fig-11.1. The pre-

existing surface cracks on the specimens Al-VC-1 and Al-VC-2 may be attributed to the poor 

performance under high intensity liquid impact. Although the specimen Al-Cr-1 contains a 

few surface cracks and exhibited improved erosion resistance compared to Ti6Al4V, the 

improvement was only marginal. The Ni-VC-2 was the only specimen exhibiting a 

significant improvement in erosion resistance. A comparison of liquid impact and cavitation 

erosion performance of Ni-VC-1 and Ni-VC-2 emphasises the fact that at low impact 

intensities (cavitation), the coexistence of B2-NiTi and Ti3Al could be helpful in the 

improvement of erosion resistance. However, at high impact intensities (liquid impact), the 

chances of preferential removal of secondary B2-NiTi precipitates are higher, which would 

lead to the failure of the specimen Ni-VC-1. 
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Fig-11.1: Cumulative volume loss of all the tested specimens under liquid impact erosion. 
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11.2. Elasto-plastic properties 

 

The elastic and plastic deformation of the material under a single loading-unloading cycle 

was measured by the depth-sensing indentation technique, which is shown in Fig-11.2.  
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Fig-11.2: Loading and un-loading cycles of all the specimens tested. 

The specimen Ti6Al4V exhibits extensive plastic deformation with little elastic recovery. 

The plastic deformation of Ni-VC-2 was the lowest of all tested specimens due to its high 

hardness. The specimens Al-VC-1 and Al-Cr-1 show higher elastic recovery. 

 

11.3. Correlation of mechanical properties with erosion resistance 

 

The mechanical properties and the normalised erosion resistance of specimens tested are 

listed in Table-11.1. The values, elastW , plastW , totalW  were extracted from the corresponding 

loading and un-loading cycles (Fig-11.2). The strain hardening exponent and yield strength 

were computed using the procedure explained in section 7.9. The erosion resistance of the 

specimens tested was computed using the equation (7.7). Furthermore, the values are 

normalised (
n

eR ) by dividing the erosion resistance of alloyed layers with the substrate material 

erosion resistance. A correlation of the normalised erosion resistance with hardness, yield 

strength, strain hardening exponent was attempted, which is shown in Fig-11.3. The plots 

indicate clearly that there is not a global correlation since the alloyed layers consist of a 

spectrum of intermetallics with single or dual-phase (same (TiAl-Ti3Al) or different (B2-
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NiTi-Ti3Al) group) matrix. However, a close correlation was found to exist within a similar 

group of alloys, either single or dual-phase. 

 

 

Specimen 

Hardness  

 

GPa 

Elastic 

modulus 

GPa 

plastW

 J 

(10
-6

) 

elastW

J 

(10
-6

) 

totalW

J 

(10
-6

) 

 

n  

σy 

 

GPa 

 
n

eR  

Ti6Al4V 3.207 128.5 11.94 1.71 13.65 0.129 1.458 1 

Ni-VC-1 7.228 162.5 7.60 2.23 9.83 0.329 3.949 0.83 

Ni-VC-2 7.855 191.1 7.05 2.26 9.32 0.455 5.212 1.63 

Al-VC-1 5.855 108.2 8.64 3.08 11.72 0.141 2.393 0.66 

Al-VC-2 6.345 130.9 8.60 2.38 10.98 0.234 2.974 0.83 

Al-Cr-1 5.796 104.3 8.32 3.23 11.55 0.148 2.531 1.23 

 

Table-11.1: Mechanical properties of alloyed layers and substrate material. 

 

   

 

 

      

 

 

Fig-11.3: Correlation of 
n

eR with mechanical properties. 
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For example, a comparison between specimens Ni-VC-1 and Ni-VC-2 shows that an increase 

in hardness, yield strength or strain hardening exponent will improve the erosion resistance. 

A similar correlation can be established between specimens Al-VC-1 and Al-VC-2 with the 

exception of Al-Cr-1. The specimen Al-Cr-1 exhibits a higher erosion resistance compared to 

the other two, even though the mechanical properties are inferior to Al-VC-2. 

 

11.4. Topography of surface of eroded specimens 

 

The eroded surface of specimens Ni-VC-1, Ni-VC-2 and Al-Cr-1 after 90 min exposure to 

liquid impact is shown in Fig-11.4 (a-c). It is apparent that in the specimens the erosive 

attack is non-uniform with isolated pits and extensive spalling. In addition, micro-tunnels can 

also be observed indicating evidence of micro-jetting in the lateral direction.  

 

   

     (a) Ni-VC-1                       (b) Ni-VC-2 

 

(c) Al-Cr-1 

Fig-11.4: SEM micrographs of eroded specimens. 
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Even though preferential removal of reinforcing carbide precipitates was confirmed in the 

cavitation erosion of Ni-VC-1 and Ni-VC-2, the possibility of confirming it on liquid impact 

was not possible due to the high impact intensities and the additional hydraulic penetration 

effect which broaden the shape of the pits to an irregular shape. The damage to the specimen 

Al-Cr-1 is very low and consists of a few pits and possibly micro-tunnels. However, the 

marginal decrease in erosion resistance of Al-Cr-1 compared to Ni-VC-2 can be attributed to 

the pre-existing surface defects.  
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12. Particle-laden liquid impact erosion studies 

 

The solid particle flow rate and experimental set-up were similar as explained in section 7. 

However, the test duration was varied as follows:  

� The substrate material was eroded at 2 min intervals for 12 min, after which, it was 

eroded for another 16 minutes with a 4 min interval. The alloyed specimens were 

eroded for 40 min with a uniform interval of 4 min. 

 

12.1. Cumulative volume loss 
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Fig-12.1: Cumulative volume loss of all specimens tested. 

  

The cumulative volume loss of all specimens tested is shown in Fig-12.1. The volume loss of 

Ni-VC-1 and Ni-VC-2 was higher than that of the substrate material; they could not offer the 

long term erosion resistance under liquid impact, accelerated by solid particles. Even though 

the specimens based on a titanium aluminide matrix exhibit an improved performance, it 

must be regarded as inconsistent in view of the surface defects. 
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12.2. Damage pattern of surface of eroded specimens 

The SEM of eroded Ti6Al4V shows a platelet pattern of material removal with deep grooves 

left by the movement of abrasive particles, as shown in Fig-12.2. It can also be seen that the 

micro-cracks propagating along particles will be ploughed away as the erosion progresses. 

 

 

 

Fig-12.2: SEM micrograph of Ti6Al4V after 28 min of erosion. 

 

The eroded surface of Ni-VC-2 (Fig-12.3 (a)) shows no evidence of particles being dug out 

and no micro-crack formation.  

 

   

            (a)                   (b) 

Fig-12.3: a) Surface micrographs of Ni-VC-2 after 40 min of erosion; b) at higher 

magnification. 
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However, extensive groove formation was evident, suggesting that this was the least resistant 

layer to abrasion. The eroded surface at higher magnification (Fig-12.3 (b)) clearly shows 

few deep grooves with fractured lips. The specimens, Al-VC-2 and Al-Cr-1, exhibit 

comparatively less damage to the surface with partial micro-cracking and some 

fragmentation as shown in Fig-12.4 (a-b). A few grooves, surrounded by the displaced 

material, can also be seen. Even though the topography of surfaces shows less damage, a 

substantial loss of material occurs around weak spots of pre-existing cracks.  

  

 

   

    (a) Al-VC-2                       (b) Al-Cr-1 

 

Fig-12.4: SEM Surface micrographs of specimens after 40 min of erosion. 

 

The 3D-surface profiles of specimens (Fig-12.5 (a-b)) clearly show a macro-crack along the 

crater. The alloying experiments using pure aluminium powder in the starting mixture and 

the subsequent metallurgical characterisation suggest that further optimisation of process 

parameters and the addition of ductilising elements in the powder mixture could be helpful in 

reducing the sensitivity to cracking in the layers.  
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(a) Al-VC-2 

 

 

 

(b) Al-Cr-1 

 

Fig-12.5: 3D- Surface profile of specimens after 40 min of erosion. 
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13. Summary and conclusions 

 

13.1. Summary 

 

In the present investigation, laser cladding and alloying of intermetallic composites and 

matrix composites with carbide reinforcement were carried out to produce erosion resistant 

coatings on AISI 420 Martensitic stainless steel and Ti-6Al-4V. The microstructure of the 

clad layers was characterised using optical microscopy (OM) and scanning electron 

microscopy (SEM). The chemical composition as a function of depth in the cross-section of 

the coatings was analysed by energy-dispersive spectroscopic analysis (EDS). X-ray 

diffractometry (XRD) was used to identify the phases formed after cladding. The 

microhardness was measured using a Vickers hardness tester. The clad layers were further 

characterized for their erosion resistance in three different erosive environments involving 

cavitation, liquid impact and particle-laden liquid impact. The erosion rate and erosion 

resistance were computed using the volume loss measurements. The surface topographies 

were analyzed using 3D surface profilometry and SEM micrographs. The possible erosion 

mechanisms specific to each laser treated layer were proposed based on these observations. 

The influence of surface mechanical properties on erosion resistance was discussed. The 

erosion resistance of the clad and alloyed layers was increased significantly. The 

experimental results of the present investigation can be summarized as follows: 

 

Erosion studies on AISI 420 martensitic stainless steel substrate 

 

1. The high work hardening ability and pseudo-elastic property of NiAl-Ni3Al IC coatings 

improved the cavitation resistance up to a factor of 3.3. As erosion progresses, however, 

material was removed as platelets, due to brittle fracture of the work hardened layer. 

Although the work hardened layer normally induces brittle fracture, it provides a high initial 

resistance to cavitation which can extend the incubation time considerably. 

 

2. The erosion resistance of the coatings was extended by the additional toughness and 

strength provided by the carbide reinforcement. The normalized erosion resistance of the TiC 

and WC reinforced matrix was 3.6 and 14.2, respectively. The high strength was provided by 

the WC reinforcement which precipitated along the grain boundaries of Ni-Al matrix and 

improved the erosion resistance several fold. However, a ceramic reinforcement does not 

always improve the erosion resistance. In one of the coatings tested with TiC reinforcement, 

the erosion resistance was severely affected by the presence of un-melted particle which 

acted as an initiation site for erosion. The pits created by the removal of such particles are 

deleterious to the coating’s performance. 
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3. The performance of the specimens under high speed liquid impact condition was 

considerably lower than their performance under cavitation due to the additional shearing 

effects of the liquid flowing across the surface. The erosion resistance of NiAl-Ni3Al IC was 

improved up to 13.9 hr/mm
3
 compared to the substrate resistance of 1.9 hr/mm

3
. 

 

4. The initial erosion resistance of carbide reinforced coatings subjected to liquid impact is 

higher due to the strength provided by the dispersed precipitated carbides, which extended 

the period of damage initiation. However, once erosion has started, the material loss 

accelerated rapidly. The poor erosion resistance of these IMC coatings for extended periods 

indicated that the use of these coatings should be limited to applications involving impact 

speeds lower than 150 m/s. 

 

5. The additional presence of an erodent in particle-laden liquid impact tests reduced further 

the erosion resistance of these coatings. However, compared to the substrate, the IC and IMC 

still exhibited an improvement of 1.4 and 1.7, respectively. 

 

6. An attempt to correlate the depth-sensing indentation derived properties with the erosion 

resistance indicates that no single property can be correlated with the erosion resistance. On 

the other hand, a balanced combination of various properties, specifically, hardness, surface 

elasticity, strain-hardenability and yield strength is required to combat erosion. 

 

Erosion studies on Ti-6Al-4V substrate 

 

7. A sufficient amount of titanium was diluted from the substrate to form different Ti-based 

intermetallics by reacting with the supplied powder mixture. A suitable choice of the alloy 

powder mixture was required to control the phases formed on the surface and to get a defect 

free alloyed layer. The extensive cracks formed on the alloyed layer due to presence of Ti2Ni 

phases while using Ni/Al-TiC powder mixture emphasize this fact. The possibilities of 

forming such brittle phases are reduced by replacing the TiC by VC. 

 

8. The shape memory effect of B2-NiTi combined with the work hardening capability of 

Ti3Al improved the erosion resistance notably under cavitation. However, preferential 

removal of the reinforcing TiC phase was observed on alloyed layers containing B2-NiTi- 

Ti3Al intermetallics, which were deleterious to the coating erosion characteristics. This 

suggests that, a good interfacial bond between the matrix and ceramic reinforcement is vital 

to enhance the erosion resistance.  
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9. The cavitation performance of single and multiphase intermetallics involving TiAl and 

Ti3Al based IMC coatings were superior to the coatings made of B2-NiTi and Ti3Al which 

exhibited an improvement up to 5.2 times than that of the substrate. No preferential erosion 

was observed, which indicates a good interfacial bond between the ceramic reinforcement 

and the matrix phase. The observations once again proved that, in the range of parameters 

investigated, hardness is a poor indicator of erosion resistance.  

 

10. Under liquid impact erosion at high stress intensities, the presence of different group of 

intermetallics (B2-NiTi-Ti3Al) may have a deteriorating influence as the possibility of 

preferential erosion of the secondary intermetallic precipitates is higher. The performance 

comparison of Ni-VC-1 in both cavitation and liquid impact erosion conditions demonstrate 

this fact. 

 

11. A correlation of n

eR with the mechanical properties indicates that there is not a global 

correlation between the various intermetallic groups tested. Instead, it is possible to correlate 
n

eR  with hardness, yield strength and strain-hardenability within a similar group of 

intermetallics. 

 

12. The specimens alloyed using pure aluminium powder in the starting powder mixture 

exhibit an improved cavitation erosion resistance despite the presence of cracks. However, 

under liquid impact erosion, the destructive influence of pre-existing defects emerges. 

 

13. The specimens Ni-VC-1 and Ni-VC-2 failed to provide extended erosion resistance under 

liquid impact accelerated by solid particles. The presence of macro-cracks on Al-VC-1, Al-

VC-2 and Al-Cr-1 can be attributed to the inconsistent behaviour of these specimens under 

liquid impact and particle-laden liquid impact test conditions. 
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13.2. Conclusions 

 

The development of clad/alloyed layers involving brittle intermetallic phases such as nickel 

or titanium aluminides, pre-and post-heat treatments of the specimens are required in 

addition to the optimisation of the laser process parameters. An appropriate choice of the pre-

and post heat treatment combinations enabled the sensitivity to cracking of the layers to be 

reduced significantly. The ductility of nickel aluminide based composite coatings was 

improved by the controlled and optimum dilution of Fe from the substrate. In titanium 

aluminide based coatings, only a marginal improvement in ductility was achieved by 

dissolving V or Cr suggesting that an additional ductilising element is required to further 

improve the room temperature ductility. The ductiliser may either be mixed with the starting 

powder or through the utilization of an element disassociated during melting. The reinforcing 

phase precipitated along the matrix grain boundary could lead to a very high erosion 

resistance. However, the mere presence of a reinforcing phase such as in the form of 

unmelted particles will impair the coating erosion characteristics. Even though IMC coatings 

exhibited excellent erosion resistance at low impact intensities and during initial periods of 

high impact test conditions, the lack of strain transfer from the matrix to the reinforcement 

could lead to failure due to the accumulation of stresses along the matrix/reinforcement 

interface. Considering this fact, the choice of these coatings should be made according to the 

operational conditions of the turbine. In addition, in order to understand the influence of 

reinforcement additions clearly, the content of carbides in the starting powder mixture may 

be varied in a wide compositional range. 

 

The co-existing erosion resistant intermetallics in a clad/alloyed layer, one as a secondary 

precipitate, could be deleterious due to the possibility of preferential erosion. Nevertheless, it 

could provide higher erosion resistance when they exist as solid solution. Further, an 

understanding of the dominant contribution of an intermetallic in these eutectics could be 

helpful in selecting the process parameter combinations or alloy mixture to tailor coatings 

with the more favourable alloy compositions. The poor performance of a few laser processed 

layers with an excellent combination of mechanical properties clearly indicates the 

dominance of microstructural features. The clad and alloyed layers produced with a different 

combination of intermetallics and reinforcing carbides can be a successful surface 

modification to improve the reliability and service life of turbine blade materials. The future 

scope, based on the present study, should be focused on the development of intermetallic 

composite and matrix composites based on other ordered intermetallics, as every ordered 

intermetallic possesses a combination of characteristics to combat cavitation or liquid impact 

erosion. 
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Appendix 

  

List of Symbols 

 
A  -  Area of cavitation (2.011 cm

2
) 

maxA  -  True contact area at maximum load (mm
2
) 

E -  Modulus of elasticity (GPa) 

Am  -  Weight of clad layer in air (g) 

Lm  -  Weight of clad layer in liquid (methylbenzol) (g) 
ρ  -  Density of the clad layer (g/cm

3
) 

Lρ  -  Density of the methylbenzol ( 0.864-0.868 g/cm
3
) 

yσ  -  Yield strength (GPa) 

η  -  Reversible penetration ratio (%) 

n  -  Strain hardening exponent 

maxP  -  Maximum load (N)  

eR  -  Erosion resistance (min/mm
3
) or (h /µm) 

n

eR  -  Normalised erosion resistance 

lS
 -  Slope of loading cycle 

uS
 -  Slope of unloading cycle 

t∆  -  Erosion time (hour)  

lV  -  Rate of volume loss (mm
3
/min) 

W∆  -  Weight loss (g) 

maxh  -  Maximum depth of penetration (µm) 

rh  -  Residual depth of penetration (µm) 

plastW  - Irreversible indentation work (Joule) 

elastW  - Reversible indentation work (Joule) 

totalW  - Total indentation work (Joule) 

 

 

Abbreviations 

 

IC - Intermetallic composite 

IMC - Intermetallic matrix composite 

LC - Laser cladding 

LSA - Laser surface alloying 

LSM - Laser surface melting 

LTH - Laser transformation hardening 

MDE  - Mean depth of erosion 

MER  - Mean erosion rate 
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