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Abstract 

In the present study, repair of Inconel 718 (IN718) components was conducted using 

direct energy deposition (DED) technology. The deformation behaviour of Inconel 718 

(IN718) components repaired using DED was examined using 4 – point bend tests and 

high cycle fatigue (HCF) tests. Investigations were performed on the entire repaired 

part- including the substrate and the deposit zone. A gradient microstructure was 

observed in the repaired IN718- the substrate exhibiting uniformly distributed 

equiaxed grains with grain size ~90 µm and high fraction of annealing twins; however, 

the deposit zone microstructure differed significantly from the wrought substrate 

consisting of a mix of columnar and equiaxed dendrite with average grain size ~28 

µm. Due to the sharp difference in grain size and morphology in the substrate and the 

deposit zone, the DED-repaired IN718 components are referred to as “repaired 

composites” in the thesis. Micro-hardness results highlighted the need for heat 

treatment as it can remove the heat-affected zone and hardness dip, creating a uniform 

hardness profile across the joint. The mechanical tests and microstructural 

investigation were performed in the as-deposited and under two different heat-treated 

conditions: direct aged (DA), where the repaired composites were aged at 720ºC for 8 

hours and 620ºC for 8 hours, and solution-treated and aged (STA) where the repaired 

composites were solution treated at 980ºC followed by ageing. These heat treatments 

were chosen to enable solid-state phase transformation in the repaired composites 

while preventing coarsening of the substrate grains.           

The 4-point bend tests were performed on the repaired composites with two groove 

angles, and the strain evolution in the repaired components was compared using digital 

image correlation. In all the repaired composites, strain concentration was observed in 

the deposit zone – substrate interface due to NbC liquation resulting in Nb-rich film 

formation on the substrate grain boundaries and an effect of groove angle was 

observed. The repaired composited with a low/shallow groove angle exhibited higher 

deformability compared to the ones with a higher/steep groove angle. 

Corresponding room temperature high cycle fatigue (HCF) properties of DED 

repaired IN718 joints are studied using hour-glass HCF samples were machined which 

were half substrate and half deposit with the substrate to deposit zone interface at the 

narrowest section of the hour-glass specimens. Although the monolithic DED deposit 

had a similar tensile strength to the wrought substrate, the DED repaired joint exhibited 

an overall decreased HCF performance, regardless of the heat treatment conditions. 
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When the fatigue stress was low (below 50% of the yield stress), the STA condition 

had a better HCF performance than the DA, however, the opposite trend appeared for 

the high stress (over 70% of the yield stress), resulting in a cross-over point on the 

stress-life S-N plot. Based on the S-N curve results, a series of interrupted fatigue tests 

were performed at selected maximum stresses to study the progress of fatigue cracks 

in terms of the initiation and growth at the corresponding stress levels. Using single-

specimen tests, the progression of fatigue cracks on the surfaces of the specimens was 

studied using scanning electron microscopy (SEM). Interrupted fatigue tests, 

combined with microscopy and fractography, revealed that the fatigue failure occurred 

in the substrate for the DED joint in the DA condition, whilst in the deposit zone for 

the STA condition due to the distribution and fracture of the Laves and δ phases. Grain 

boundary cracking in the substrate near the substrate-to-deposit interface can occur in 

both heat-treated conditions due to the Nb-rich liquid films. 

Additionally, this study investigated the effect of TiB2 particles on inducing 

columnar to equiaxed transformation (CET) in the as-deposit IN718, deposited using 

two sets of energy densities: high energy and low energy density. The addition of TiB2 

to IN718 resulted in significant grain refinement in the as-built microstructure. In the 

high-energy deposit, grains of size >300µm occupied ~22% of the total grain area and 

~10% in the low-energy deposits, which were reduced to ~5% upon TiB2 addition. 

Moreover, a preferential {100} texture observed along the building direction in the as-

deposit IN718 became weak and random in the IN718/TiB2 deposits. The resulting 

IN718/TiB2 microstructure was found to be sensitive to the wt% of TiB2 particle 

content. TiB2 content >1.5 wt% was optimal for inducing grain refinement. The Laves 

phase often observed in the as-deposit IN718, is greatly reduced upon TiB2 addition 

and replaced by needle-shaped phases rich in Cr, Mo, and B. The TiB2 particles and 

the needle-shaped secondary phases formed a high fraction of heterogenous nucleation 

sites, causing grain refinement. Moreover, the strength properties exhibited a 

significant increase due to TiB2 addition. IN718/TiB2 exhibit significantly high 

hardness and strength properties from uniaxial tensile tests. The tensile strength 

increased from 570 MPa in IN718 to 988 MPa in IN718/TiB2 tested parallel to the 

building direction. When tested perpendicular to the build direction, increased yield 

strength of 840 MPa was observed in IN718/TiB2 compared to 475 MPa in IN718 

deposits. The conventional strengthening mechanisms were presented to explain the 

effect of TiB2 on the refined microstructure. The major contributing strengthening 
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mechanisms included grain refinement, Orowan strengthening and increased GND 

density due to TiB2 addition.  
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CHAPTER 1 

 Introduction 

1.1 Background and aim of the project 

Ni-based superalloys exhibit an excellent combination of mechanical properties, 

corrosion and oxidation resistance. Ni has relatively high melting temperature and do 

not exhibit any solid state phase transformation from room temperature till melting 

temperatures. Additionally, the close-packed FCC lattice enables operation at elevated 

temperatures and withstands high thermal stresses caused by rapid temperature 

changes and large temperature gradients compared to equivalent BCC systems. Ni-

based superalloys are often strengthened by precipitates (γ',γ'') that increases their 

creep resistance and enables engineering applications above 600°C. As a result, they 

have found widespread application in fabricating aviation and aerospace components 

that would operate in extremely harsh conditions. In fact, they constitute 40% - 50% 

of the total weight of aircraft engines and are mainly used in combustors and turbines 

[1].   

Inconel 718 (IN718) is a nickel-base superalloy with high-temperature strength, 

excellent oxidation and hot corrosion resistance, and good weldability. IN718 has 

found wide applications in gas turbine engines. The high replacement costs associated 

with the raw materials and initial manufacturing process justify the demand for 

developing effective repair technology that would provide lifecycle cost reduction of 

superalloy components [1,2]. The conventional repair methods, including welding and 

brazing, present certain disadvantages limiting their usage. The high heat input 

associated with welding processes results in several defects such as weld cracks, 

micro-fissures, high residual stress, distortion and other heat-related problems in the 

repaired component [2]. HAZ liquation cracking, typical to IN718 superalloy, occurs 

due to the formation of Nb-rich liquid films at grain boundaries of the base material 

during the weld cycle and the subsequent inability of this film to accommodate thermal 

contraction stresses during weld cooling [3,4]. Another form of cracking often 

encountered in gas turbine engines is fatigue cracking since they are subjected to cyclic 

loading [5]. The brazing process is generally limited to small defects ~250 µm joints, 

and the strength of the brazing (repaired) joints are usually weak as they can achieve 

a maximum of 50% of the strength of the base metal [6,7].  
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Laser additive manufacturing (AM) techniques are comparatively recent 

techniques that offer several advantages over conventional repair techniques. 

Compared to conventional welding processes, direct energy deposition (DED) additive 

manufacturing processes, such as laser engineered net shaping (LENS), provide an 

attractive alternative for repairs of these superalloy components. The AM techniques 

introduce a much smaller melt-pool due to highly concentrated energy transfer to the 

workpiece, enabling finer control over the process parameters. Moreover, DED 

processes can directly produce metallic parts from powder, enabling the repair of 

components with complex geometries.  

In spite of the several advantages of using AM methods as repair techniques, there 

are some challenges associated with AM processing that limits its usage. Firstly, 

achieving an identical microstructure to the base material is generally difficult. The 

thermal cycling and high cooling rates during DED processing would affect the 

microstructure formation upon cooling [8,9]. As a result, the metallurgical features and 

mechanical properties of the deposit/repaired zone may differ from the substrate/base 

material. A DED IN718 microstructure is generally characterised by columnar grains 

growing in the opposite direction of the heat flow. Elongated grains with a favoured 

{001} || build direction (BD) texture is often reported [10,11]. The elongated grains 

often result in an anisotropic mechanical property in the DED deposit.  The high 

cooling rates result in the formation of non-equilibrium phases such as Laves phase in 

the inter-dendritic region and inhibit the formation of strengthening γ″, γ′ precipitates. 

Therefore, post-deposit heat treatments are generally employed to achieve the desired 

strength, however, the precipitation of the strengthening γ″, γ′ precipitates are often 

localised near the Laves phases, that result in inconsistent mechanical properties. The 

mechanical properties from uniaxial tensile and fatigue tests of wrought IN718 vary in 

DED deposited IN718 [12–14]. Moreover, the current literature lacks in-depth 

investigation of microstructure and mechanical properties of the repair-zone – 

substrate interface, which is critical especially when adopting AM process as a repair 

technique.  

In the present study, as a first step, the effect of various process parameters – laser 

power and scan speed, on the DED IN718 microstructures is explored. The best 

parameter combination that could produce a dense microstructure with a mixed 

equiaxed – columnar microstructure was used for subsequent repairs and grain 

refinement study. Two post-deposit/repaired heat treatments: direct aged (DA) and 



Chapter 1  Introduction 

3 | P a g e  

 

solution treated at 980ºC and Aged (STA), are employed in the current study. The heat 

treatments ensured desired strength increase in the deposit/repaired zone while 

preventing coarsening of the microstructure (both in the substrate and deposit zone). 

The mechanical performance of the repaired grooves is studied using 4-point bend 

tests under as-deposited and post-heat-treated conditions. The strain evaluation during 

deformation under bending conditions is studied using digital image correlation (DIC). 

The fatigue performance of repaired IN718 components in post-heat-treated conditions 

is explored and compared to the wrought substrate. The mechanism of the fatigue 

damage, focusing on the deposit zone – substrate joint, in the repaired IN718 parts are 

studied in detail using interrupted tests coupled with scanning electron microscopy. 

Finally, a novel method of using inoculant was adopted to transform the elongated 

DED microstructure into the fine equiaxed microstructure. A suitable grain 

refiner/inoculant particle is identified using crystallographic model and introduced 

during the DED process to induce heterogeneous nucleation sites. The subsequent 

effect of inoculant addition on the resulting microstructure, texture and mechanical 

properties is studied. 

1.2 Thesis Structure 

The research work in the current thesis is structured into seven chapters: literature 

review, experimental methods, followed by three results chapters, conclusions, and 

future work. 

Chapter 2 presents a literature survey, which reviews the background and 

fundamentals of metal additive manufacturing, with the various classification in metal 

additive manufacturing especially focussing on the direct energy deposition (DED) 

process. An overview of laser additive manufacturing as a repair process is presented. 

The strengthening mechanism and the microstructure, texture and phases formed 

during laser additive manufacturing of IN718 are reviewed. Moreover, the post-

deposit heat treatments adopted and their effect on microstructure, tensile and fatigue 

properties are reviewed. The literature review also includes the various strategies for 

refining the grain structure and methods to promote a columnar to equiaxed transition 

in DED IN718. Finally, a summary of the existing knowledge and research questions 

addressed in the current study is provided. 

Chapter 3 outlines the material, general experimental procedures, and methods used 

in the current research. The processing of the material(s) under investigation is 
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performed using laser engineered net shaping (LENS), a DED-type AM process. The 

modification of feedstock IN718 powders by decorating with inoculant particles using 

a ball milling technique is described. The chapter also includes the characterisation 

techniques adopted to investigate the microstructure, texture, and mechanical response 

of the material under various conditions. The microscopic characterisation techniques 

include optical microscopy, scanning electron microscopy including electron 

backscattered diffraction, energy dispersive spectroscopy, and X-ray diffraction. The 

study of mechanical properties includes hardness measurement, 4-point bend, tensile, 

and fatigue tests.  

Chapter 4 initially explores the relationship between deposition parameters and key 

microstructural characteristics, such as degree and size distribution of porosity,  grain 

size and aspect ratio, the distribution and morphology of Laves phase, and then further 

relates these microstructures to mechanical properties (in the form of hardness tests) 

of DED IN718 bulk deposits. The parameter combination producing the most 

favourable combination of microstructure and properties was applied for repair studies 

on wrought Inconel 718 plates. These plates were produced to have "defects" machined 

into the surface having various designed groove wall angles, and repair using DED 

was conducted using various contrasting scanning patterns. Subsequently, a study was 

conducted to understand the effects of post-heat treatment (direct aged (DA) and 

solution treated at 9800C and aged (STA) condition) on the microstructure and 

properties of the repair deposit and surrounding substrate. The deformation behaviour 

and failure mechanisms of the resulting repaired composite were investigated using 4-

point bend testing coupled with digital image correlation (DIC) and cross-sectional 

microscopy.  

Chapter 5 seeks to understand the room temperature failure mechanism in DED 

repaired IN718 under cyclic loading under direct aged (DA) and solution treated at 

9800C and aged (STA) condition. The prevailing mechanism of the initiation and 

growth of fatigue cracks arising from phases present near the repaired joint (Lave 

phase, Carbides, liquified NbC along grain boundaries, and 𝛿 phase (for STA)) has 

been studied. The progression of fatigue cracks (on the surfaces) at various levels of 

applied stress and with an increasing number of loading cycles is studied by 

intermittently stopping the test at multiple stages of fatigue life between 10 – 90 % of 

the average cycles to failure (𝑁𝑓) for each of the chosen stress amplitude (max stress) 

and characterised using SEM. 
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Chapter 6 explores the possibility of using inoculants to modify the DED 

microstructure to achieve a columnar-to-equiaxed transition. With reference to the 

crystallographic models, TiB2 is identified as an efficient grain refiner, and the effect 

of TiB2 addition to IN718 during DED deposition to aid the transformation of the 

columnar-to-equiaxed microstructure is investigated. Moreover, the effect of addition 

of TiB2 on the tensile properties of IN718/TiB2 is elaborated. 
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CHAPTER 2 

 Literature review 

2.1.1 Introduction 

Additive manufacturing (AM) is a technique that can be used to construct complex 3-

dimentional components by depositing molten material one layer at a time.  The heat 

source used to melt the material is generally a laser, an electric arc, or an electron 

beam.  The beam moves in a predefined path and a layer-by-layer deposition takes 

place [15,16]. However, there are some limitations of the AM processes, such as (a) 

post-machining is generally required to achieve the desired surface finish; and (b) 

defects such as porosities and insufficient fusion between layers may result in poor 

mechanical propertie. Moreover, the high cost associated with certain metal powders 

and limited availability of pre-alloyed powders limits the usage of AM techniques to 

a wide range of metal/alloy systems. 

2.1.2 Classification of Metal AM technologies 

The classification of the various AM processes is depicted in Figure 2.1. The additive 

manufacturing (AM) techniques can be broadly classified on the mechanism of feeding 

the feedstock material in the system:  direct energy deposition (DED) – where blown 

powders are melted using a heat source, and powder bed fusion (PBF) – where a bed 

of metal powder is melted to form each layer. The various processes are further 

categorised based on feedstock material: powder or wire; and the heat source: laser, 

arc or electron beam; and.  Despite these differences, all these processes share a 

common approach, i.e. starting with a 3–D model of the part/component to be 

manufactured, followed by a layer-by-layer build.  

2.1.3 Powder Bed Deposition and Powder Blown Direct Energy Deposition 

(DED): comparison 

In powder bed fusion-based additive manufacturing processes like selective laser 

melting (SLM) and electron beam melting (EBM), metal powders are first spread in 

thin layers with pre-defined layer thickness. Depending upon the geometry of the part 

to be built, the laser beam selectively interacts with the powder bed in the x-y-plane 

depicted schematically in Figure 2.2 (a), melting the metal powders along the scanning 

path. After a layer is deposited, the build plate is lowered, and another powder layer is 
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applied. The process of melting the newly deposited powder layer is repeated until the 

complete section is built [15–21]. 

 

Figure 2.1: Classification of metal AM technologies [22]. 

In laser direct energy deposition (DED) techniques, the laser beam melts the surface 

of the substrate, creating a melt pool, and the metal powders are applied 

simultaneously. Various proprietary names have been adopted for the DED technique, 

as shown in Figure 2.1. A shielding gas is used to protect the melt pool and deliver the 

powders from the nozzle to the melt pool. The components are built layer-by-layer via 

a user-defined path (Figure 2.2 (b)). Once a layer is deposited, the laser, along with the 

powder delivery system, moves up by an increment equivalent to one-layer thickness 

and the process is repeated till completion [22–24]. However, better precision and 

surface finish can be achieved in powder-based techniques due to its finer melt pool 

and smaller layer thickness compared [24]. 

 

Figure 2.2: Schematic showing (a) powder bed deposition process, (b) direct energy 

deposition process [22]. 
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2.2 Laser Engineered Net Shaping (LENS) 

Laser engineered net shaping (LENS®), developed at Sandia National Laboratory in 

the late 1990s, is a powder-blown DED additive manufacturing technique. A LENS 

machine generally includes multiple nozzles that ensure a better powder delivery 

compared to other DED techniques. As a result, LENS has grown to be the most widely 

used DED additive manufacturing technique in industries and for research purposes.  

Some of the major advantages of LENS over other conventional manufacturing and 

repair processes are as follows: 

(a) Ability to build complex shapes, including hollow thin-walled sections. 

(b) In terms of using LENS as a repair technique, the small size of the melt pool 

ensures better control over the process and results in minimizing distortion. 

The Heat Affected Zone (HAZ) is relatively small compared to other 

conventional techniques. 

(c) Faster manufacturing that shortens the overall production time. 

Some common materials that have been investigated for powder-blown DED AM 

processes include: titanium alloys [25–30], steels [31–33], nickel-base alloys 

[6,8,11,23,34–43], cobalt-base alloys  [44,45] and high entropy alloys [46–50]. 

2.2.1 Process Parameters 

There are several process parameters that are of importance in DED manufacturing. In 

the following Table 2.1, some of the parameters and their description are listed.  

Table 2.1: Important process parameters for a DED deposition 

Parameter Unit Description  

Power W 
The power of the laser beam that fuses the 

powder with the substrate 

Scan speed mm/s The traverse travel speed of the laser head 

Powder feeding rate g/min 
The amount of powder that is fed into the 

melt pool 

Shielding and carrier gas 

flow rate 
l/min 

The flow rate of the shielding and carrier 

gas 

Laser spot diameter mm The diameter of the laser beam 
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2.2.1.1 Laser Power 

Laser power is one of the most important parameters in any laser additive 

manufacturing process. As the laser power increases, the temperature in the melt pool 

increases. Low laser power can lead to insufficient fusion resulting in weaker 

metallurgical bonds between the layers[51].  On the contrary, high laser power, results 

in higher melt pool temperature, the heat sink effect of the substrate is reduced, that 

results in lower cooling rates. The resultant microstructure is generally characterised 

by coarse columnar grains with preferred orientation [11,52]. Prashanth et al. [51] 

observed higher densification and hence improved tensile properties when the laser 

power of SLM fabricated Al-12Si alloy by performing deposits was increased from 

40W to 240W. 

2.2.1.2 Scan speed 

Along with laser power, the other most important parameter in a DED process is the 

scanning speed. Similarly,  Erica et al. [53], in DED manufactured IN718, reported a 

finer microstructure with increasing scan speed. Average gain area with scan speed 

2mm/s was ~1800 µm2 compared to ~900 µm2 when the scan speed was 5mm/s. 

However, the effect of scan speed on the densification of the deposits and the 

mechanical properties were not explored.  

2.2.1.3 Powder feed rate 

This is the amount of powder that is fed into the melt pool. Therefore, a high feeding 

rate means more powder being fed in the melt pool, which would lead to increased 

layer height during the deposition process. Additionally, the powder feed rate affects 

the surface roughness of the build component. A high feeding rate results in higher 

roughness and defects due to incomplete remelting [54].  

2.2.1.4 Shielding and carrier gas flow rate 

At the elevated working temperatures in AM, there is a high chance of formation of 

metal oxides or nitrides, which are undesirable. The shielding gas provides a protective 

atmosphere for the melt pool from oxidation. The shield gas can produce some 

porosities that can be avoided by modification of the process parameters. The carrier 

gas carries the powder from the feeder to the nozzle to the melt pool. Argon is the most 

used shielding and carrier gas used in DED techniques. The shield gas also prevents 

the powder particles from spattering and damaging the laser optics [55]. 
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2.2.1.5 Laser spot diameter and percentage overlap 

Laser spot size is a very important process parameter as it directly affects the size and 

shape of the melt pool. A high-powered laser beam is generally coupled with a wider 

laser spot size to maintain the desired deposition rate. Additionally, spot size 

influences the surface finish and formation of potential flaws [22]. The overlap 

percentage between two consecutive tracks is also crucial in DED processes to produce 

a near defect-free, dense deposit. For DED techniques, the hatch distance and layer 

thickness must be carefully determined, for an overlap percentage, to avoid any 

undesirable overbuild and underbuild of the components. Also, it has been reported 

that higher residual stresses form in the overlapping regions [56]. Figure 3 shows the 

schematic of a layer built by laser metal deposition. If the hatch spacing is too far apart, 

it may result in undesirable underbuilds, and if too close, overbuilds occurs.  

 

Figure 2.3: Schematic of a layer built by laser DED process, showing the track width, 

track height and the overlap. 

2.2.2 Energy density in AM process 

An appropriate combination of process parameters is essential to manufacture a 

component using additive manufacturing techniques. This is required to manufacture 

a dense structure with minimum defects and desirable properties. The energy density 

is a measure of heat input during the AM process by correlating the important process 

parameters. It is a measure of the average energy provided per unit volume per unit 

time, as shown in Equation 2.1 [51,57–59], 

𝐸𝑉𝐸𝐷  =
𝑃

𝑣ℎ𝑡
                                                                                                [2. 1] 

Where volumetric energy density 𝐸 (J/m3), laser power 𝑃 (J/s), scanning speed 𝑣 (m/s), 

hatch spacing ℎ (m), layer thickness 𝑡 (m). 
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The above may be simplified into the form of describing linear energy density [53,57]: 

𝐸𝐿𝐸𝐷 =
𝑃

𝑣
                                                                                                     [2. 2] 

For AM deposits, the energy density is generally used as a metric to compare 

manufactured deposits. However, the equations do not consider other important factors 

such as the percentage of overlap or powder flowrate. Investigations regarding the 

applicability of the Equation [2.1] were studied by Bertoli et al. [59] on SS316L, and 

Prashanth et al. [51] on Al-12Si alloys fabricated via SLM. Keeping the layer thickness 

and hatch spacing constant, Prashant et al. [51] studied a series of deposits 

manufactured with the same volumetric energy density but a different combination of 

power and scan speed. It was observed that the Al-12Si SLM samples obtained at a 

constant energy density but with varying laser power and scan speed combinations had 

different densification levels. Therefore, it can be concluded that the combination of 

various process parameters, laser power and scan speed play a significant role, and it 

is of utmost importance to understand the effect of each property individually and how 

these parameters interact among themselves to co-relate the process parameters and 

the properties of the deposit. 

2.3 Direct Energy Deposition (DED) as a repair technique 

The conventional repair processes of superalloy components mostly include welding 

and brazing. These techniques have certain imitations or drawbacks that make them 

unsuitable for repairs. The heat-affected zone (HAZ) micro fissures or HAZ liquation 

cracking is often observed in the welded components [60–62].  Electron Beam (EB) 

welding needs a vacuum environment which is expensive and difficult to apply to 

larger parts. The ones which are relatively easy to use, such as the Tungsten Inert Gas 

(TIG) welding, generate a lot of heat that results in high residual stresses, distortion 

and heat-related effects in the base metal [60,63]. Brazing is often used for repairing 

superalloy components, such as turbine blades; however, it is limited to repairing very 

small defects (~250 µm). The wide gap brazing technique was proposed to overcome 

this problem; however, the strength of the brazing (repaired) joints are found to be 

weak, and they can achieve a maximum of 50% of the strength of the base metal [6,7].  

The transient liquid phase (TLP) bonding combines brazing and solid-state diffusion 

bonding and is also used for joining Ni-base superalloy parts [64]. However, the high 

bonding temperature and holding time may cause coarsening of the base material, thus, 

limiting its usage. In the recent past, the DED techniques have gained significant 

popularity as a manufacturing process. Apart from building complex structures, 
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various DED processes have found widespread application in surface modification, 

such as cladding and repair [6,35,65–78]. Note that DED techniques can directly re-

build a worn-out or damaged part; unlike conventional repair techniques, welding and 

brazing are often used to join components. This technology also allows the material 

gradient to be designed at a microstructure level because of small, localized fusion in 

the melt pool. Moreover, due to the flexibility in the deposition technique, a flat initial 

surface is not essential, allowing new material to be deposited on the damaged part, 

which is otherwise not possible in other deposition or repair techniques [79].   

Cracking or wearing out is very common in metal parts during service. 

However, repairing a crack is not straightforward because the defects cannot be simply 

removed by refilling materials on the gap region. To repair these defects, a slot or 

groove needs to be machined to remove material around cracks to reveal a regular and 

accessible geometry; thereafter, the necessary volume is then filled [6,70,73,75,78,80]. 

Some of the studies on the repair of metal parts, such as gas turbine air foils and disks, 

using AM processes in the literature are discussed as follows. 

2.3.1 Effect of DED process parameter on repair 

Qi et al. [65] developed the repair of turbine compressor air foils by DED process. 

Different process parameters were investigated, such as laser power, defocus distance, 

powder feed rate, laser scan speed, height increment and shielding gas flow rate. A 

design of experiments was employed to obtain adaptive deposition bead widths for 

repairing an air foil, and it was concluded that laser power and scan speed were the 

main parameters controlling the repair process.  Lin et al. [74] studied the repair of a 

steam turbine blade by laser cladding technology. Paydas et al.[77] employed the laser 

cladding technology to repair a Ti-6Al-4V alloy part and investigated the influence of 

the building strategy and energy densities on the microstructure and hardness of the 

specimen. Based on their observations, a thermo-metallurgical scheme was proposed 

to achieve near uniform properties across the repaired part.  Liu et al. [75] investigated 

the repair process and properties of the TC17 titanium alloy using DED process. 

Different combinations of laser powers, scanning speeds and powder feeding rates 

were employed to repair circular grooves (defects). A parameter combination with 

1000W laser power and a scan speed of 8 mm/s enabled repair of the component with 

99% density. Petrat et al.[35] repaired cylindrical IN718 parts using laser DED. A set 

of parameters with a spiral scanning pattern starting point changed after every layer 

was adopted for the repair. They could not observe any significant differences while 
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using low or high-power sources; however, the study lacked detail on microstructure 

or texture changes due to varying parameters. Zhang et al. [81] used various scanning 

patterns to deposit multi-layer cobalt-based alloy on tool steel. A helix, circle-line- 

circle, and line-arc-line scanning pattern were used for the coating purpose (Figure 

2.4). They observed that the helical tool path to be most efficient in terms of deposit 

time, however, in terms of efficient usage of the powders during the coating/deposition 

process, the circle-line- circle, and line-arc-line scanning pattern were found to be 

better. Therefore, the process parameters and the scanning patterns used for DED 

repairs seems to have a significant effect on the properties of the repaired part.  

 

Figure 2.4: Scan parts used by Zhang[81] to repair a cylindrical section (a) Helix; (b) 

circle-line-circle; (c) line-arc-line. 

2.3.2 Effect of groove geometry on repairs 

The shape of the repaired component is influenced by the inclination angle of the slot 

machined for the deposition process [6,70]. The effect of various groove geometries 

on the repair of tool steel H13 was investigated by Pinkerton et al.[78]. Two different 

slot geometries (V-shaped 60º and rectangular 90º), as depicted in Figure 2.5, were 

repaired using DED process. It was observed that the rectangular (90º) shaped defects 

had the presence of pores due to insufficient fusion since the laser was not able to melt 

the materials in the vertical zone.  
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Figure 2.5: Repair geometries used by Pinkerton et al. [78]. 

In a similar study, Zhang et al. [70] deposited Co-Ni-Cr-W alloy Wallex 50 on H13 

tool steel V-shaped grooves (Figure 9) with different sidewall angles: 45 , 75°, and 90° 

to study the influence of the angle of inclination on the properties of repaired parts. An 

alternating scanning raster (90° rotation after each layer) was selected for the repair; 

similar to Pinkerton et al. [78], they also observed poor repair for the 90  sidewall 

grooves. It was observed that the deposited material was unable to bond well with the 

substrate, causing lack of fusion and resulting in porosities.  

 

Figure 2.6:  V-shape geometries with flat bottom used by Zhang et al. [70]. 

Liu et al. [6] repaired IN718 and Wapsaloy alloys using DED technique. Several defect 

geometries, including rectangular and circular geometries and through holes, were 

repaired using varied processing parameters, as shown in Figure 2.7. Different 

scanning patterns such as alternating, spiral and concentric were adopted for the 

repairs. The effect of process parameters and geometries repaired using DED was 

investigated. It was observed that IN718 was repaired with minimum defects and 

distortion over a wide processing window. However, the effect of varying groove 

angles and scanning patterns on the resulting microstructure and mechanical properties 

of the repaired IN718 was not explored.  



Chapter 2  Literature Review 

15 | P a g e  

 

 

Figure 2.7: Repair geometries used by Liu et al. [6] 

Zhang et al. [74] performed repair of IN718 components with pre-made trapezoid 

groove (Figure 2.8) using laser additive manufacturing technique, and the 

microstructure and tensile properties of the repaired section are investigated. The 

properties of repaired IN718 alloy post hot corrosion was also investigated. It was 

observed that after exposure to hot corrosion test for 50 hours, tensile strength 

improved from 736.6 MPa to 1022.9 MPa; however, the elongation reduced 

significantly from 12.5 % to 1.7 %. The strength and elongation were further reduced 

to 955.8 MPa and 1.2%, respectively, when the hot corrosion testing time was 

increased to 150 hours.  However, the study was limited to single groove wall angle, 

and the effect of post deposit heat treatment on the properties of the repaired 

component was not explored. 

 

Figure 2.8: Illustration of a laser-repaired zone in the tensile specimen [80]. 

The literature review indicates that the process parameters, scanning patterns and 

geometry of the repaired section are of prime importance when using AM processes 

to repair metallic components. For a defect-free repair process, the first step includes 

the determination of a combination of process parameters that enables highly dense 

deposits with minimum defects and porosities. A smaller tilt angle (Figure 2.6) 

provides better contact between the defective area and substrate, although it results in 
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higher material loss. If the sidewall is too steep, the laser has difficulty melting 

materials on the sidewall, where this situation can be observed [70,73,78]. Therefore, 

the as-deposited material cannot be fused well with the substrate and defects were 

observed due to insufficient metallurgical bonding between the substrate and deposit. 

Studies on the effect of the sidewall inclination on the microstructure and mechanical 

properties of the sections repaired via DED processes are limited in literature and need 

detailed investigation. Moreover, the final microstructure in the deposit is generally 

different from the base material. In some alloy systems, such as superalloy IN718, 

undesirable non-equilibrium phases are formed at the cost of strengthening phases, 

which are reviewed in detail in the following sections. This can affect the mechanical 

properties of the repair adversely [22].   

2.4 Ni-base superalloys 

Superalloys can be categorised into three main groups, nickel (Ni)-based, cobalt (Co) 

- based and nickel-iron (Ni-Fe)-based superalloys [82]. Superalloys have unique 

capabilities of maintaining a high yield strength, tensile strength, creep resistance, 

corrosion resistance and fatigue resistance at elevated temperatures, where most other 

metal alloys are rendered unstable. This makes superalloys well suited in the aero, 

nuclear and petrochemical industries. Ni-base superalloys are highly utilized in 

aeronautic industries. More than 50% of a jet engine’s weight consists of Ni-base 

superalloys [83]. 

2.4.1 Strengthening Mechanisms 

Superalloys, in general, are strengthened by solid solution strengthening, precipitation 

strengthening and dispersion strengthening [83,84]. The role of various strengthening 

mechanism in Ni-Base superalloys especially in IN718 are disused as below. 

2.4.1.1 Precipitation Strengthening 

Precipitation hardening is the primary strengthening mechanism in Ni-base 

superalloys, such as IN718. The precipitation of the Nb rich or (Al, Ti) rich ordered 

phases γ'' and γ', respectively, impart strengthening in the superalloy. The elements 

Niobium (Nb), Titanium (Ti), and Aluminium (Al) have limited solubility in the γ 

matrix. Fine precipitates are formed during ageing treatment following solution 

treatment. The ordered precipitates result in a coherency strain in the matrix that resists 

the dislocation movement through the matrix. Moreover, additional work is required 

to create an Antiphase Boundary due to dislocations passing through precipitates 
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having an ordered lattice [85]. A dislocation moving through the matrix may cut 

through the precipitate or get pinned at the precipitate. A pinned dislocation at a 

precipitate may either climb over it, which becomes favourable at high temperatures, 

or bow around it. The volume and size of the precipitation control the degree of 

strengthening. When the precipitates grow larger than a particular size (corresponding 

to peak hardness), the precipitates become “too large”, and for a finite volume fraction 

of phase, the precipitates become sufficiently sparse that it becomes easier for the 

dislocation to bow around rather than shear the precipitate [84]. 

2.4.1.2 Solid Solution Strengthening 

Solid solution strengthening occurs due to differences in the atomic radii of solutes 

present in the solution, which cause an elastic strain field in the crystal lattice and 

restricts the mobility of dislocations. The melting point, diffusivity, and extent of 

atomic mismatch of the solute atoms dictate the strengthening effect they can generate. 

Solid solution strengthening is also generally associated with lower stacking fault 

energy, thus making cross-slip difficult. This would prevent dynamic recovery [85]. 

In the Ni-Fe alloy, commonly known as INVAR, the primary strengthening 

mechanism is solid solution strengthening [2]. In IN718, elements such as 

Molybdenum (Mo), Aluminium (Al), and  Chromium (Cr) provide good solid solution 

strengthening; however, at higher temperatures, their effect is significantly lowered 

[84].  

2.4.1.3 Other Specialty Alloys 

Other alloys, such as MA6000 and MA754, are oxide dispersion strengthened alloys 

and exhibit good high temperature creep strength [86]. There are some similarities in 

the strengthening mechanism of dispersion strengthening and precipitation 

strengthening, albeit some major differences. The strengthening particles are generally 

oxides that are added during manufacturing rather than forming in-situ. These oxides 

are incoherent with the matrix; therefore, their distribution and size dictate the 

efficiency of strengthening. However, the oxides have a high melting point, making 

them chemically stable in the metal matrix, thus helping retain their strengthening 

effect better than any other strengthening mechanisms at very high temperatures (up 

to 1300°C) [84]. 
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IN718 consists of an FCC γ-matrix, strengthened by embedded γ' and γ'' precipitates 

in the heat-treated and aged condition. Al and Ti are the main elements that form the 

γ' (Cubic (LI2) - Ni3(Al, Ti)) precipitate, whereas Nb forms the γ'' (BCT (DO22) - 

Ni3Nb) precipitate. These elements have limited solubility in the FCC Ni matrix; 

therefore, the precipitates are formed during an ageing treatment after cooling from 

the solution treatment temperature. Metal carbides (MC) and δ phase are also often 

found in a typical IN718 microstructure. The γ'' precipitate is a metastable phase, an 

ordered precipitate (DO22) with a Body Centered Tetragonal (BCT) structure that acts 

as the main strengthening phase. The FCC γ' phase, which is often the main 

strengthening phase for other Ni-base superalloys like CMSX-4 or Nimonics, does not 

contribute significantly to the strengthening in IN718. The coherency strain between 

the matrix phase and the precipitates hinders the movement of dislocations and thus 

causes strengthening. Additionally, the movement of a dislocation (shearing) through 

ordered precipitates results in anti-phase boundary resisting dislocation movement 

between ordered strengthening phases. The morphology of the γ’ precipitates are 

generally cuboidal or spherical, while the γ'' precipitates generally have a lenticular, 

disc-shaped morphology with thickness in the range of 9-20 nm [88,89]. The 

metastable γ'' starts to transform into a stable δ phase (Ni3Nb) with an orthorhombic 

structure (a≠b≠c; α≠90) if exposed to long ageing times or temperatures higher than 

650°C peaking around 900C  [90]. Since γ'' and δ have the same composition, the 

growth of the δ phase occurs to the detriment of the γ'' phase. The δ phase is incoherent 

with the matrix and thus, does not contribute to the strengthening of the alloy. As a 

result, IN718 is used in conditions where the service temperatures generally do not 

exceed 650C. However, the δ phase has a beneficial effect on ductility and toughness 

[84,91,92]. The fine acicular δ precipitates form at the grain boundaries and thereby 

restrict grain boundary sliding, restricting undesirable grain growth, which improves 

toughness and creep resistance [93,94]. 

2.4.2.1 AM manufactured IN 718: microstructure and texture 

The microstructure and properties of IN718 fabricated by DED type of AM technique 

have been investigated in detail [8,11,20,23,35,36,40,68,88,94–105]. Figure 2.9 shows 

the typical microstructure of DED fabricated IN718. 
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Figure 2.9: Typical microstructure of IN718 manufactured using DED technique: 

(a),(b),(c)  microstructure variation with varying process parameters [11]; and (d) IPF 

maps superimposed on the optical micrograph [53]. 

A typical DED-produced IN718 microstructure is characterized by columnar dendrites 

growing epitaxially from the substrate. The substrate acts as the main heat sink. Heat 

flow occurs through the previously deposited layers. The heat flux is towards the 

substrate, and the dendrites grow opposite to the substrate [10,106].  As a result, a 

{001} texture is often reported in AM IN718, the {001} direction being a preferred 

growth direction in the FCC matrix γ (Figure 2.10)[10,11,95,107]. The effect of such 

columnar microstructure and preferential texture on the mechanical properties of the 

as-deposited parts are discussed in Section 2.4.3.2.  

 

Figure 2.10: Columnar grain structure leading to {001} texture along build direction 

in as-deposit IN718 [108]. 

The high cooling rates associated with AM techniques result in non-equilibrium 

solidification conditions and the formation of brittle Nb-enriched Laves phases 

((Ni,Cr,Fe)2(Nb,Mo,Ti)) along the inter-dendritic regions [94,109]. Figure 2.11 (a) 

shows the typical distribution of Laves phases in a laser deposited (DED) IN718. It 
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has been reported that 10% – 12% Nb is required for the formation of Laves phases; 

the δ phase requires 6% – 8% Nb, the γ'' and γ' phase can form at 4% Nb [62]. The 

Laves phase formation depletes the availability of Nb for the strengthening precipitates 

(γ'' and γ') to form, therefore, deteriorating the strength properties of the IN718 deposit. 

Additionally, Laves phases were found to have a profound effect on the γ'' precipitates 

and less on the γ' precipitates. Laves phase leads to inhomogeneous distribution and 

coarsening of the γ'' precipitates [107].   

 

Figure 2.11: (a) Laves phase and (b) carbides in DED fabricated Inconel [11]. 

Several attempts were made to tailor the microstructure and distribution of Laves 

phases in AM IN718. Xiao et al. [102] used a laser with a quasi-continuous wave and 

were able to achieve higher cooling rates during fabrication, thereby significantly 

reducing the size of dendrite arm spacing (DAS). This resulted in significantly less 

segregation of Nb and hence, less Laves phase in the deposit. Liu et al. [41] reported 

that the DAS increases as the thermal gradient decreases in regions further from the 

substrate. Also, DAS increases with an increase in pool temperature, which is seen 

when laser power increases. Parimi et al. [11] showed that the texture in a DED builds 

was significantly influenced by the laser power applied. They found that with 

increasing laser power to 910W from 310W, keeping all other parameters constant, a 

significant change in microstructure was observed: from a mix of coarse and fine 

microstructure with weak or random texture to a coarse columnar microstructure with 

strong texture. Stevens et al. [53] found that with decreased laser scanning speed, 

microstructures would become coarser. Furthermore, Additive manufacturing 

techniques provide high process control, enabling manufacturing parts with graded 

microstructure. Popovich et al. [97] varied the power and scan speed during the 

deposition process and were able to design functional gradients within the components 

with tailored properties, as shown in Figure 2.12.  In principle, the microstructure of 

AM deposit IN718 depends on the temperature gradient (G) and the solidification rate 

(R), which depend directly on the parameter selection in the laser DED process. 
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Figure 2.12:  A graded IN718 sample manufactured using AM [97]. 

IN718 is one of the alloy systems extensively studied in the AM community. As shown 

in Figure 2.13, the interest in AM IN718 is increasing over the last decade. The 

attractive process control and degrees of freedom in manufacturing parts make AM a 

very attractive option for manufacturing IN718; however, the existence of defects such 

as porosity and bonding defects further restrict wider industrial usage. Moreover, the 

widespread use of AM is restricted due to the complexity of the produced 

microstructure – such as formation of Nb-rich Laves phase, that are found to 

deteriorate the mechanical properties by providing crack initiation sites. During the 

post heat treatments, the strengthening precipitates form around the vicinity of the 

Laves phase which result in their non-uniform distribution. This often leads to 

difficulty in reproducibility and predictability of the mechanical properties. 

Furthermore, the geometry of the part being built, and the scanning strategy adopted 

during AM process also significantly impact the microstructure and properties of the 

built, as discussed in the following sections.  

 

Figure 2.13: Increasing interest in AM IN718 through years [12]. 

2.4.2.2 Role of geometry 

The effect of shape and size of the manufactured component or the repair part on Laser 

DED deposit/repairs of IN718 is scarce in the open literature. Liu et al. [6] used circular 

and rectangular geometries (Figure 2.7) to repair turbine parts. As discussed in Section 

2.2, better finishing was achieved using a groove with a greater side angle; however, 
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the effect of the resultant repair geometries on the microstructure of the deposits was 

not reported. Also, the role of different geometries on the microstructure of the heat-

affected zone and the substrate was not studied. Babu et al. [107] reported a study 

conducted on EBM deposit of IN718. A change in geometry of the build from 16 × 16 

mm2 to 20 × 20 mm2 resulted in a significant change in G/R values that resulted in a 

subsequent change in the microstructure of the as-deposited IN718.  

2.4.2.3 Role of Scan strategy 

The scan strategy or the scan pattern has an important role in the DED processes. 

Different scanning patterns for a set of laser power and scan speed parameters can 

result in different properties and microstructure [11]. Schematic for various scanning 

patterns often used in DED techniques are shown in Figure 2.15.  

 

Figure 2.14: Different scanning strategies used DED: (a) Alternate[53] (b) 

Bidirectional [110]; (c) Unidirectional [110]; (d) Spiral [6]. 

Unidirectional [11] and Bidirectional (Figure 2.14 (b)) [6,53] scan strategies are often 

adopted in DED IN718; however, the unidirectional and bidirectional are generally 

used for single wall deposit. A bi-directional pattern with a 90 rotation between the 

layers results in an alternate pattern, which is also often adopted in DED processes [15, 

22].  Variations in microstructure and properties are reported in AM IN718 deposits. 

Parimi et al. [11] used both unidirectional and bi-directional scan strategies for laser 

DED IN718. For the same set of process parameters, a change in the orientation angle 

of the as-deposited microstructure with respect to the building direction was observed 

for the different scanning strategies (Figure 2.9(a), (b)). Variation of grain size and 
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orientations is reported by Dinda et al. [10] by changing scanning strategies as shown 

in Figure 2.15(a) – Figure 2.15(f). The grain orientation changed from a constant 60º 

tilt along the build direction while using a unidirectional pattern to a zig-zag type 

orientation upon changing to a bidirectional scanning pattern.  The texture in the build 

parts also changed from a fibre texture to a cube-type texture. However, a preferred 

{001} texture still prevails with either scanning pattern (Figure 2.15 (c), (d)).  

 

Figure 2.15: Effect of change in scanning strategy in grain orientation and grain 

structure (a) IN 718 by unidirectional laser scanning, and (b) IN 718 by bidirectional 

laser scanning [10]. 

Scanning patterns influence the resulting microstructure for AM processes, as shown 

in Figure 17. Furthermore, an appropriate selection of scan strategy and pattern is 

found to decrease distortion, and residual stresses in the fabricated component [14,16], 

especially an island pattern or chessboard pattern often used in SLM and EBM 

techniques has been reported to decrease the residual stress developed [16]. In SLM 

IN718, S. Hibino et al. [111] used a bidirectional laser scanning with the scanning lines 

moved to a predefined degree after each layer, as shown in Figure 2.16 (a-c). A 

significant change in the grain orientation can be seen due to altering the scanning 

pattern, and a change in mechanical properties was also reported.  
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Figure 2.16: Different scanning strategies and resulting microstructure in SLM 

IN718 [111]. 

For IN718 repairs, a spiral pattern and alternate pattern were used by Liu et al. [6] to 

repair turbine components using DED (LENS); however, the effect of the scanning 

pattern on the resulting microstructure was not discussed. The effect of the scanning 

patterns on the distribution of Laves phase and δ phase, its effect on the mechanical 

properties requires further investigation. 

2.4.3 Heat treatment and mechanical properties of IN718 

2.4.3.1 Standard heat treatment adopted for Laser AM fabricated IN718 

The standard heat treatment commonly used for cast and wrought IN718 consists of 

three main steps, which are as follows [14,93,104]:   

a) Homogenization: 1100°C/ 1-2 hrs hold followed by air cooling.  

b) Solution treatment: 950°C – 980°C/ >1 hr followed by air cooling or faster.  

c) Ageing: 720°C 8 hrs; furnace cooling 620°C 10 hr followed by air cooling or 

faster.  

The industrial standard for wrought and cast IN718 is listed in Table 2.4 below.  

Generally, a direct ageing HT or a combination of heat treatment procedures are 

adopted.  
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Figure 2.17: Microstructure after heat treatment at different conditions: (a), (b) Direct 

aged; (c), (d) Solution treatment at 9800C and ageing; (e), (f) Solution treatment at 

10800C; (g), (h) Solution treatment at 10800C and ageing [113]. 

Recrystallization for AM manufactured IN718 has been reported after holding 

at a temperature above 1100C [114]. The residual thermal stress results in 

accumulation of localised strain energy during the AM process that acts as the driving 

force for the recrystallization process, unlike the traditional wrought IN718 superalloy, 

where the stored energy due to deformation acts as the driving force for dynamic 

recrystallization. Recrystallization was also found to be a function of holding time. 

However, the distribution of the grains was very uneven. Some columnar grains 

underwent recrystallization while others did not, depending on the distribution of the 

thermal residual stresses [56,114]. Zhu et al. [104] observed that recrystallization starts 
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in the regions with higher residual stress. The AM manufactured part with the highest 

residual stress had the finest microstructure, thus confirming that the localised strain 

energy accumulated due to residual stress is the driving force for recrystallization. 

However, Chlebus et al. [14] argued that heating the alloy to the homogenisation 

temperature (~1100°C) would result in some degree of stress relief. Furthermore, they 

claimed that the heat treatment (solution treatment and ageing) resulted in grain 

boundary migration induced by the reduction of the grain boundary area, discontinuous 

dissolution of columnar arrayed phases and solute diffusion along the boundaries. 

Moreover, twinning occurred and was considered to be an important factor in the 

microstructure refinement [14,56,114].   

 

Figure 2.18: (a) Cellular structures of IN718 after solution treatment at 980ºC; the 

dislocations along the (b) cellular walls and (c) along γ″ precipitate [90]. 

2.4.3.2 Tensile properties and anisotropy in Laser AM fabricated IN718 

The majority of the studies on the mechanical properties of AM manufactured 

components involve tensile tests and hardness measurements. Tensile tests to measure 

yield strength (YS), ultimate tensile strength (UTS) and elongation are the most used 

tests to compare Inconel components fabricated or heat-treated under different 

conditions. AM mechanical properties are often compared to traditionally processed 

materials [18,23,88,93,96,100]. Additive manufactured IN718 without any post-

treatments exhibit better ductility properties than post-heat treatment as depicted in 

Table 2.5 and Figure 2.19. 
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Figure 2.19: Typical tensile properties of IN718 under different heat treatment 

conditions [93]. 

 The strengthening precipitates form during post-heat treatment that pins the 

dislocation movement; thus, strength increases at the cost of ductility. It was 

demonstrated by Mang Ni et al. [90] using TEM investigation how the hardening 

phases pin the dislocations, resulting in high dislocation density (Figure 2.18). A 

summary of tensile properties for IN718 fabricated using different laser additive 

manufacturing routes are listed in Table 2.5. The directional microstructure in the 

components manufactured by laser AM techniques results in anisotropy. In general, 

the specimens with a loading axis perpendicular to the build direction (i.e. x-y 

direction) typically exhibit higher strength properties and inferior ductility as 

compared to those which had their loading axis in the build direction (i.e. z direction) 

[14,89]. Post-heat treatment was successful in decreasing the anisotropy in mechanical 

properties. However, anisotropy was still observed after heat treatment, especially in 

the ductility property [89]. The various heat treatment processes resulted in varying 

microstructures, especially in terms of the distribution of the precipitates and grain 

sizes. This resulted in the differences in the mechanical properties post heat treatment. 

Ni et al. [89] and Zhang et al. [103] studied various heat treatment strategies for laser 

AM deposited IN718 to find an optimum heat treatment condition. A homogenisation 

treatment followed by solution treatment and double ageing was found to produce 

near- recrystallised microstructure (to some extent) with mechanical properties 

comparable to wrought IN718. However, the same heat treatment procedure may not 

be suitable for repairs, as homogenisation treatment at 11000C for 1 hour may result 





Chapter 2  Literature Review 

31 | P a g e  

 

 

 
STA 1371  1084  10.1  

HSA 1371  1046  12.3  

8 

[115] 
STA SLM 1400 1440 1180 1186 20.4 18.5 

9 

[116] 

As-D 

EBM 

1110 1000 910 760 31.5 40.0 

DA 1260 1190 1105 1010 22.5 32 

STA 1175 1205 1095 860 20.5 37.5 

∥ BD: Parallel to build direction; ⊥ BD: perpendicular to build direction 

 As-D: As-Deposit; DA: Direct Aged; STA: Solution Treated and aged; 

HSA: Homogenised Solution treated and Aged. 

 

A difference in the tensile properties is often observed when the loading direction is 

parallel to the build direction and perpendicular to the build direction [12,13,117–119]. 

The difference in the mechanical properties is often attributed to the morphology and 

texture of the grains in the as-deposit component [13,14,108,111,120]. Taylor factor 

analysis is often employed to describe the difference in mechanical properties. A high 

value of the Taylor factor would suggest that more stress is required to initiate slip, 

leading to higher yield stress values. AM IN718 deposits tested in different 

orientations have a higher average Taylor Factor on the cross-section parallel to the 

build direction [113,120].  Thus, the relatively high value of the Taylor factor for the 

grains on the cross-section of the horizontally built sample is responsible for the high 

strength. Liu et al. [120] tested SLM IN718 deposits manufactured with varying energy 

densities and tested in orientation at 0º, 90º, and 45º to the build direction. The Taylor 

factor maps shown in Figure 2.20 (e) for deposits with the same energy densities, but 

different orientations show higher values of the Taylor factor for samples tested at 90º 

and 45º to the build direction. Higher mechanical strength was also seen in the 

corresponding specimen. Most results reported in the literature follow this trend; 

however, Deng et al. [116] observed lower strength for samples oriented perpendicular 

to the build direction when they tested EBM IN718 under tension, although higher 

values for Taylor factor are still observed for samples tested in perpendicular direction. 

A possible reason for such anomaly was attributed to the directional alignment of 

micro-pores and columnar grains in the as-manufactured condition as shown in Figure 
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2.21 (d), (e). The difference in the elongation is generally attributed to different 

cracking mechanisms due to varying grain morphologies.  

 

Figure 2.20: Stress-strain curves of the samples at different orientations and energy 

density (a–c) and (d) the schematic maps of the loading direction and build direction 

for the tested samples; (e) Taylor factor maps for the corresponding samples[120]. 
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Figure 2.21: Taylor factor maps and Mechanical properties of EBM deposit IN718 

tested in different orientations (a),(d) Parallel to build direction; (b), (e) 

Perpendicular to build direction  [116]. 

2.4.3.3 Fatigue in Laser AM fabricated IN718 

Cyclic loading may prompt either elastic or elasto-plastic responses in a material. At 

low loads, the material behaviour is elastic, and the material will survive a large 

number of cycles. Failure under this condition is generally categorised as high cycle 

fatigue (HCF). But at loads near or above the yield stress, the material deforms 
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plastically, and failure occurs at a substantially lower number of cycles. In this case, 

the corresponding failure falls under the category of low cycle fatigue (LCF). Damage 

leading to failure under cyclic loading is characterised by different approaches, e.g. 

total-life approach and the defect-tolerant approach. In the total-life approach, material 

resistance under cyclic loading is quantified by characterising total fatigue life in terms 

of stress or strain amplitudes. The ‘stress-life’ method and the ‘strain-life’ method are 

the most used methods for fatigue life analysis. The stress-life method relates nominal 

stresses to local fatigue strengths and does not incorporate the effects of plastic 

deformation. Therefore, its usage is generally limited to high cycle fatigue regimes. 

On the other hand, the strain-life approach incorporates plastic deformation in 

localised regions. As a result, the strain-life approach is more comprehensive, 

especially for low cycle fatigue life analysis [85,121].  

HCF has been established in industrial applications as one of the most common and 

important failure mechanisms [85,122]. Generally, the crack initiation step dominates 

the fatigue behaviour in the high cycle regime. On the contrary, low cycle fatigue life 

is dominated by the crack propagation step [123]. Therefore, a material having higher 

strength properties would have better high cycle fatigue life. However, a higher 

strength can typically result in a microstructure being more susceptible to a 

propagating crack. The highly complex thermal history during laser additive 

manufacturing leads to significant variation of microscopic details, including grain 

sizes, distribution of secondary phases etc., that would affect the fatigue performance 

of the material. Also, the other factors affecting fatigue life are (a) specimen geometry, 

(b) surface roughness [124], (c) direction of testing with respect to the build direction 

[125], and (d) residual stresses [126,127]. In contrast to the wrought materials, where 

the slip-bands and microstructural elements such as the grain boundaries result in crack 

initiation during cyclic loading, the voids/porosities that occur during laser AM can 

act as the major crack initiation sites resulting in low fatigue life in AM components, 

especially for HCF [24,128,129].  

Gribbin et al. [130] investigated the effect of SLM-deposited microstructure on the 

fatigue performance (HCF) of IN718 in various sample orientations. An orientation 

dependence of fatigue (and tensile) properties was observed. The reason for such 

orientation dependence was attributed to inherent defects during the deposition process 

and distribution of the phases. Johnson et al. [131] also observed that fatigue cracks 

(trans-granular) initiated from the hard phases/particles or the pores at or near the 
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surface of the component. Amsterdam et al. [132] investigated the high cycle fatigue 

properties of LENS manufactured IN718. It was observed that the fatigue performance 

of the IN718 was similar to wrought material, even with the presence of pores within 

the LBD material. However, samples with larger defects performed much worse 

(Figure 2.24). Balachandramurthi et al.[133] observed improvement in fatigue life was 

due to the reduction of porosities that occurred during the deposition process. HIPing 

was adopted to reduce the porosities.  It was also reported that post deposit HT, such 

as direct aging and solution treatment and aging, improved the fatigue life of IN718 

coupons manufactured via SLM and EBM.  Similarly, Popovich et al.[134] observed 

that post deposit solution treatment and aging on laser AM IN718 significantly 

improved the high-temperature fatigue life. The dissolution of brittle Laves phases and 

formation of δ phase precipitates, which provided restrictions to grain boundary 

sliding, post HT improved fatigue life. 

 

Figure 2.22: High cycle fatigue data for IN718: (a) at room temperature and (b) 500 

°C[130]. 

 

Figure 2.23: High-cycle fatigue properties of AM IN718 and wrought IN718 tested at 

650°C and R =0.1 [122]. 
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Figure 2.24: S-N curve of the IN 718 samples fabricated with LENS technique tested 

at R = 0.1[132] 

Ardi et al. [127] studied the fatigue performance of laser deposited IN718 in solution 

treated (at 980ºC) and aged condition. They adopted the HIP technique post-deposit to 

reduce the porosities in the deposit, and the effect of shot peening on the laser 

deposited IN718 was also investigated. Although porosities were considerably reduced 

by HIP treatment, but this did not translate to improvements in fatigue performance. 

This was attributed to the presence of inclusions and yield strength reduction resulting 

from γ” solutionisation. Moreover, shot peening induced high compressive residual 

stresses, but the fatigue performance deteriorated post-shot peening. On the contrary, 

Karimbaev et al. [124] observed beneficial effects of ultrasonic nanocrystal surface 

modification (UNSM) treatment at room and high temperatures (RT and HT) on the 

mechanical properties and fatigue performance of AM IN718. The improvement in 

fatigue properties was attributed to the introduction of a high compressive residual 

stress (CRS) and the generation of a nanostructured surface layer. UNSM treatment 

shifted the crack initiation site into the subsurface from the surface in untreated 

samples. Shang Sui et al. [122] investigated the high cycle fatigue performance of 

Laser AM IN718 in a direct aged condition and compared them with the wrought 

counterparts. Fatigue tests at high temperatures (650°C) revealed that the wrought 

samples exhibited better fatigue resistance at higher stress amplitudes than the AM 

IN718 counterparts, which was owed to the presence of the δ phase in wrought 

samples. However, at lower stress amplitudes, improved fatigue life was observed that 

was attributed to the Laves phases hindering the crack propagation. It was argued that 

the Laves phase fragmented at higher stress levels, and microvoids were created in the 
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Laves-matrix interface, leading to crack initiation and poor fatigue life.  Kawagoishi 

et al. [135] studied fatigue properties of IN718 at room temperature and elevated 

temperatures. Although uniaxial tension tests exhibited lower strength values at 

elevated temperatures, greater fatigue strength was observed at low-stress regimes at 

elevated temperatures than at room temperature. It was found that the oxide film on 

the material surface resisted crack growth, especially at low stresses, which 

outweighed the material softening due to thermally activated slip, and as a result, the 

fatigue life of the material was improved. Similarly, Gribbin et al. [130] observed 

longer fatigue lives for IN718 tested at 500°C for lower stress amplitudes than the 

materials at room temperature. 

2.4.3.3.1 Fatigue properties of repaired/welded IN718 

Ono[136] investigated the effect of microstructural features on the tensile and high 

cycle fatigue properties of electron beam welded IN718. It was found that high-cycle 

fatigue cracks predominantly initiated from coarse Nb-enriched carbides and faceted 

structures that mainly corresponded to the carbides at cryogenic temperatures. At room 

temperatures, the high-cycle fatigue strength of the welded joint was slightly lower 

than that of the base metal, similar to their corresponding tensile properties. The cracks 

occurred in the HAZ region, and no inclusions, such as niobium-enriched MC-type 

carbides, Laves phases or δ phases, were observed at the fatigue crack initiation site at 

room temperature. However, the possibility of cracks initiating from Nb-rich grain 

boundaries, which occurs due to liquation of the NbC present in the base material, was 

not explored. Sivaprasad [137] studied the HCF performance of IN718 TIG and EB 

weldments. In a direct aged condition (DA), both TIG and EB weldments exhibited 

similar fatigue at high-stress levels. However, at lower stress levels, the EB weldment 

exhibited superior fatigue life compared with the TIG weldment in either DA or STA 

conditions (Figure 2.25). Failure predominantly happened in the weld zone, and 

transgranular fatigue crack growth with an irregular crack path was observed. The 

carbide particles deflected the crack path to a small extent, and failure occurred 

predominantly through the Laves phase in DA conditions and in the regions around δ 

and Laves in the STA weldment samples. Subsequently a magnetic arc oscillation and 

current pulsing technique was adopted by Sivaprasad and Raman [138] to vary the 

quantity of Laves phase formed during the welding process. The effect of post-weld 

heat treatment on the fatigue life of the weldments was explored. It was observed that 

larger amounts of Laves phase resulted in the reduction of life. Moreover, In the 
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solution treated and aged condition, the δ-needles affected the fatigue life more 

adversely compared to the Laves phase. It was observed that STA heat treatment had 

better fatigue performance at low-stress levels; however, at higher stress levels, the 

DA seemed to perform better than the STA counterparts. Alexopoulos et al. [139] 

tested TIG-welded IN718 specimens. Compared to the wrought IN718, a higher 

decrease in fatigue performance was observed at the higher stress regimes compared 

to lower stress regimes, as shown in Figure 2.26. However, the possible metallurgical 

reasons responsible for such behaviour were not explored. 

 

Figure 2.25: S-N curve for GTA/TIG and EB weldments in two post-weld heat-

treated conditions: (a) DA and (b) STA[137]. 

 

Figure 2.26: S-N curves of reference and TIG welded specimens of IN 718 tested at 

R = 0.1 [139]. 
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2.4.4 Grain refinement of IN718 

2.4.4.1 Columnar to equiaxed transformation (CET) 

Solidification under varying conditions leads to the following grain morphology: (a) 

fully columnar, (b) mixed columnar and equiaxed, and (c) full equiaxed. Different 

morphologies are attributed to the thermal gradient (G) (K/m) and the solidification 

rate (R) (m/s) during solidification. Process parameters including laser power (P), 

travel speed (v), substrate temperature, and beam diameter affect the G and R values, 

resulting in a variation in the grain morphology of the laser deposited sample. Process 

maps were developed by Gäumann et al. [140] to predict the transition from equiaxed 

to columnar microstructure based on Hunt's model for columnar and equiaxed growth 

of dendrites where a lower G/R ratio would result in an equiaxed structure. During the 

directional solidification in AM, the substrate and the previously deposited layers act 

as the heat sink for the melt pool. This results in heat flux in the direction opposite to 

the growth direction. The rate of advance of the isotherms would direct the velocity at 

which the solid–liquid interface grows. Figure 2.27 shows the solidification 

microstructure schematic using a combination of G and R. The ratio of G/R dictates 

the morphology of the resulting microstructure. The product G*R is the cooling rate. 

As depicted in the schematic in Figure 2.27, a higher cooling rate would result in a 

finer microstructure and a lower cooling rate results in a coarse solidification 

microstructure.  

 

Figure 2.27: The effect of G and R on the solidification microstructure morphology 

[141]. 

Another important parameter when discussing the solidification structure is the 

degree of undercooling (∆T). The relation between undercooling and dendrite growth 
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velocity for IN718 is shown in Figure 2.28. A higher undercooling (∆T) results in a 

high growth velocity of the solid-liquid interface, thereby increasing R. Thus, higher 

(∆T) would result in higher cooling rates (G*R) and finer resulting microstructure. 

However, during laser based additive manufacturing of IN718, the magnitude of the 

G is often too high to form a full-equiaxed grain structure without any external aid 

[142,143].  

 

Figure 2.28: Relation between degree of undercooling and growth velocity [22]. 

 As shown previously in Section 2.4.3, the columnar nature of the AM 

microstructure leads to anisotropy in the manufactured part. An equiaxed 

microstructure is expected to reduce the anisotropy in the mechanical properties of the 

fabricated component. In order to produce an equiaxed microstructure, the process 

parameters would need to be adjusted to find a suitable combination of the thermal 

gradient (G) and solidification velocity (R) to provide sufficient undercooling for 

equiaxed grain formation. However, this requires extensive manipulation of 

parameters. Moreover, the laser AM processes are associated with high thermal 

gradient, making it very difficult to manipulate the process parameters to achieve a 

homogenous and equiaxed microstructure. Theoretically, for IN718, columnar to 

equiaxed transformation is possible by controlling the process parameters. However, 

in reality, the window to achieve CET while maintaining a high density built is very 

narrow and generally very difficult to achieve [144].  Based on theoretical models, the 

effect of pre-existing nuclei on the G/R maps was shown by SS Babu et al.[107] for 

IN718 parts manufactured via EBM process. It was observed that a greater number of 

pre-nucleation sites favoured equiaxed grain formation. A high number of nucleation 

sites can be achieved by: (a) mechanically agitating the melt pool during solidification; 
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or (b) chemically adding nucleation-promoting inoculants.[145]. Inoculation is 

considered as a successful melt treatment approach to effectively achieve grain 

refinement. This refers to adding grain refiners or/and a small number of solute 

elements to promote heterogeneous nucleation and restrict the grain growth.  

 

Figure 2.29 Effect of prior nucleation sites in EBM IN718 process (a)high number, 

(b) low number of pre-existing nuclei [107]. 

2.4.4.2 Grain refinement of IN718 using inoculants 

The method of refinement of grain structure by the addition of inoculants that aids 

nucleation and hinders grain growth is very effective. According to Murthy et al. [146], 

a good inoculant should be (a) a stable substance for heterogonous nucleation, i.e. 

ability to initiate freezing at minimum undercooling; (b) be stable in the melt pool; (c) 

finely dispersed in the pool; (d) have a similar density to the melt. Metal oxides and 

Boron has been used as refiners in some superalloys [147]. The former resulted in 

introducing inclusions that deteriorated the mechanical properties by creating void 

nucleation sites. On the other hand, Boron was able to refine the grain structure and 

improve fatigue properties; however, a decrease in primary melting temperature 

hindered the manufacturing process [148].  

2.4.4.2.2 Models used for evaluating the potency of inoculants based on 

crystallographic matching 

The interfacial surface energy and the strain energy play an important role during 

phase transformation (solid-solid) [149]. Generally, the parent and product phase try 

to minimise the interfacial energy by forming a coherent or partially coherent interface. 

This, in turn, increases the lattice energy between these two phases when there is a 

mismatch (disregistry) between the lattice spacing of these phases. Therefore, the 
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atoms in both the parent and product phase tend to match, thereby reducing the strain 

energy as much as possible. The crystallographic models: the “plane-on-plane” 

matching model [150,151] as well as the “edge-to-edge” matching model 

[148,152,153] consider that the interfacial energy between the inoculant/substrate and 

the nucleating solid is critical to the potency of a substrate. To achieve low interfacial 

energy, the two solids must be coherent or partially coherent, which leads to a certain 

orientation relationship (OR) between these two phases. In a coherent or partially 

coherent interface, strain energy is present if there is no exact matching between the 

substrate and the solid. To minimize this strain energy, it requires maximum atom 

matching on the interface.  

The Edge-to-Edge Matching Model (E2EM) 

The edge-to-edge matching model is based on the matching of rows of atoms across 

the interface of the parent phase and the nucleating phase. It can predict the Orientation 

Relation (ORs) and, therefore, can be directly applied to new and existing alloy 

systems for grain refinement. The E2EM has been applied successfully to various Al 

and Mg systems by Zhang et al. [149,153] and Wang et al. [148] on superalloys and 

subsequently is validated by experimental data suggesting significant grain size 

reduction. This model is governed by minimization of the strain energy of the interface 

(fully or partially coherent) and considers both the morphology and the ORs between 

the parent and nucleating/ product phase. The necessary conditions for minimization 

of the interfacial energy are the matching of rows of atoms in the two phases and the 

additional requirement that these matching or coincident atom rows consist of 

directions in the two crystals that are close-packed or nearly close-packed. The 

probability of achieving atom row matching in consecutive atom rows across an 

interface is maximized if planes that contain the atom rows in the two phases and have 

the same (or very similar) inter- planar spacing are arranged to meet edge-to-edge in 

the interfaces.  

2.4.4.3 Grain refinement in AM products using inoculants 

Various grain refinement methods of IN718 using chemical methods 

(inoculants) have been mostly limited to cast and wrought products. Ho et al. [154] 

studied microstructure evolution in SLM fabricated IN718 by WC-W2C eutectic 

powders were used as inoculants. The motivation was to enhance the hardness and 

wear properties. However, the size of the inoculants used was almost similar to that of 

the IN718 powders (d50 ~ 50 µm). These inoculants can act as inclusions, promoting 
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crack formation. Grain refinement was not observed in the IN718 matrix. The resulting 

mechanical properties after inoculant addition was not reported.   

- 

Figure 2.30: As-built IN718+inoculants along the transverse direction [154]. 

Martin et al. [155] used nanoparticles to create nucleation sites in SLM-produced high-

strength Aluminium alloys. Nano-sized inoculants were electrostatically assembled on 

the alloy powders, and a fine fully equiaxed microstructure with significantly high 

strength properties was achieved.  Nanocomposites using AM manufacturing 

processes are abundant in the literature. Most used alloy systems for such 

nanocomposites are Steels [156–158], Aluminium [159,160], Titanium [161], and Ni-

based superalloys [162–167]. The general motivation for using inoculant has been 

tailoring the machinal properties, and in some studies, microstructure modification 

was achieved. AlMangour et al. processed SLM-produced TiB2 / 316L stainless steel 

composites [156–158]; They found a significant change in the microstructure 

morphology after the addition of ≥ 5vol% of TiB2; the columnar grains were broken 

down to very fine equiaxed grains.  Xi et al. [160] used TiB2 to induce grain refinement 

(columnar to equiaxed transformation) in SLM-produced Al-12Si alloy. A 2wt% TiB2 

addition could refine the columnar as-deposited microstructure to fine equiaxed 
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isotropic microstructure. Also, TiB2 addition had beneficial effects on the strength 

properties of the composite.  

 

Figure 2.31: Grain refinement due to inoculant addition: (a) 316L/TiB2[156]; (b) Al-

12Si/TiB2 [160]. 

TiC was used by Jia et al. [162] and Gu et al. [165] to improve strength and wear 

performances in SLM fabricated IN718. The addition of inoculant generally improves 

the strength properties in the resulting composites, in some cases at the cost of ductility 

properties[168]. Densification problems generally arise with inoculant usage if the 

processing parameters, i.e. energy density, are insufficient. A low energy density 

would result in interlayer defects [157,165], and too high an energy density might 

dissolve the inoculants completely and not yield desired results.  
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were observed post-heat 

treatment;  

2[165] SLM IN718 TiC  

Ball mill 5:1 

ball: powder; 

4 hr; 

200RPM 

Grain refinement was 

not reported, and wear 

and hardness improved 

3[169] SLM IN718 CoAl2O4 

Roller mill 

operated at 

130 rpm for 1 

h 

Dispersion of Al-rich 

nano-oxide particles 

leads to grain 

refinement, degree of 

refinement not 

significant; 

improvement in creep 

rupture life noted. 

4[167] SLM IN625 TiB2 

Ball mill 5:1 

ball:powder; 

12 hr; 

250RPM 

No grain refinement 

was noted, and 

improvement in tensile 

properties, hardness, 

and surface wear 

resistance was noted. 

5[168] SLM HEA TiN 

Ball mill 6:1 

ball:powder; 

1.5 hr; 

150RPM 

Very low ductility; high 

strength, and grain 

refinement occurred 

6[161] SLM Ti TiC 

Ball mill 5:1 

ball: powder; 

4 hr; 

200RPM 

insufficient 

densification and 

disappearance of 

nanostructured TiC 

reinforcement at a high 

TiC content above 17.5 

wt.% decreased the 

hardness and wear 

performance 

7[156–

158,16

1] 

SLM SS316L TiB2 

Ball mill 5:1 

ball:powder; 

4 hr; 

200RPM 

TiB2 is a highly potent 

refiner; a significant 

increase in strength and 

wear resistance 

8[170] SLM SS316L Al2O3 
Roller mixer 

for about 4 h 

Significant strength 

increases at the cost of 

ductility 

9[144] SLM 

Al-

Mg(-

Sc)-Zr 

Al3Sc 
In-situ 

precipitation 

Grain refinement 

occurred, and 

homogenous equiaxed 

microstructures 

10[155] SLM 

Al 

alloy 

6000, 

7000 

series 

Zr 

Nanoparticl

e 

Powders are 

electrostatical

ly assembled 

Nanoparticle 

compositions selected 

using a matching 

crystallographic lattice; 
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fine equiaxed 

microstructure 

11[171] 
WAA

M 

Ti-6Al-

4V 
ZrN, TiN 

Inoculant 

premixed 

with a 

polyurethane 

adhesive 

before being 

applied as a 

thin coating 

to the top of 

each 

deposited 

layer 

TiN is a better refiner 

than ZrN due to better 

crystallographic 

matching and better 

survivability in the melt 

 

Various grain refinement methods of IN718 using chemical methods (inoculants) have 

been limited to cast and wrought products. For AM, the existing literature shows that 

the secondary reinforcement particles or inoculants used in AM IN718 are successful 

in strengthening and improving the wear properties of the composites formed. 

However, grain size refinement is generally not noted. Additionally, the rationale for 

the selection of a particular reinforcing particle is not discussed. For DED processes, 

the use of refiners is virtually absent. An even distribution of inoculants is needed to 

create nucleation sites uniformly throughout the deposit. The addition of inoculants is 

aimed at achieving a homogenised equiaxed microstructure with isotropic mechanical 

properties, although its usage for laser additive manufacturing is very limited in the 

literature. Identification of suitable inoculants and mixing of inoculants with the 

feedstock powder to be fed in for the DED process offers the biggest challenge for 

using inoculants in DED processes. However, using inoculants offers an attractive 

solution to transform the columnar microstructures to isotropic equiaxed 

microstructure and deserves further investigation.  

2.5 Summary, gaps and research questions  

Laser additive manufacturing has emerged as a subject of considerable attention in the 

past decades. IN718 has been studied quite extensively for building components using 

various AM techniques. Additive manufacturing (AM) processes have also found 

usage as repairing techniques for restoring both geometrical and mechanical properties 

of the damaged components. AM techniques as repair techniques provide many 

advantages over traditional techniques such as welding or brazing, as discussed in 

previous section 2.2. Laser AM techniques, especially powder blown techniques such 

as DED, possess immense potential for application as a repair technique. However, the 
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use of DED techniques as repair techniques is mostly limited to surface 

repairs/modifications and coating, as reported in the literature. 

To use laser AM technologies for repair purposes, a set of process parameters 

that allows a dense deposit with minimum defects is essential. Studies on bulk AM 

deposit IN718 indicate that several process parameters such as power, scan speed and 

scanning pattern affect the microstructure and the mechanical properties of the deposit. 

The combination of the process parameters is often expressed as energy density which 

is the measure of the heat input during an AM deposition process. However, using 

energy density as a design parameter can be questioned as multiple process parameter 

combinations can yield the same energy density. Therefore, understanding the process 

parameters becomes an essential prerequisite for using AM techniques for repair. The 

limited reports for large repairs lack in-depth metallurgical characterisation, including 

microstructure evolution, Laves phase distribution and the dendritic arm spacing in the 

repaired part due to different groove angles and scanning patterns. Moreover, along 

with the weld zone, the heat-affected zone (HAZ) in a repair is of utmost significance 

as failures have been reported to occur from the HAZ and weld zone welds. However, 

for repairs using AM techniques, microstructural characterisation and mechanical 

properties investigations of the entire repaired composite – including the deposit zone, 

the substrate and the deposit – substrate interface are limited in the literature. 

High-cycle fatigue (HCF) has been established as one of the most common and 

important failure mechanisms in industrial applications. Fatigue studies on wrought 

and bulk AM Inconel 718 are well explored in the literature. Fatigue properties for 

AM IN718 components are found to be unpredictable due to heterogeneous 

microstructure and non-uniform distribution of the secondary phases such as Laves 

phase and δ phase.  The fatigue properties of repaired IN718 are mostly restricted to 

welding, and fatigue properties of IN718 components repaired by AM techniques are 

virtually absent in the literature. Therefore, it would be necessary to study the fatigue 

properties of IN718 repaired using AM techniques, co-relating the fatigue properties 

to the repaired microstructure and comprehensively understanding the failure 

mechanism. An AM repaired component would possess a non-uniform microstructure 

with several phases such as the Laves phase, metal carbides (MC) in the deposit and 

coarse equiaxial grain boundaries with NbC liquified along the coarse substrate GB. 

The effect of these phases on crack initiation and propagation during cyclic loading, 

especially near the repaired joints, requires further exploration. 
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The high thermal gradient associated with the laser AM processes makes achieving a 

homogenous and equiaxed microstructure difficult. A typical laser-based AM 

microstructure is characterised by columnar dendrites that grow epitaxially opposite 

to the heat flow direction, often resulting in a microstructure with a preferred {100} 

texture along the build direction. Moreover, the high cooling rates often restrict the 

formation of strengthening precipitates and favour the formation of non-equilibrium 

phases that may adversely affect the properties of the repaired/built part. Post 

deposition heat treatments are often employed to dissolve the high Nb-content Laves 

phases, thus allowing the strengthening precipitates to form. However, a homogenous 

and equiaxed structure is still difficult to achieve. The G/R maps provide a theoretical 

solution to control the microstructure in a Laser AM technique, although the operating 

window to achieve homogenous equiaxed microstructure might be too narrow. The 

directional nature of the microstructure and texture results in anisotropy in the 

mechanical properties. Inoculant addition offers an attractive solution for refining the 

as-deposit microstructure and columnar to equiaxed transformation. There are several 

different grain refiners or reinforcing particles used in additive processes, as 

summarized in Table 2.6. For IN718-based composites manufactured by DED 

techniques, improvements in mechanical properties such as hardness, strength and 

wear performances are often noted; however, grain refinement is limited, making it an 

important research area that deserves detailed investigation. 

These observations led to the following research questions to be addressed in this 

project. Also, the underlying objectives involved in each of these research questions 

are discussed.  

1. What is the effect of repair geometry and post deposit heat treatment on the 

deformation behaviour of IN718 superalloy components repaired with direct 

energy deposition?  

➢ Study the effect of linear energy density (process parameters) on the 

microstructure of the deposit to find a suitable set of parameters for repair in 

terms of the degree of densification, grain size, aspect ratio, distribution of 

Laves phase, and mechanical properties (in the form of hardness tests). 

➢ Study the effect of varying deposition path and repair geometry (various 

groove angles and sizes) on the properties of the repaired part focussing on 

microstructure and hardness of the as-deposit section, HAZ and substrate. 
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➢ Study the deformation behaviour of the repaired component tested under 4-

point bend test. 

2. What is the effect of post-deposit heat treatments on the high cycle fatigue 

properties of Laser DED, the repaired component? 

➢ Investigate the HCF properties in DED repaired IN718 at room temperature 

under the following heat-treated conditions: 

▪ Direct aged (DA) 

▪ Solution treated at 980ºC and aged (STA). 

➢ Study the micro-mechanism of fatigue failure in the repaired components using 

interrupted tests and correlate the cyclic deformation mechanism and repaired 

microstructure.  

3. What is the effect of inoculant additions in grain refinement, texture 

evolution, and mechanical properties of IN718 manufactured using the laser 

DED technique? 

➢ Investigate crystallographic models to select inoculants to be introduced with 

IN718. 

➢ Study the effect of energy densities and inoculant loading on the resulting 

microstructure and texture.  

➢ Study the mechanical properties of the resulting composite in the form of 

hardness and tensile tests. 
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CHAPTER 3 

 Experimental Methods 

This chapter outlines the experimental procedures used in the current work. A detailed 

description of the materials, general manufacturing process, heat-treatment, various 

mechanical testing procedures, phase evaluation and microstructural evaluation 

techniques are provided. In addition, the microstructure and texture characterisation 

methods, such as optical microscopy, scanning electron microscopy (SEM), including 

electron backscattered diffraction (EBSD), and X-ray diffraction (XRD), are 

described. 

3.1 Material and Methods 

Wrought Inconel 718 plates with 21 mm thickness were used as substrates for the 

depositions. The thickness of the substrates was kept constant for all the depositions. 

For all the DED processing, Plasma Atomised (PA) Inconel powders were acquired 

from AP&C pvt. Limited (GE additive). The powders used for the deposits had a size 

range varying from 45 µm – 140 µm. Figure 3.1 (a) shows the SEM image of the 

spherical feedstock IN718 powders. The plasma atomised powders are spherical 

without any significant defects or porosities. The size distribution of the feedstock 

IN718 is shown in Figure 3.1 (b). The cumulative distribution shows that d50 ~ 80 µm 

and d90 ~ 105 µm, i.e., 50% of the powders are smaller than 80µm, and 90% are smaller 

than 105 µm. Similar powder distribution is typical for powder blown type DED 

additive manufacturing processes [2,9,10] and powder bed based additive processes 

such as electron beam melting (EBM) [11]. Other powder bed based additive processes 

such as SLM used finer powders in the range ~10 µm – 50 µm [12,13].  Figure 3.2 (a) 

and Figure 3.2 (b) display an SEM micrograph and EBSD map showing the substrate 

microstructure. The wrought substrate was received in an annealed and aged condition 

with an average hardness of Hv 410 ± 20. The wrought substrate exhibited a high 

fraction (~ 42%) of ∑3 twin boundaries, as shown in Figure 3.2 (d). Figure 3.2 (c) 

shows the corresponding XRD pattern of the substrate material. The XRD pattern 

reveals peaks corresponding to the typical γ FCC matrix. It is known that the XRD 

peaks of the γ″ precipitate and γ  matrix overlap in (200) and (220) planes [13,34,172]; 

however, the γ″, γ′ precipitates are expected in the matrix of the wrought substrate as 

a result of precipitation during the ageing heat-treatment.  
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Figure 3.1: (a) SEM image of the GA Inconel 718 Powders (b) powder size 

distribution. 

 

Figure 3.2: (a) SEM micrograph showing substrate microstructure; (b) EBSD map 

showing high angle (black) and low angle (green) grain boundaries and ∑3 twin 

boundaries (red), (c) XRD patterns and (d) the relative frequency of the 

misorientation distribution of the as-received IN718 plates. 

3.2 Direct Energy Deposition (Optomec LENS MR-7) 

LENS or laser Engineered net shaping is one of the most used additive 

manufacturing processes. The Optomec LENS MR-7 apparatus utilised in this work 

has an enclosed fabrication chamber with 4 powder feeders. It is equipped with a 1kW 

IPG fibre laser with a coaxial powder delivery system.   Argon was used as a shielding 

gas and carrier gas for all the deposits with a flow rate of 15 l/min and 6 l/min, 
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respectively. The oxygen level was kept below 3 ppm for all the deposits. The present 

study is concerned with bulk deposits and large section repairs. Hence, all the deposits 

had multiple tracks and layers. Laser power P (W) and scanning speed v (mm.s-1) were 

the main process parameters that were varied. The parameters used for the deposits are 

detailed in the subsequent chapters Chapter 4 – Chapter 6. Six layered deposits for 

each parameter set were performed initially to determine the hatch distance and layer 

thickness for the corresponding combination of laser power and scan speed. After 

every deposit, the substrate was allowed to cool down for 10-15 minutes prior to the 

next deposit.  

3.3 Heat treatment 

All heat treatments were performed in a muffle furnace under an Argon atmosphere 

capable of reaching a maximum temperature of 1600ºC. For the DED repaired plates, 

two post-deposit heat treatments were performed:  

(1) Direct ageing (DA): Heating to 720 °C and holding for 8 hrs, subsequently furnace 

cooling at 55 ºC/hr to 620 °C and holding for 8 hrs, followed by air cooling to ambient.  

(2) Solution treatment and ageing (STA): Solution treatment was performed at 980 C 

for 1 hr, followed by water quenching. The solution treatment was followed by ageing 

treatment, and the ageing treatment was identical to the DA treatment.   

The corresponding heat treatment schedules for DA and STA are depicted in Figure 

3.3 (a) and Figure 3.3 (b), respectively.  

 

Figure 3.3: Heat treatment schedule for repairs (a) Direct ageing (DA); (b) Solution 

treatment and ageing (STA). 

Previous work on selective laser melted (SLM) IN718 showed that solution treatment 

at 1100 °C caused significant grain growth, despite a complete dissolution of Laves 
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phase [14]. Thus, the solution treatment temperature in the present work was chosen 

to be 980 °C. In addition, both the STA and DA heat treatment parameters conform 

with those adopted for the cast and wrought IN718 [14,93,104].  

3.4 Method of inoculant identification using Edge-to-Edge Model (E2EM) 

3.4.1 Identification of matching direction  

If it is assumed that phase-A is the matrix and phase-B is the nucleating phase, based 

on the E2E model assumptions, the prediction of the orientation relation (OR) between 

the phases A and B from the model can be ascertained. 

With knowledge of the crystal structure of the phases A and B (e.g., by using 

XRD), the atom positions in both the phases are identified. Unlike the “plane-to-plane” 

model, where the lattice positions are considered, the E2EM considers the atom 

positions in A and B phases. The atomic density (linear) identifies the closed-packed 

directions in which the misfit calculations are performed. Thereafter, the interatomic 

misfit is calculated between the phases A and B using the following equation 3.1: 

% ∆𝑎 = (
𝜌𝐴− 𝜌𝐵

𝜌𝐴
∗ 100)                                                                               [3.1] 

Where, % ∆𝑎 is the atomic mismatch percentage; 𝜌𝐴 is the interatomic distance in a 

closed-packed direction on phase A; 𝜌𝐵 is the interatomic distance in a closed-packed 

direction in phase B.  Zhang et al. [149] identified a interatomic mismatch value of 

less than 10% is necessary for an OR to exist between the phases A and B. 

3.4.2 Identification of matching planes 

To identify the matching planes, first, the closed-packed or nearly closed-packed 

planes in phases A and B are identified. These planes must contain the matching 

directions as identified in the previous step. These planes are termed as the matching 

planes. According to X-ray diffraction theory, the closed-packed plane normally 

corresponds to the plane with the highest structure factor [149]. Hence, this analysis 

stage involves calculating the structure factors of each plane of the phases. The planes 

with the highest diffraction intensity are the closed-packed or nearly closed-packed 

planes. The second step is to examine the d-values mismatch between the matching 

planes using the following equation 3.2, 

% ∆𝑃 = (
𝑑𝐴− 𝑑𝐵

𝑑𝐴
∗ 100)                                                                                [3.2] 
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Where, % ∆𝑃 is the interplanar mismatch percentage; 𝑑𝐴 is the interplanar distance in 

a closed-packed direction on phase A; 𝑑𝐵 is the interplanar distance in a closed-packed 

direction on phase B.  According to the model, the matching planes between phases A 

and B should have similar d-values. It has been observed that the probability of 

forming an OR is highly likely when the d-value mismatch along the matching 

direction is less than 10%. The lower the mismatch higher is the probability. It is 

important to note that the matching planes must contain matching directions. The 

matching direction, together with the matching plane pair, defines an approximate OR. 

In the existing literature, CrFeNb has been identified as an efficient inoculant for a 

refining grain size of cast IN718 [148,173,174]. From crystallographic models, it has 

been identified that CrFeNb has three distinct matching crystal planes with low degree 

of disregistry with the matrix lattice. However, the low melting point of CrFeNb makes 

it unsuitable for DED-type AM processes, where temperatures >3000ºC can be 

reached. Therefore, ceramic compounds with high melting temperatures were 

considered for grain refinement. Using the E2E model, TiB2 was chosen as an effective 

inoculant to induce heterogeneous nucleating sites for grain columnar to equiaxed 

transition in the microstructure. The details of the calculation based on the E2E model 

for TiB2 are reported in detail in Chapter 6. Other ceramic materials considered for 

calculation using E2E model include TiC, ZrC and WC. The corresponding mismatch 

calculations are reported in Appendix 2. 

3.5 IN718/Inoculant powder preparation using ball milling  

Low energy ball milling was utilised to mix inoculant powder with the feedstock 

IN718 powders. A custom “vertical ball mill”, as shown in Figure 3.4, was used for 

the mixing process. Low energy ball milling was applied as it was necessary to ensure 

that the inoculant powders were decorated on the feedstock powders without 

compromising the sphericity of the feedstock powder. Vertical ball milling was 

performed using 25 mm hardened steel balls for 6 hours at a fixed RPM of 200. To 

avoid oxidation of the powders, the ball mill jars were filled with Argon gas prior to 

the ball mill process. After ball milling, the powders were dried in a vacuum oven at 

150 ºC for 1.5 hours.  
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Figure 3.4: Ball Mill setup. 

3.6 Microstructural characterisation techniques 

Standard metallographic sample preparation was performed on the DED 

manufactured/repaired IN718 samples before analysing through X-Ray Diffraction 

(XRD), Scanning Electron Microscopy (SEM) and Electron Backscatter Diffraction 

(EBSD). 

3.6.1 Metallographic preparation 

Small specimens were machined from the additive manufactured components 

(cubes), and the repaired composites in as-deposit, and post-heat treated conditions 

using Struers Accutom-100 cutting machine. The cut samples were mounted using 

conductive poly-fast powders and polished using standard polishing and grinding 

methods; grinding using SiC abrasive paper from 80 to 1200 grit, followed by 

polishing with dispersions of 9, 6, 3 and 1 µm diamond suspension, and a final OPS 

polish prior to imaging. Samples were ultrasonically cleaned with ethanol for 5 min 

after each polishing stage. 

3.6.2 Microstructure analysis  

3.6.2.1 SEM – imaging  

A Field Emission Scanning Electron Microscope (FESEM) SUPRA 55-VP (Zeiss) 

was used for microstructural analysis characterisation of the DED IN718 and powder 
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samples. The powders samples were characterised using the Secondary Electron (SE2) 

imaging. For the bulk samples, SEM is performed using a 60 µm aperture and an 

operating voltage of 20kV in high current mode. An angular selective backscattered 

(SEM-AsB) detection system, which enables the collection of low-angle backscattered 

electrons coming from different scattering processes, was used for the bulk samples. 

The Supra V55 was equipped with an Oxford X-Max 20 SDD Energy Dispersive X-

ray (EDX) detector from Oxford Instruments, which was used for local qualitative and 

quantitative chemical analysis of the phases present in the samples. Elemental 

Mapping was performed for qualitative analysis, and the composition of selected 

regions of the microstructure was quantified using point analysis.   

3.6.2.2 SEM – Electron Backscattered Diffraction (EBSD) analysis 

EBSD analysis was carried out on a Zeiss LEO 1530 or SUPRA 55-VP SEM 

operated at 20 kV in the high current mode using a working distance ranging from 12 

to 16 mm. The samples were tilted 70° with respect to the electron beam. Both the 

microscopes were equipped with an EBSD detector that collects and analyse the 

diffraction patterns. In an automated EBSD system, typical Kikuchi bands of the 

electron backscatter diffraction pattern (EBSP) are captured and then viewed with a 

fluorescent phosphor screen and a sensitive charge-coupled device (CCD) camera, 

respectively.  

The EBSD acquisition software (Aztec 5.0) was used to control the data 

acquisition, solve the diffraction patterns, and store the data. Aztec Crystal and 

Channel 5 HKL software were used to analyse, manipulate, and display the data. The 

step size for the EBSD maps was selected based on the size of the features under 

investigation and the type of maps. The advantage of EBSD is that there is no 

ambiguity about the grain boundaries since they are measured in terms of 

crystallographic data. A step size of 2.5 µm – 5 µm was used to study grain size and 

texture analysis, also detailed in the subsequent Chapters 4 – Chapter 6. For grain size 

and texture analysis, the noise in the EBSD data was reduced by using the standard 

noise reduction filter in HKL and Aztec software, which allows the removal of zero 

solutions (EBSPs that could not be indexed) and isolated points that have been 

incorrectly indexed and appear as wild spikes. Following the removal of wild spikes 

and zero solutions, a ‘Kuwahara filter’ with a smoothing angle of 5º and size of 3 × 3 

is used to reduce the noise further. For grain boundary analysis, the High Angle Grain 

Boundaries (HAGB) were identified with misorientation > 10° and Low Angle Grain 

Boundaries (LAGB) > 2° misorientation. The ∑3 <110> Twin boundaries were 
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identified with misorientation of 60°±5°.  During grain reconstruction, the 60° <111> 

twin boundary was ignored in the calculation, as the twin boundaries are not real grain 

boundaries. Moreover, the grains with an area of fewer than 10 pixels were not used 

for the analysis according to ISO standard. The HKL software used circle equivalent 

diameter from the EBSD data to generate the grain size measurements, as shown in 

Figure 3.5 (a). Subsequently, the aspect ratio was calculated from the ratio of the major 

and minor axis of the fitted ellipse Figure 3.5 (b).  

 

Figure 3.5: Grain reconstruction from EBSD data (a) grain size calculation using 

equivalent circle diameter; (b) aspect ratio calculation. 

3.6.2.3 X-ray Diffraction 

In order to determine the phases present in the samples, X-ray diffraction (XRD) 

studies were performed. dhkl was calculated from the Bragg’s equation at each 2θ peak 

position of the sample. For cubic crystal structure, the inter-planner spacing (d) is 

related to lattice parameter (a) as, 

𝑑ℎ𝑘𝑙 = 𝑎/√ℎ2 + 𝑘2 + 𝑙2                                                                       [3.3] 

𝑛𝜆 =  2𝑑 𝑠𝑖𝑛𝜃                                                                                       [3.4] 

For all the phases, the lattice parameter was calculated from the respective 

interplanar spacing and ℎ𝑘𝑙 values. An X’Pert Pro MRD XL X-ray spectrometer from 

PANalytical was used for this purpose. The XRD tests were conducted using a 

monochromatic radiation Cu Kα (λ = 1.54Å), applied at a voltage of 4 0kV and a 30 

mA current. The diffraction angle 2θ varied from 20 to 100º. The resultant pattern 

peaks were analysed with X’Pert High Score Plus software with ICDD (The 

International Centre for Diffraction Data) – PDF (Powder Diffraction File) database 

files.  
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3.7 Mechanical testing methods 

3.7.1 Hardness testing 

As a simple means to determine mechanical properties, a microhardness tester was 

used to quantify the hardness of the as-deposited and heat-treated IN718. The 

microhardness measurements were performed with a Struers Microhardness testing 

machine equipped with a Vicker’s indenter with 500 gf load and a dwell time of 15 

sec. 8 – 10 indents were performed on the deposits to determine the average hardness 

of a sample.  Hardness maps were performed in build-direction cross-sections with a 

spacing of 1 mm between indents. To understand the spatial variation in hardness, 

indentations were performed with a spacing of 200 µm in the repaired composites: 

within the deposits, at the interface between the deposited material and the substrate.  

3.7.2 4-point bend test with Digital Image Correlation (DIC) for strain 

analysis  

4-point bend tests were conducted on an INSTRON 8802 servo-hydraulic machine 

with constant crosshead speed (displacement controlled) corresponding to a constant 

nominal strain rate of 10−4s−1.  The loading direction was such that the repaired surface 

was on the top surface that was under tension during the bend test, as shown in Figure 

3.6, where h and W represents the height and width of the specimens tested. L is the 

distance between the support pins, and the distance between the loading pins is denoted 

by l.   Bluehill software within the Instron Wave Console was used to control the tests. 

The specimens were tested to fracture or until the limits of bending allowable on the 

testing rig. 

 

Figure 3.6: Schematic of the 4-point bend tests specimen geometry. 

The strain evolution during the bend tests were measured using GOM Aramis Digital 

Image Correlation (DIC) equipment, as shown in Figure 3.7, A GOM Aramis 5 M 
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(GOM mbH, Braunschweig, Germany) with two cameras equipped with a Titanar lens 

(focal length of 50 mm) was used to carry out three-dimensional (3D) strain 

measurements at a resolution of 2448 × 2050 pixels and a frame rate of 1 fps. The 

camera lens was calibrated with a measurement area size of 100 mm × 50 mm. The 

top surface of the sample was painted with a black-and-white speckled pattern, and the 

strain evolution between the support rollers (80 mm) was monitored. The built-in 

ARAMIS software was used to analyse the measured images. The GOM uses a dual 

high-speed camera setup to allow 3-dimensional strain measurements on the specimen. 

The experimental setup is shown in Figure 3.7.  

 

Figure 3.7: 4-point bend test setup on the INSTRON with DIC. 

In a 4-point bend test, the region between the loading pins is considered to be under 

pure bend and, therefore, should have a uniform stress distribution. In the present 

study, the dimensions h and W were fixed due to the dimensions of the substrate plates 

and the geometry of the repaired grooves. Moreover, the repaired samples had grooves 

of 20 mm in length, and to ensure that the entire repaired component, including the 

substrate and the repaired region, was tested together, t was fixed at 30 mm. A 

schematic is shown in Figure 3.8 (a).  From numerical modelling, it has been shown 

for Aluminium alloys that a t/h=1.2–1.5 and L/t=4–5 results in uniform stress 

distribution in the sample between the loading span [175]. Using the DIC method, the 

strain distribution across the surface (tensile) of the bend samples was monitored by 

testing the substrate material with identical external dimensions, varying L while 

keeping t constant. The results are shown in Figure 3.8 ((b) – (d)). When the span ratio 

(L/t) was 2:1 (60:30), the strain values were not uniform, with high strain over the 
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loading pins. With increasing the span ratio to 2.67:1 (80:30), it was observed that the 

strain across the pure bend region was uniform. Tests at a higher span ratio were not 

performed because the maximum length of the repaired composites was ~100 mm; 

when L was > 80 mm, the support pins could not clamp the testing specimen on the 

testing rig properly the specimens slipped off the testing rig. Therefore, all the bend 

tests were performed with a span ratio of 80:30.  

 

Figure 3.8: (a) Geometry of the repaired-bend test specimens; (b) Strain evolution at 

Pmax on the top surface during 4-point bend tests with varying span ratio: (c) 80:30; 

(d) 60:30. 

3.7.3 Tension testing 

Tension tests were conducted at ambient temperatures on the wrought IN718, and 

DED deposited IN718 in as-deposited and post-heat treated conditions. Flat sub-size 

tensile specimens were machined according to ASTM standards (ASTM E8), as shown 

in Figure 3.9. The uniaxial tension tests were carried out on Instron 8802 servo-

hydraulic machine with a load cell capacity of ±100kN. All the tensile tests were 

performed until fracture at constant crosshead speed (displacement controlled), 

corresponding to constant nominal strain rates of 10−4 s−1. A non-contact video 

extensometer was used to measure the displacement (strain) during the tension test. 

Bluehill software in Instron Wave Console was used to control the tests. The digitally 

stored data sets were analysed to determine various mechanical properties. 
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Figure 3.10: Hourglass geometry fatigue test specimen design (all dimensions are in 

mm). 

For generating the stress-life (S-N) curve, cyclic loading was performed between 35-

90% of the wrought IN718 yield strength (YS). To reduce the effect of surface 

roughness on the fatigue properties of the tested specimens, the specimen surfaces 

were progressively ground and polished using the standard metallographic technique 

to a final 1 µm diamond suspension finish. The S-N curve was constructed by plotting 

the maximum applied stress against the corresponding number of cycles to failure (𝑁𝑓).  

3.7.5 Interrupted fatigue tests 

For these experiments, the sample surface was polished and etched for SEM 

investigation prior to testing, as any polishing or grinding operation post-testing would 

alter the surface conditions under investigation.  A single specimen test was designed 

to eliminate specimen – to – specimen error, which can be significant in HCF tests. 

The generated S-N curves were utilised to study the initiation and growth of fatigue 

cracks using single-specimen interrupted tests conducted at various stages of fatigue 

life. These experiments consisted of 3 steps:  

(i) the specimen was mounted on the testing machine and loaded at predefined 

stress levels,  

(ii) after a certain percentage of average 𝑁𝑓 the actuator movement was 

arrested to allow load relaxation, the specimen was then ultrasonically 

cleaned, and the surface was inspected under SEM;  

(iii) the specimen was remounted in the testing machine for the subsequent 

cycles. Extreme care was taken to ensure that the loading axis remained 

symmetrical in every cycle. The loading was interrupted at various stages 

of fatigue life between 10 – 90 pct of the average 𝑁𝑓.  



Chapter 3  Experimental Methods  

64 | P a g e  

 



Chapter 4                    Deformation behaviour of DED repaired IN718  

65 | P a g e  

 

CHAPTER 4 

 Deformation Behaviour of Inconel 718 Repaired using Direct Energy 

Deposition process 

4.1 Introduction 

Metal parts during their service life are often prone to wear and damage. Additive 

manufacturing (AM) techniques have emerged as an attractive alternative for the 

fabrication and repair of Ni-base superalloy components [177]. Laser AM techniques 

such as Direct Energy Deposition (DED) have recently gained popularity as a 

manufacturing process since they can build complex structures. In DED processing, a 

laser beam melts the surface of the substrate to create a melt pool while metal powders 

are simultaneously supplied to the melt pool zone. The components are built layer-by-

layer via a user-defined toolpath. Various DED processes have also found widespread 

application in claddings for surface modification and component repairs [6,178–180].   

The microstructures and properties of Inconel 718 (IN718) fabricated by DED 

differ significantly relative to its wrought counterpart. Wrought IN718 consists of 

equiaxed grains with metal carbides (MC) and δ phases located at the grain boundaries. 

In contrast, a typical DED synthesized Inconel 718 microstructure is characterized by 

fine columnar dendrites growing epitaxially from the substrate [107]. The 

microstructure can be controlled by varying process parameters such as power [11] 

and scan speed [53]. The laser scanning strategy controls the direction of heat flux and 

the morphology and texture of the resulting component [10]. Moreover, the high 

cooling rates associated with AM techniques are generally excessive for the formation 

of strengthening precipitates, resulting in non-equilibrium solidification conditions 

and the formation of brittle Nb–enriched Laves phases ((Ni,Cr,Fe)2(Nb,Mo,Ti)) 

located at the inter-dendritic regions [40,93]. Laves phases are found to be detrimental 

to the mechanical properties of components manufactured by laser AM processing [8]. 

In order to recover strength, AM manufactured IN718 components are generally post-

heat-treated [14].  

The literature review indicates that the process parameters, scanning patterns 

and geometry of the repaired section are important when using AM processes to repair 

metallic components. The deformation behaviour of IN718 repairs done using Laser 

AM techniques was studied by Sui et al. [8] and Guévenoux et al. [9] using tensile 

tests. Repaired composites exhibit a non-uniform microstructure across the substrate, 

deposit, and interface, and failures are found to occur in the deposit section. The 
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presence of Laves phase in the deposit was found to be the determining factor that 

causes failure in the deposit.  

The current study initially explores the relationship between deposition 

parameters and key characteristics of DED Inconel 718 bulk deposits. These key 

characteristics are the degree and size distribution of porosity  grain size and aspect 

ratio, the distribution and morphology of Laves phase, and mechanical properties (in 

the form of hardness tests).  The best parameter combination was applied for repair 

studies on wrought Inconel 718 plates with various designed groove wall angles and 

various contrasting scanning patterns. Subsequently, a study was conducted to 

understand the effects of post-heat treatment (direct ageing and solution treatment at 

980°C followed by ageing) on the microstructure and properties of the repair deposit 

and surrounding substrate. The deformation behaviour and failure mechanisms of the 

resulting repaired composite were investigated using 4-point bend testing coupled with 

digital image correlation (DIC) and cross-sectional microscopy.  

4.2 Experimental methods 

4.2.1 Groove repair using LENS 

Wrought IN718 plates with ~20 mm thickness were used as substrates for the repairs. 

Plasma Atomised (PA) Inconel powders were obtained from AP&C pvt. Limited (GE 

additive) with a size range varying from 45 µm – 105 µm, as shown in Figure 4.1. An 

Optomec LENS MR-7 apparatus equipped with a 1kW IPG fibre laser with a coaxial 

powder delivery system was used. 

 

Figure 4.1: SEM image of the GA Inconel Powders. 

The process parameters for the repairs were determined by performing several 

depositions with varying laser power between 350 W and 825 W and scan speed 

between 6.35 mm/s and 14.8 mm/s. Cubes of dimensions 12 × 12 × 10 (length × width 

× height) mm3 were deposited with an alternating pattern with 90º rotation after each 
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samples were ground and polished to 1µm and finally with an OPS solution. A Field 

Emission Scanning Electron Microscope (Supra 55-VP) equipped with EDS and 

EBSD detectors was used for the characterisation of the as-built and heat-treated 

samples. The EDS detector was used for local qualitative and quantitative chemical 

analysis. EBSD analysis was performed on the repaired samples with a step size of 5 

µm.  Hardness testing was conducted on repaired samples polished along the vertical 

cross-section (10 mm × 12 mm) using a Vicker’s indenter with 500gf load and a dwell 

time of 15 sec.  

 

Figure 4.4: Schematic representation of the investigation plane. 

4.2.2 4-point bend test 

The mechanical properties of the repaired component were determined using 4-point 

bend tests. The 4-point bend test was adopted to evaluate the mechanical properties of 

weld joints in Stainless steel by Alam et al. [181] and pipeline steels by Al-Abtah et 

al. [182].  The motivation for using the 4-point bend test was to test the specimens 

under a more complex state of stress compared to uniaxial tests. Moreover, a 4-point 

bending test provides the opportunity to test the entire repaired composite, including 

the deposit and surrounding substrate, which would otherwise require significantly 

bigger size specimens that would be difficult to prepare and test. Moreover, a bending 

test provides the opportunity to test Grooves of 5 mm depth and 20 mm width: either 

a 30º or 60º groove angle was machined across 50 mm wrought IN718 plates and 

subsequently repaired using LENS with the alternating scanning pattern. A schematic 

of the machined grooves with 30º or 60º groove angles is shown in Figure 4.5 (a) and 

Figure 4.5 (b) respectively. Following the groove repairs, the repaired plate sections 

were subjected to post-deposition heat treatment: (a) direct aged (DA); and (b) solution 

treatment and aged (STA) as described earlier in Table 4.2.  
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Figure 4.5: Schematic of the grooves prepared for 4-point bend tests (a) groove angle 

30º; (b) groove angle 60º; (c) illustration showing the setup for 4-point bend test on 

the repaired components (60º groove angle), arrows indicate loading direction. 

A 4-point bending test tool was installed in a ± 100kN INSTRON 8801 universal 

testing machine and combined with a GOM Aramis Digital Image Correlation (DIC) 

system to record strain at the outer surface during deformation. A schematic of the test 

setup is shown in Figure 4.5 (c). The actuator travel speed was 4.8 mm/min, 

corresponding to a nominal strain rate of ~10-3 s-1. For every condition, at least two 

samples were tested. The machining of the 4-point bend samples was performed in as-

deposit condition, i.e., before performing the post deposit heat treatments and due to 

the geometrical constraints, only limited samples could be machined.  As a result, 2 

tests were heat treated and tested in every condition and a third test was performed 

only if the error in the first 2 tests was significantly high. A GOM Aramis 5 M (GOM 

mbH, Braunschweig, Germany) with two cameras equipped with a Titanar lens (focal 

length of 50 mm) was used to carry out three-dimensional (3D) strain measurements 

at a resolution of 2448 × 2050 pixels and a frame rate of 1 fps. The camera lens was 

calibrated with a 100 mm × 50 mm measurement area. The top surface of the sample 

was painted with a black-and-white speckled pattern, and the strain evolution between 
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the support rollers (80 mm) was monitored. The built-in ARAMIS software was used 

to analyse the measured images. A 30 mm loading span ensured that the base material, 

deposit-substrate interface, and deposit co-exist in the pure bend region.   

4.3 Results 

4.3.1 Effect of deposition parameters on the microstructure of DED IN718  

As mentioned above, this broad parameter study was designed to understand process-

structure relationships in IN718 cube deposits above the substrate surface in order to 

guide desirable parameter sets to carry forward to below-surface repair processes.  

4.3.1.1 Porosity  

Porosity measurements were performed for all the deposited samples using light 

optical microscopy on a full cross-section z-x plane of the cube deposits. A 

representative image of the entire cross-section for the as-deposited sample C1 is 

shown in Figure 4.6 (a).  Spherical pores were observed in all the builds, which were 

distributed throughout the build, as shown in Figure 4.6 (b). During DED fabrication 

or AM processes in general, the inert gas entrapped in the hollow particles could not 

escape easily from the molten pool due to the high cooling rate, which results in the 

formation of spherical-shape gas porosities randomly distributed in the deposit 

[36,183].  As the tool path during every build was kept constant and the same powders 

were used during the deposit, the difference in area % and distribution of the porosities 

can be attributed to the deposition process parameters.  

 

Figure 4.6: (a) Representative cross-section of the as-build sample (C1) for porosity 

measurement; (b) SEM micrograph of spherical porosities observed in the deposits. 

Figure 4.7 (a) shows the variation of porosities with linear energy density. The 

percentage of porosities in the deposits is found to decrease with increasing energy 
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Figure 4.7: (a) variation of porosities with linear energy density; (b) size distribution 

of the porosities in the deposits. 

4.3.1.2 Microstructure of as-built deposits 

The microstructures of the as-build samples were examined on the vertical section 

along the build direction (x-z plane). The EBSD IPF maps and the corresponding 

{100} pole figures along the build direction (BD) for each deposit are shown in Figure 

4.8 (a – e). The deposits C3 (Figure 4.8 (c)) and C4 (Figure 4.8 (d)) exhibit a mix of 

equiaxed and columnar microstructure, whereas the C1 (Figure 4.8 (a))  and C5 (Figure 

4.8 (e)) displayed predominantly columnar microstructure.  The primary grain 

structure correlates well to prior studies on DED processed IN718 [34,53,93]. It can 

be noted that specimens with similar energy densities (C1, C4 and C3, C5) but different 

process parameters have significantly different grain morphology. A change of as-

deposit microstructure from a mix of columnar and equiaxed to a columnar 

microstructure was reported by Parimi et al. [11] in DED deposit IN718 upon changing 
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the processing parameters. The change in morphology of the microstructure was 

attributed to the thermal history experienced by the deposits as a function of the 

process parameters used in the deposition process.  

 

Figure 4.8: IPF map of the as-build samples showing the grain structure: (a) C1, (b) 

C2; (c) C3, (d) C4; (e) C5. The (100) pole figures are shown below each EBSD map. 

The legends for the multiple of uniform density (MUD) values for the pole figures 

are kept constant for comparison. The parameter combination for the corresponding 

deposits is shown in Table 4.1. 
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The relative frequency of the grain size and the aspect ratio is shown in Figure 4.9. 

The grain size measurement in the complex as-deposit microstructure was done using 

the EBSD data. HKL Channel 5 software is used for grain reconstruction, grain size 

and aspect ratio measurement. The circle equivalent diameter from the EBSD data is 

used to generate the grain size measurements. During grain reconstruction, the ∑3 twin 

boundaries identified as 60°±5º <111> are ignored in grain size measurements; also, 

the grains with grain area less than 10pixel were not used for the analysis. Grain sizes 

varied from as low as <10 µm to greater than 100 µm. This demonstrates the 

heterogeneous nature of the grain size distribution in the as-deposited samples. 

Although the deposits C3 and C4 exhibit finer microstructure relative to the coarse-

columnar microstructure in C1, C2, and C5, the grain size distribution does not exhibit 

any significant difference. For the deposits with coarse-columnar microstructure (C1, 

C2, C5), the relative frequency of grains >100µm was high. To study the grain 

distribution in further detail, the grain aspect ratio distribution was quantified for each 

deposit using the EBSD data. For the grain size analysis and {100} pole figures shown 

in Figure 4.8 the analysis was performed on at least 500 grains for the coarse columnar 

deposits (C1, C2, C5) and for the finer deposits (C3 and C4) at least 2000 grains were 

included for the analysis. 

 

Figure 4.9: Grain size distribution in the as-built samples. 

Figure 4.10 depicts the aspect ratio distribution of the individual deposits. The HKL 

Channel 5 software uses the major and minor axis of the fitted ellipse of every grain 

detected to calculate the aspect ratio. The aspect ratio is defined as the ratio of the long 
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to short axes measured. Therefore, an aspect ratio ~ 1 indicates a fully equiaxed 

microstructure, and a higher aspect ratio indicates a columnar microstructure.  A 

representative figure showing the aspect ratio of an elongated grain in deposit C1 is 

represented in Figure 4.11. The selected grain exhibits a high aspect ratio of 14.3 and 

a grain size of 1.4mm. The as-deposited samples exhibited a wide range of distribution 

of the aspect ratio from 1.0 - 1.5 to over 6. In all the as-deposited samples, the large 

grains (>300µm) had the highest aspect ratio; therefore, their frequency was low. 

Therefore, in this present study, the wide distribution of grain size and aspect ratio is 

of more relevance than the respective average values, as the average values do not 

represent the dominant columnar nature of the microstructure. The columnar 

microstructure in the deposits C1, C2 and C5 results in a strong {100} texture along 

the build direction in the resulting microstructure, as represented by the pole figures in 

Figure 4.8. The {100}||BD is the preferential growth direction in FCC metals and is 

often found in AM IN718[10,11].   

 

Figure 4.10: Relative frequency of the aspect ratio distribution in the as-built sample, 

displaying the significant variation in grain aspect ratio within the depositions. 



Chapter 4                    Deformation behaviour of DED repaired IN718  

77 | P a g e  

 

 

Figure 4.11: A representative figure showing the aspect ratio of an elongated grain 

(marked in pink) in the deposit C1. 

During the solidification process in alloy systems, the redistribution of 

constituent elements leads to concentration gradients ahead of the solid-liquid 

interface, leading to constitutional supercooling. Critical parameters such as 

temperature gradient (G), solidification rate (R), undercooling (∆T), and alloy 

constitution determine the resulting microstructure. The microscopic shape of the 

solid-liquid interface can be planar, cellular dendritic, columnar dendritic, or equiaxed 

dendritic, depending on the solidification conditions [141]. This would result in 3 types 

of grain morphology: (1) fully columnar, (2) columnar plus equiaxed and (3) fully 

equiaxed. Based on nucleation and dendritic growth models, columnar to equiaxed 

transition (CET) models and microstructure selection maps were developed by 

Gäumann et al. [186]. However, the variation of the values of G and R inside the melt 

pool makes precise measurement of G and R values extremely challenging during the 

deposition process [187]. Therefore, numerical simulation, including heat transfer and 

fluid convection, is often adopted to estimate the G and R values during an AM 

process. Nie et al. [187] and Lee et al. [141] used numerical modelling to determine 

the values of G and R DED IN718 to develop an understanding of controlling the as-

deposited microstructure. The effect of G and R on the solidification morphology in 

AM IN718 is shown in Figure 4.12. A low G/R and a high cooling rate (G*R) assist 

in CET. However, the thermal gradients associated with laser additive manufacturing 

processes usually reach 103 – 107 K/m, which is generally too high to achieve fully 

equiaxed microstructures [188].  
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Figure 4.12: The effect of G and R on the solidification morphology and size [141]. 

During the directional solidification in AM, the substrate and the previously deposited 

layers act as the heat sink for the melt pool. This results in heat flux in the direction 

opposite to the build direction. Depending upon the thermal conditions, solidification 

of the microstructure can occur by epitaxial growth or nucleation. During the 

directional solidification in AM, the substrate and the previously deposited layers act 

as the heat sink for the melt pool. This results in heat flux in the direction opposite to 

the growth direction. The previous layer acts as the substrate for every layer built in 

the AM process. Considering the case of C3 and C5, where the linear energy densities 

are similar, the higher power and faster scan speed in C5 results in higher heat 

accumulation. Therefore, following the completion of layer ‘n’ deposition and just 

before starting layer ‘n + 1’, the temperature at the starting point of layer (n + 1) would 

be higher in C5 than in C3. This thermal condition favoured the growth of the dendritic 

structure rather than nucleation (Figure 4.8(e)). The heat input for C5 was high enough 

for the grains to grow epitaxially from the previous layer. On the contrary, the thermal 

conditions in C3 favour nucleation in the remelting regions (Figure 4.8(c)). This results 

in equiaxed grains forming in the regions where the layer changes during the 

deposition process. Similarly, for C1 and C4 (having similar energy density), the 

higher heat accumulation in C1 results in columnar growth. 

The solidification microstructure can be related to the G and R values from the 

Dendritic Arm Spacing. The primary dendritic arm spacing (PDAS) was measured 

using the SEM micrographs. For every deposit, the dendritic arm spacing was 

measured at various locations on the vertical cross-section, corresponding to the 

bottom, middle and top regions along the build direction.  The average PDAS is 
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measured in the as-deposit cubes along the build direction at the bottom, middle and 

top locations. The relationship with the linear energy density is shown in Figure 4.13 

(a). The average PDAS was found to vary over 3 µm – 5.25 µm and is found to increase 

with increasing energy density. The values of PDAS measured agree well with the 

values of PDAS quantification reported in the literature using the DED technique for 

the additive manufacture of IN718 [11,68,141]. Figure 4.13 (b) depicts that the DAS 

spacing increases as the deposit moves away from the substrate, which agrees with 

existing work in the literature on DED manufactured IN718  [95].  

 

Figure 4.13:Primary dendritic arm spacing (PDAS) measured in the as-deposit 

samples: (a) variation of PDAS with linear energy density; (b) variation along the 

built direction for individual deposits. 
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 For AM IN718 cladding processed via laser DED method, the cooling rate can be 

related to the primary dendritic arm spacing (PDAS) as follows: 

𝜆 = 80 𝜀̇ −0.33  [4.1] 

Where λ is the primary dendritic arm spacing in µm; ε̇ is the cooling rate in K/s or 

oC/s. The cooling rates for each deposit in the bottom, middle and bottom of the 

deposits are calculated using Equation [4-1] as shown in Figure 4.14. The cooling rates 

in the deposits are observed to vary from 103 K/s to 104 K/s. The cooling rates 

decreased in the top layers for all the samples. The builds that experienced higher 

energy density also resulted in lower cooling rates. It was reported by Sui et al. [68] 

that the cooling rates in DED processes typically vary in the range between 103 K/s - 

105 K/s, which agrees well with the cooling rates calculated in the present 

investigation.  

 

Figure 4.14: Variation of cooling rate of all the as-deposit samples with position 

along build direction. 

4.3.1.3 Analysis of minor phases 

Figure 4.15 (a) shows a typical microstructure of the as-built Inconel 718 samples. In 

general, all the builds exhibited a dendritic  phase microstructure (dark phase), with 

bright contrast (white phases) segregated in the inter-dendritic regions as shown in 

backscattered SEM micrographs in Figure 4.15 (b).  
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Figure 4.15: (a) Representative ASB SEM micrograph showing Laves network (b) 

high magnification micrograph showing the intermetallic precipitates analysed using 

EDS. 

It can be inferred from the EDS map shown in Figure 4.16 that these secondary inter-

dendritic phases are enriched with Nb, Mo, and Ti, while the matrix of the dendritic 

core area was enriched with Nb, Fe, and Cr. The chemical composition of the phases 

is evaluated using point EDS analysis, shown in Figure 4.17. It was shown that these 

bright contrast phases are mostly Laves phases. As shown in Figure 4.16 and Figure 

4.17, a few spherical precipitates with high concentrations in Ti and Nb were also 

observed in the as-deposited microstructure, which are metal carbides (NbC, TiC). 

Such Metal carbide precipitates are often found in DED manufactured IN718 [11,93]. 

It is well established in the literature that Laves phase is formed due to Nb, Mo  

segregation that is a result of rapid solidification, and requires more than 10 wt% Nb 

to form, as shown by Qi et al. [93] and Zhai et al. [95] for IN718 manufactured using 

DED techniques. During solidification in IN718, L → (γ + NbC) and L → (γ + Laves) 

eutectic-type reactions are found to occur; however, the general solidification 

sequence that is widely accepted is L→ L + γ → L + NbC/γ → L + γ → Laves/γ 

[189,190]. The segregation of solutes during solidification is a time-dependent 

phenomenon and depends on the heat input and the cooling rate [191]. During 

solidification, elements such as Nb, Mo, and C have a high tendency to segregate,  

especially Nb with the lowest value of partition coefficient, k < 0.5: they are segregated 

to the last remaining liquid in the inter-dendritic region [191]. Laves phases are formed 

due to inter-dendritic Nb and Mo segregation with a typical composition of (Ni, Fe, 

Cr)2(Mo, Nb, Ti).  Laves phase is detrimental to tensile ductility properties in IN718 

welds [192] and DED (and other AM processes) fabricated IN718 [22,93] as it aids 

crack initiation and propagation. Due to high cooling rates in laser DED processed 
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IN718, the precipitation of the strengthening phases (γ′, γ″) is suppressed. Moreover, 

the formation of Laves phases depletes the available Nb for formation of the 

strengthening precipitates.    

 

Figure 4.16: Representative EDS area scan maps that depict Nb, Ti and Mo micro-

segregation in the as-deposited microstructure. 
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Figure 4.17: Representative SEM micrograph showing EDS point scans and their 

corresponding chemical compositions of the various precipitates. 

 The area percentage of Laves phase/carbides in the as-built samples at various heights 

along the deposit is shown in Figure 4.18. For every deposition condition, a minimum 

of 12 microstructures were analysed. The backscattered SEM images shown in Figure 

4.19 (a) – (c) depict the procedure of evaluating the area fraction/percentage of Laves 

phase formed during the deposition. The backscattered SEM images were converted 

into binary images, and the Laves phase was identified by adjusting the contrast 

threshold (Figure 4.19 (c)) and measured using ImageJ software. The average area 

percentage of Laves phases does not change significantly with varying process 

parameters; the average area fraction (percentage) varied from a minimum of 1.9% to 

a maximum of 2.2%. However, the percentage of Laves phases is found to increase 

along with the height of the deposit. The increased segregation along the build 

direction can be attributed to the increase in DAS, as shown in Figure 4.13(b). A 

similar trend in Laves phase distribution along the build direction of additively 

manufactured Inconel 718 was reported by Ma et al. [193] and Segerstark et al. [194].  
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15 sec. Hardness measurements were done across the entire section with 1 mm 

between the indents. Figure 4.22 (a – e) shows the hardness maps for the as-deposit 

samples. The average hardness of the samples C1, C2, C3, C4, and C5 were 251 ±3 

HV; 248 ± 2 HV; 244 ± 2 HV; 255 ± 3 HV; and 252 ± 3 HV, respectively. The average 

hardness value did not exhibit significant variation with the varying process 

parameters. Similar hardness values are reported for laser AM Inconel 718 [53,194]. 

However, this hardness value is much lower than the industrial requirement of 350HV 

[195].  The lower hardness value is attributed to the absence of the strengthening 

phases γ'/γ″ in the as-built samples. The γ'/γ″ precipitates are unable to form due to the 

high cooling rates during the DED processing. The hardness maps depict that the 

hardness in the contour region for all depositions, as shown in Figure 4.2 (a – e), is 

consistently less than in the inner regions. A similar hardness profile was shown by 

Stevens et al. [53] in IN718 manufactured using DED process. The lower hardness in 

the contour region was attributed to the repeated remelting of the contour regions with 

respect to the inner hatching region, which results in increased Laves phases in the 

contour compared to the inner hatching region.  
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Figure 4.20: (a) – (e) Hardness map of the vertical sections of all the as-build 

samples of C1, C2, C3, C4, and C5, respectively; the building direction of the 

deposits and the colour scale bar for the contour maps are indicated. 

The above study was used to select a parameter set to apply in the subsequent groove 

repair study. In deciding which deposition parameters to carry forward, the 

morphology of the microstructure and porosities in the deposits were considered 

important. A columnar morphology of the grain structure is expected to introduce 
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anisotropy in the mechanical properties; therefore, the builds with highly columnar 

microstructure - C1, C2, and C5 were not considered for the subsequent repairs. The 

two sets of parameters: ‘C4’’ low energy input; and ‘C3’, high energy input, exhibited 

a mix of columnar and equiaxed microstructure and are considered ‘best’ for repairs. 

However, the porosities are higher in C4 due to low energy input. This is not desirable, 

especially for repairs where a good metallurgical bond between the substrate and 

deposit is expected. Therefore, process parameters corresponding to “C3” have been 

used for the subsequent repairs.  

4.3.2 Microstructure and mechanical properties of repair deposits 

4.3.2.1 Microstructure and Hardness 

Figure 4.21 (a) shows the BSE SEM photomicrograph of the base material (substrate), 

An EBSD map showing the wrought microstructure is shown in Figure 4.21 (b). The 

substrate exhibits a high-volume fraction ~0.50 of ∑3 twin boundaries calculated from 

the EBSD map. The as-received plates were in annealed and aged condition and 

exhibited an average hardness of Hv 425 ± 20.  The alloy exhibit coarse equiaxed 

grains with an average grain size of ~ 94 ± 4 μm, measured using circle equivalent 

diameter from EBSD data. Dispersed blocky-shaped MC (NbC) particles and twins 

were present in the microstructure. Figure 4.21 (c) and Figure 4.21 (d) shows the EDS 

line scan analysis confirming the presence of (Nb, Ti) C in the wrought substate 

material. It can be seen that the NbC appears as a bright blocky phase and TiC as a 

dark round-shaped phase, as shown in Figure 4.21 (d). 
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Figure 4.21: Microstructure of base material (a) BSE -SEM micrograph showing 

columnar grains with blocky NbC carbides; (b) EBSD map showing high angle 

(black) and low angle (green) grain boundaries and ∑3 twin boundaries (red); (c), (d) 

EDS line analysis for identification of NbC and TiC. 
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Figure 4.22: (a) EBSD map showing the microstructure of the repaired composite, 

(1)- the deposit zone and (2)- substrate, and (b) the misorientation distribution in 1 

and 2. 

The EBSD map showing a representative as-deposit microstructure of the repaired 

component is shown in Figure 4.22 (a). The repaired component can be classified as 

(a) deposit – zone (DZ)- indicated as 1 and (b) substrate- indicated as 2 in Figure 4.22 

(a); and (c) the deposit-substrate interface. The distribution of the misorientation in the 

deposit zone and substrate is shown in Figure 4.22 (b). The microstructure in the 

deposit zone is distinctly different to that of the substrate in terms of grain shape, and 

distribution. The EBSD measurements further indicate that deposit zone contains a 

large fraction of low-angle grain boundaries (LAGBs, 2º-10°, ~ 43% of the total GBs) 

and very low <3 % of ∑3 twin boundaries (TB), whereas the substrate consisted of a 

high fraction of ∑3 TB ~45% of the total GBs. The deposit zone microstructure 

matches well with the as-deposited cubes printed with the same parameter combination 
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(Section 4.3.1.2). These low-angle grain boundaries are often associated with laser 

additive IN718 components and are generally a consequence of the very high cooling 

rates associated with laser AM processes, and are abundantly reported in the literature 

for AM IN718 [93,188,196,197]. It was shown by Yi et al. [188] that for DED 

manufactured Ni-base superalloy, high dislocation density is formed along the cells 

formed during the manufacturing process. These large population of dislocations 

arrange themselves to accommodate for the lattice curvature and leads to the formation 

of LAGBs.  

 

Figure 4.23: Microstructure of the repaired composites in as-deposited condition: (a) 

60º groove angle; Alternate Pattern; (b) 60º groove angle; Spiral Pattern; (c) 30º 

groove angle; Alternate Pattern; (d) 30º groove angle; Spiral Pattern.  

Low magnification SEM micrographs showing the microstructure of the repaired 

composites with different groove angles and scanning patterns adopted during the 

deposition process are shown in Figure 4.23 (a – d). For all repair angles and scan 

patterns, the repaired regions (deposit and interface) were free from defects such as 

porosities, cracks and lack of fusion defects.  
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Figure 4.24: EBSD maps of the repaired composites in different as-deposited 

conditions: (a) 60º groove angle; Alternate Pattern; (b) 60º groove angle; Spiral 

Pattern; (c) 30º groove angle; Alternate Pattern; (d) 30º groove angle; Spiral Pattern. 

The corresponding {100} pole figures of the deposit zone are shown in (a′) – (d′). 

The EBSD maps of the repaired composites are indicated in Figure 4.24 (a) – (d). The 

corresponding {001} ||BD pole figures of the deposit zone are shown in Figure 4.24 

(a′ – d′). The {001} ||BD texture component for all the repaired composites in as-

deposited conditions exhibits weak and random texture measured over ~900 grains in 

every case. The repaired zone microstructure contained a mix of columnar and 

equiaxed grains growing along the deposition direction from the machined groove 

walls. Figure 4.25 shows the effect of groove angle and scanning pattern on 

distribution and average grain size in the deposit zone of the repaired composites in 

as-deposit conditions. The grain size analysis was based on >1000 grains; hence, the 

texture interpretation has the required statistical importance. The different groove 

angle or scanning pattern does not appear to significantly affect the grain size in the 

deposit zone. In all the conditions, an average grain size of ~35 µm is observed in the 
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deposit zone measured from the EBSD data using the circle equivalent method. 

However, some difference in the orientation of the grains is observed with varying 

scanning patterns discussed as follows. A ‘zig-zag’ type dendritic morphology is 

observed in the alternate pattern shown in Figure 4.26 (a)), whereas, in the spiral 

scanning pattern shown in Figure 4.26 (b), the grains are preferably oriented 

perpendicular to the groove walls. A zig-zag type dendritic morphology occurs due to 

the primary dendritic growth changing by 90º with changing layers. During 

solidification of FCC metals and alloys, secondary dendrites grow perpendicular to the 

primary dendrites as the {100} planes are perpendicular to each other. A 90º change 

happens when there is no nucleation occurring at the layer interface, and primary 

dendrites grow epitaxially from the secondary dendrites of the previous layer, as 

reported by Dinda et al. [10] and Parimi et al. [11] for DED-processed IN718. 

Additionally, some new grains would form at the solid–liquid interface where the 

{100} crystallographic orientation parallel to the heat flow direction is not met. 

However, only the grains that meet the preferred crystallographic orientation grows, 

restricting the growth of the other grains. When there was nucleation at the layer 

boundaries, a change of the primary dendrite by ~ 60º was observed [10,11].  

 

Figure 4.25: Grain size distribution and average grain size in the deposit zone of the 

repaired composites in as-deposit condition. 
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Figure 4.26: EBSD maps for 600 grooves: (a) Alternate pattern, (b) Spiral pattern; 

and (c), (d) their respective {100} pole figures for deposit zone only; arrows indicate 

the dendritic growth direction. 

It is to be noted that the studies by Dinda et al. [10] and Parimi et al. [11] considered 

single wall builds on substrate, and the heat dissipation through the substrate (and 

previously deposited layers) was unidirectional. The dendrite orientation is influenced 

by the direction of the resultant heat fluxes due to the moving heat source (laser head) 

and the substrate, which is the heat sink. However, during groove repairs, the heat 

dissipation is more complex as the heat flow occurs through the groove walls and 

groove-base. Therefore, the local heat flow is not necessarily unidirectional, as in the 

studies mentioned above. The effective heat flux can be attributed to the position of 

the laser head in the groove. When the laser head is closer to the groove walls, the 

dendrites grow perpendicular to the groove walls and gradually become perpendicular 

to the groove base as the heat source moves away from the sidewalls. Moreover, as the 

dendrites tend to grow perpendicular to the previous layers of dendrites, this results in 

a randomly oriented grain morphology. Figure 4.27 shows an illustration of the heat 

flux directions and dendritic growth. Vector qx represents the heat flux due to the laser 

source; the substrate act as the heat sink; however, due to the groove geometry, the 

heat is dissipated along the groove walls and the groove base. Vector qzs represents the 

heat flux due to groove sidewalls, and qzb = heat flux due to substrate groove base. qr 

is the resultant heat flux direction. When the laser head moves from point A to B (right 

to the left), the heat flux due to the heat source will be in the opposite direction (left to 

right). When the laser head is at point A and point C (close to the sidewalls), the 

resultant heat flux is not necessarily parallel to the building direction, the resultant heat 

flux will be at an angle to the building direction, and therefore, the dendritic growth 
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observed is perpendicular to the groove walls. At point B (in the centre of the groove), 

the heat fluxes due to the groove walls would be equal and opposite and cancel each 

other; thus, the resultant heat flux will be perpendicular to the groove base. Thus, at 

every point in the repaired section, there is competition among the dendrites at 

different angles for growth. This results in a random dendritic growth, and the effect 

of the scanning pattern is not realised as observed in the literature [10,11].   

 

Figure 4.27: Schematic of the heat flux directions and dendritic growth. 

The effect of post-deposit heat treatment on the microstructure of the repaired 

composites is shown in Figure 4.28 (a – f). The morphology of the grains in both the 

substrate and the deposit zone seems to be unaffected by the post-deposit heat 

treatment. The as-deposited microstructure exhibited Laves phases in the inter-

dendritic regions, as shown in Figure 4.28 (d). The distribution of Laves phases in the 

as-deposit microstructure matches well with the cubes printed with the same parameter 

combination as discussed earlier in Section 4.3.1.3. The direct aged (DA) heat 

treatment did not alter the size of the dendrites and the morphology of the inter-

dendritic Laves phase, as shown in Figure 4.28 (b) and (e). The solution-treated and 

aged (STA) microstructure in Figure 4.28 (f) shows the presence of δ phase along with 

the Laves phase at the interdendritic regions. The δ phase can be easily identified by 

its needle-like morphology. Needle-shaped δ phase is abundantly reported in AM 

IN718 literature that forms upon solution treatment between 950ºC – 980ºC (See for, 

e.g. [40,198]). Figure 4.29 shows the EDS point analysis showing the presence of 

needle-shaped delta phase and Laves phase in the deposit zone post-STA heat 

treatment. The 𝛿 phase contains comparatively less Nb (8 – 10 wt %) compared to the 

Laves phase which contains >10 wt % Nb as reported by Qi et al [93] for DED 

fabricated IN718. A 980ºC solution treatment is unable to dissolve the Laves phase 

completely, and it is observed in Figure 4.29 that δ phase precipitation occurs 
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exclusively around Laves particles. The high concentration of Nb in the Laves phase 

facilitates the formation of the δ phase in these regions[14].  

 

Figure 4.28: EBSD maps with grain boundaries superimposed on the repaired 

composite after heat treatments: (a) As-deposited; (b) Direct aged; (c) Solution 

treated and aged; (d), (e), (f) are high magnification BSE-SEM micrographs showing 

the distribution of the phases in the deposit zone in (a), (b) and (c) respectively. 
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Figure 4.29: EDS point analysis on the deposit zone of a repaired sample under STA 

condition. 

The grain size in the deposit zone and substrate is shown in Figure 4.30 (a). Average 

grain size of ~35 µm is observed in the deposit zone and ~ 100 µm in the substrate, 

measured from the EBSD data using the equivalent circle method. It is observed that 

the groove angle or post-deposit heat treatment did not change the grain size in the 

deposit zone or substrate. The hardness profile across the repair interface in as-

deposited and post-HT conditions is shown in Figure 4.30 (a). In the as-deposited 

conditions, the hardness in the deposit zone is low compared to the substrate. The low 

hardness in the deposit zone can be attributed to the absence of strengthening 

precipitates, 𝛾′, 𝛾". There exists a region in the substrate side of the deposit zone – 

substrate interface where a dip in the hardness values is observed. During the 

deposition process, the local temperature in the substrate near the deposit zone – 

substrate interface is high enough to dissolve the strengthening phases pre-existing in 

the aged substrate. The high cooling rates inherent to DED prohibit the reformation of 
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the hardening precipitates [199]. This result in the formation of a heat-affected zone 

(HAZ) in the substrate. A low hardness HAZ is also reported by Zhai et al. [95] and 

Guévenoux et al. [9] in DED manufactured IN718. Interestingly, the groove angle of 

the repaired component influenced the resulting HAZ. A 30º groove wall angle had a 

wider HAZ as measured by hardness testing compared to the 60º groove angle. After 

the post-heat treatment processes, the hardness of the repair region was uniform, 

despite the variation of the grain size distribution across the substrate and repaired 

zone. Thus, it appears that the 𝛾′′, 𝛾′ precipitates that form upon ageing heat treatment 

are the dominating factor that determines the hardness of the repaired composite. The 

results agree well with the ones reported by Zhai et al. [95] in DED IN718, where the 

hardness values become uniform post heat treatment. Also, it has been reported in 

wrought IN718, in aged conditions, that the hardness was independent of the grain 

size. The rapid cooling rates during DED processing do not allow sufficient time for 

the formation of the strengthening precipitates; therefore, for the repair of IN718 using 

AM, post-deposit heat treatments are critical in improving the mechanical properties 

of IN718. Moreover, the solution treatment was restricted to 980ºC to avoid grain size 

coarsening, although 980ºC is insufficient to dissolve the Laves phase completely. It 

has been reported by Chlebus et al. [14] in SLM processed IN718 that solution 

treatment at 1100ºC is able to dissolve the Laves phase; however, this temperature it 

causes significant grain growth. A coarser grain structure, especially in the substrate, 

is undesirable because it deteriorates the high-temperature mechanical properties [85].  
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Figure 4.30: Effect of groove angle and post deposit heat treatment for the repaired 

composites: (a) variation of hardness from the deposit zone to substrate across the 

repaired interface; and (b) average grain size in the deposit zone and substrate.  

4.3.2.2 Mechanical properties: 4 – point bend test results  

Figure 4.31 represents the load-displacement curves of the 4-point bend tests of the 

repaired components. The bend tests were stopped at ~ 15 mm extension for the direct 

aged (DA) and solution treated and aged (STA) specimens as they started to slip due 

to the high loads. It was observed that under all conditions, the samples with 30º groove 

angles did not fail before stopping the bend tests. The average values of the maximum 

load (𝑃𝑚𝑎𝑥) for all the specimens tested is shown in Figure 4.32. A significant increase 

in the values of load ~100% was observed upon post-heat treatment of the repaired 

composites. It can be inferred that the repaired composites strengthened significantly 





Chapter 4                    Deformation behaviour of DED repaired IN718  

100 | P a g e  

 

 

Figure 4.32: 4-point bend test results: (a) Maximum load, 𝑃𝑚𝑎𝑥 (b) Actuator 

displacememt at 𝑃𝑚𝑎𝑥. 

The strain distribution map on the top surface of the bend specimens at 𝑃𝑚𝑎𝑥 is shown 

for the substrate in Figure 4.33 (a). Figure 4.33 (b) shows the strain values in the span 

between the loading pins, i.e. the pure bend region. Uniform strain distribution of ~8% 

is observed across the 30 mm span between the loading pins.  
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Figure 4.33: Strain distribution on the top surface at 𝑃𝑚𝑎𝑥  of the 4-Point bend 

specimen substrate (a) Strain map; (b) value of strain in the region between the 

loading pins (pure bend region). 

The strain distribution maps and the values of strain measured at 𝑃𝑚𝑎𝑥 using DIC 

across the repaired composite-from substrate to the deposit zone, for the as-deposited, 

DA and STA specimens at both groove angles are shown in Figure 4.34 (a – c), Figure 

4.35 (a – c), and Figure 4.36 (a – c) respectively. It was observed that the strain values 

were higher for the repairs with a groove angle of 30º in both heat-treated conditions, 

consistent with the higher extension in the bend test. The effect of groove geometry 

has been reported in welding studies [200] studied the effect of groove angles on 

tensile behaviour of Tungsten inert gas (TIG) welded Aluminium alloy; [201] adopted 

gas metal arc welding (GMAW) to join armour steel plates with V-shaped groove with 

varying groove angles. Both these studies concluded that, in uniaxial deformation, 

groove angles with a higher incline of groove angle (corresponding to 30º groove angle 

in the present study) exhibited higher ductility. Moreover, the strain distribution maps 

for the repaired composites under all the conditions show strain localisation occurring 

near the interface between the deposit zone and substrate, which led to subsequent 

failure at the deposit zone – substrate interface.  
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Figure 4.34: Strain distribution maps on the top surface at 𝑃𝑚𝑎𝑥 of the 4-point bend 

specimens in As-deposited condition (a) Groove angle 30º; (b) Groove angle 60º; (c) 

value of strain in the pure bend region. 
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Figure 4.35: Strain distribution on the top surface at 𝑃𝑚𝑎𝑥  of the 4-point bend 

specimens in DA condition (a) Groove angle 30º; (b) Groove angle 60º; (c) value of 

strain in the pure bend region. 
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Figure 4.36: Strain distribution on the top surface at 𝑃𝑚𝑎𝑥 of the 4-point bend 

specimens in STA condition (a) Groove angle 30º; (b) Groove angle 60º; (c) value of 

strain in the pure bend region. 

This phenomenon differs from existing literature on IN718 repaired using laser AM 

techniques where the repaired composites fail in the repaired part. Sui et al. [8] and 

Guévenoux et al. [9] conducted tensile tests monitored by DIC on “half wrought and 

half deposit” IN718 with the substrate-deposit interface in the middle of the samples. 

Both studies revealed that deformation localization occurs in the deposit zone, and the 

failure mechanism was attributed to the presence of Laves phases in the deposit zone. 

Moreover, the absence of strengthening precipitates and the presence of columnar 

grains in the as-deposited condition were attributed to the entire deformation localizing 
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in the deposit, as observed by Guévenoux et al. [9]. Sui et. al.[68] in an another study 

found that repaired direct aged samples failed at the interface. The failure at the 

interface rather than the deposit was attributed to the well-matched mechanical 

properties of the deposit and the substrate. However, the effect of underlying 

microstructure in the interface was not explored. 

An SEM investigation was conducted to understand the phases present and 

their distribution near the deposit-substrate interface. Figure 4.37 (a – c) shows the 

microstructure in the interface of the repaired composite in various heat-treated 

conditions. In the as-deposited condition shown in Figure 4.37 (a), coarse carbides 

(NbC) can be seen on the wrought (substrate). Also, some Laves phases are present 

near the deposit zone-substrate interface. Some wrought grain boundaries near the 

interface are enriched with Nb. This is expected due to the constitutional liquation of 

the NbC phases. This phenomenon is often observed during IN718 welding 

[4,92,202,203]; however, it has not been reported in AM literature. The liquified NbC 

solidifies in Laves phase composition. Figure 4.38 (a – b) shows the EDS point scans 

and the chemical compositions of the various phases in the interface region of the 

repair. A Solution treatment at 980ºC is unable to remove these segregations as shown 

in Figure 4.38 completely (a – b). Laves phases being brittle phases provides easy 

crack initiation sites, and their presence on the coarse grain boundaries would result in 

easy crack propagation. Therefore, the presence of Nb-rich phases along the substrate 

grain boundaries is expected to be highly detrimental to the mechanical properties of 

the repair.  
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Figure 4.37: Microstructure in the interface of the repaired component after various 

heat-treated conditions: (a) As-deposit; (b) Direct aged (DA); (c) Solution Treatment 

and aged (STA). 
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Figure 4.38: (a) SEM micrograph of repaired samples near the deposit zone-substrate 

interface in STA condition; (b) high magnification micrograph showing several EDS 

point scans and their respective chemical compositions.  

The longitudinal section of the fracture is shown in Figure 4.39 (a – b) and Figure 4.40 

(a – b) in STA and DA conditions, respectively. The investigation is restricted to the 

repaired composites with 60º grooves as the repaired composites with 30º grooves did 

not fail during the 4-point bend test. It is observed that the final failure occurred at the 

deposit zone-substrate interface; therefore, the longitudinal sections on both deposit 

zone and substrate are examined under SEM. In both the heat-treated conditions, 

broken Laves phase particles and carbides can be seen in the investigated section in 

the deposit zone as shown in Figure 4.39 (a) for STA and Figure 4.40 (a) for DA 

condition. It is clear the final fracture that followed a transgranular path along the 

groove wall. On the substrate side (Figure 4.39 (b) for STA and Figure 4.40 (b) for 

DA condition), cracks around large broken carbides particles at the substrate grain 

boundaries are observed. The failure has initiated from the relatively flat grain 

boundaries of the coarse grains in the substrate and propagated through the deposit 

zone-substrate interface. Figure 4.41 (a) and Figure 4.41 (b) show the fracture surface 

of the samples tested under STA and DA conditions, respectively. Several dimples of 

varying sizes can be seen that imply regions of ductile failure mode. However, the as-

deposited fracture surface Figure 4.41 (b) exhibited some flat and smooth areas where 

the fracture mode is more cleavage type. Some bright and irregular-shaped particles 
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are embedded in the fracture dimples, which are mostly Laves phase, δ phase and 

carbide particles.  

 

Figure 4.39: The longitudinal section of one fractured sample 60º groove angle; STA 

condition: (a) Deposit side; (b) Substrate side. 
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Figure 4.40: The longitudinal section of one fractured sample 60º groove angle; DA 

condition: (a) Deposit side; (b) Substrate side. 

 

Figure 4.41: Fracture morphologies of the failed bend tested repaired IN718 

component after (a) STA; (b) DA condition. 



Chapter 4                    Deformation behaviour of DED repaired IN718  

110 | P a g e  

 

4.4 Discussion 

The results from the 4-point bend tests indicate that post-deposit heat treatment 

restores the strength in the repaired composites. The DIC studies show that the strain 

localisation in the repaired composite occurs preferentially at the deposit zone-

substrate interface. The following section discusses the reason for strain localisation 

in the repair deposit zone-substrate interface. Moreover, the groove angle also seems 

to affect the mechanical properties of the repaired composites significantly. The effect 

of the geometry of the groove on the 4-point test results is also discussed.  

4.4.1 Repairability (weldability) of IN718 

To understand the failure mechanism in the repaired components, bend tests on direct 

aged (DA) 60º groove angle specimens were interrupted at 80% of 𝑃𝑚𝑎𝑥. The SEM 

micrograph for the near interface region of the interrupted specimen (top surface of 

the specimen) shown in  Figure 4.42 exhibits cracks initiating well before reaching 

instability, i.e. before 𝑃𝑚𝑎𝑥. EDS elemental map of cracks initiated in the HAZ is 

shown in Figure 4.43. It is observed that the cracks initiate at the substrate grain 

boundaries rich with Nb or near the Nb carbides (Figure 4.42 (b)). Due to the rapid 

heating-cooling rate experienced during welding or additive manufacturing processes, 

the second-phase particles may not be completely dissolved when the eutectic 

temperature is reached in the HAZ. The metastable liquid may thus nucleate 

heterogeneously at the interfaces between the remaining second-phase particles and 

the matrix, followed by rapid melting of the second-phase particles and part of the 

surrounding matrix [204].  The secondary phases, such as inter-metallics and carbides, 

suffer local melting at elevated temperatures. In the case of IN718, NbC carbides 

liquate over a range of temperatures, initiating at a temperature range of 1200ºC to 

1215ºC, below the 𝛾-carbide eutectic L → (γ + NbC) temperature of 1250ºC [205]. 

Thus, liquid on the HAZ grain boundaries originates due to constitutional liquation of 

the NbC [92], and the quenched-in liquid formed solidifies to a composition similar to 

Laves phase. The inability of these liquid films to accommodate the thermal stresses 

results in crack formation. 
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Figure 4.42: Interface at 80% 𝑃𝑚𝑎𝑥 60º groove angle, DA condition. The top of the 

micrograph is close to the top surface of the bend specimen. 

 

Figure 4.43: EDS map scans showing crack initiation at Nb rich grain boundaries 

near the interface. 

The melting point of the grain boundary is reduced by the segregation of the solute 

elements of S, P and B, and then the liquid film forms in the grain boundary, thereby 

further aggravating the tendency of liquation cracking  [206] [207,208]. HAZ micro-

fissuring is also affected by the substrate/base material grain size.  The potency of an 

intergranular liquid to wet the grain boundaries can be estimated by the following 

Equation [4]:   

  𝛾𝑔𝑏 = 2𝛾𝑠𝑙𝑐𝑜𝑠𝜃 

Where, where 𝜃 is the wetting angle, 𝛾𝑔𝑏 is the GB energy, and 𝛾𝑠𝑙 is the solid-liquid 

interface energy, respectively. From Eq. (1), the higher GB energy means that the 

tendency for GB to be wetted and penetrated by the liquid film is higher at a constant 

𝛾𝑠𝑙. Moreover, the tensile stresses (𝜎) required to overcome the solid-liquid interface 
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energy (surface tension 𝛾𝑠𝑙) on a grain boundary containing liquid film of thickness, 

ℎ, is given by the Equation below [209]:  

 𝜎 = (2𝛾𝑠𝑙)/ℎ    

According to this Equation, a finer intergranular liquid film thickness is expected to 

enhance the resistance to HAZ cracking by increasing the stress required to cause 

liquation micro fissuring.  

The DED Additive manufacturing processes, due to their advantageous process control 

compared to traditional repair techniques like welding, result in considerably lower 

stresses in the HAZ, thereby reducing the chances of micro fissuring in the as-deposit 

condition. As a result, near-defect-free repairs were observed (Figure 4.23 (a – d)).  

However, the temperature experienced by the substrate near the interface is high 

enough to induce liquation of carbides. The constitutional liquefication of the NbC 

results in the formation of Nb-rich liquid film on the grain boundaries, which act as 

sources of crack initiation and growth.   

4.4.2 Effect of groove angle on mechanical properties 

The standard Bending moment and shear stress diagram for 4-point bend test 

are shown in Figure 4.44 (a). Ideally, in 4-point bend test, the shear stresses should be 

zero in the pure bend region (i.e., between the loading pins); therefore, the strain 

developed in this part should also be constant as reported in the base material/substrate 

(Figure 4.33(a)).  

 

Figure 4.44: (a) Bending moment and shear stress diagram for 4-point bend test; (b) 

Schematics showing shear stress in the repaired component under loading. 
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However, due to inhomogeneity in the microstructure of repaired components and 

cracks developing in the interface, the state of stress would no longer be ideal. As pure 

bend does not hold, some shear stress is expected to develop. This shear stress would 

be resolved along the groove sidewall. The component of the resolved shear stress 

along the groove wall will vary according to the cosine of the angle subtended by the 

sidewall. The ratio of the resolved shear stress on the groove angle can be calculated 

as follows: 

𝜎𝐺𝑟𝑜𝑜𝑣𝑒60𝑜

𝜎𝐺𝑟𝑜𝑜𝑣𝑒30𝑜
=

𝜏𝑐𝑜𝑠30𝑜

𝜏𝑐𝑜𝑠30𝑜
=  √3 

Therefore, stresses on the 60º groove are almost twice as high as in 30º. Thus, the shear 

stresses in the repaired components would depend on the groove angle and the load 

experienced by the components during testing. The maximum strain at 𝑃𝑚𝑎𝑥 from DIC 

observation during the 4-point bend test in as-deposit and post-heat-treated conditions 

is shown in Figure 4.45. It can be seen that the values of 𝜀𝑚𝑎𝑥  are highest in as-

deposited components. The absence of strengthening precipitates in as-deposited 

conditions allows a higher degree of deformability. However, in both the post-heat-

treated conditions, an effect of the groove wall angle is apparent. A 30º groove wall 

angle provides a higher degree of deformability compared to the corresponding 60º 

counterparts. Therefore, higher resolved shear stresses in the repaired composite with 

60º grooves resulted in inferior ductility/deformability and fractured early compared 

to the repaired composite with a 30º groove angle. 

 

Figure 4.45: Maximum strain at 𝑃𝑚𝑎𝑥 from DIC observation. 

Figure 4.46 (a – b) demonstrates the evolution of  𝛥𝜀 in direct aged and solution treated 

and aged conditions, respectively. 𝛥𝜀 is the difference in maximum, and minimum 

strains in the pure bend region of the sample tested. As observed in Figure 4.34 - Figure 
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4.36, the maximum strain is generally localised to the interface region, and the repaired 

zone has the minimum strain; thus, 𝛥𝜀 is the difference between the 𝜀𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 and 

𝜀𝑑𝑒𝑝𝑜𝑠𝑖𝑡 and the slope  𝑑𝜀/𝑑𝑡 will be a measure of the rate at which the strain localises 

during loading. Figure 4.46 (c) illustrates the strategy adopted to measure strain at 

points corresponding to deposit and interface. It can be seen that after initial 20 – 25 

seconds, the strains start to localise in the interface, and the strain evolves at a higher 

rate in the repaired components with a 60º groove angle. The higher rate of strain 

localisation at a 60º groove angle can be attributed to the component of resolved shear 

stresses, which is higher for the 60º groove angle, as shown in Figure 4.44 (b). 

 

Figure 4.46: Evolution of strain (Δε) on the top surface till 𝑃𝑚𝑎𝑥 in the repaired 

component in various heat treated conditions: (a) Direct aged; (b) Solution Treatment 

and aged; (c) representative figure showing the strategy adopted to measure strain at 

points corresponding to deposit, interface, and substrate. 

4.5 Conclusion 

The study analysed the deposit processed using DED using various process 

parameters. For groove repairs, a suitable process parameter was selected based on 

microstructural characterisation and porosity measurements. Groove with varying 

groove wall angle was machined in the IN718 plates and subsequently repaired using 
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various scanning patterns. Post-deposit heat treatments were conducted on the repaired 

composites. The resulting microstructure was investigated, and mechanical properties 

were studied using 4-point bend tests. The resulting correlation between 

microstructures and mechanical properties can be summarised as follows: 

1. The resultant repaired composite had a non-uniform microstructure: large 

equiaxed grains ~100µm in the substrate and fine mixed columnar and 

equiaxed grains ~35 µm in the deposit zone. A high fraction (~45%) of LAGB 

is observed in the deposit zone, whereas the substrate exhibited ~40% ∑3 TB. 

The varying groove angle had little effect on the microstructure of the deposit 

zone. The orientation of the grains showed a variation with changing scanning 

pattern; however, the average grain size and the texture in the deposit zone was 

not affected.  

2. In the as-deposit condition, the hardness and strength in the deposit zone are 

low due to the absence of γ′, γ″ precipitates, which were not able to form 

because of the high cooling rates during DED processing. A ~500 μm wide 

heat-affected zone (HAZ) was observed in the substrate near the deposit-

substrate interface. In post-heat-treated conditions, the corresponding strength 

values improved, and the hardness becomes constant across the substrate and 

deposit zone irrespective of the non-uniform microstructure. 

3. The mechanical properties of the repaired composites were studied using 4-

point bend tests. The maximum load values of the repaired composites in post-

heat-treated conditions matched well with the wrought IN718; however, an 

effect of groove wall inclination was observed during mechanical tests. The 

repaired composited with a low groove angle exhibited higher deformability 

compared to the ones with a higher/steep groove angle. It was observed that, 

in all conditions, the strain localisation occurred at the deposit-substrate 

interface of repaired composites under a 4-point bend. The repair-substrate 

interface was the weaker region due to constitutional liquation of the NbC that 

forms a Nb-rich liquid film on the substrate grain boundary. The inability of 

these films to withstand the stresses during loading resulted in preferential 

crack initiation and propagation sites.  
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CHAPTER 5 

 Mechanism of Damage in DED Repaired IN718 Composites under Cyclic 

Loading 

5.1 Introduction 

In industrial applications, high cycle fatigue (HCF) has been established as one of the 

most common and important failure mechanisms [85,122]. In bulk metals, crack 

initiation dominates the fatigue behaviour in the high cycle regime [123]. Fatigue 

studies on wrought and AM IN718 are well explored in the literature; however, the 

variability of AM IN718 fatigue properties relative to wrought IN718 repair can be 

more unpredictable. The highly complex thermal history during laser additive 

manufacturing leads to significant variation of bulk microstructural features, including 

grain sizes, the distribution of secondary phases and voids or pores, that can affect the 

fatigue performance of the material[130]. In contrast to HCF of wrought materials, 

where slip-bands and microstructural constituents such as grain boundaries dictate 

crack initiation during cyclic loading, secondary phases and defects such as 

voids/porosities can act as the major crack initiation sites in HCF of AM materials 

resulting in low fatigue life [24,128,129,132]. The literature review (Section 2.4.3) of 

fatigue properties of laser AM processed IN718 also indicates that the presence of 

Laves phases adversely affects the fatigue performance relative to the wrought 

material, especially at load levels close to the yield strength of the material [122,210].  

The dissolution of brittle Laves phases and formation of δ phase precipitates during 

post-deposition heat treatment (HT) can improve fatigue life by restricting grain 

boundary sliding [211–213].  

From an extensive literature review, it can be concluded that the HCF 

performance of the DED repaired IN718 has received very limited attention and the 

available literature on the fatigue of IN718 repairs is mostly limited to fusion welding 

processes. Chapter 4 of this current study has shown that AM repaired composites 

possess a non-uniform microstructure with several phases, such as the Laves phase, 

Carbides (MC) in the deposit and coarse equiaxial grain boundaries with NbC liquified 

along the coarse substrate GB. There have been several studies that found an impact 

of the microstructural changes or defects created during weld repair of IN718 on 

fatigue properties, with failures mostly observed in the HAZ [136] or the weld zone 

[137]. Similar to AM IN718 results, Laves phases or δ phases in weld repair specimens 

negatively affected the fatigue performance. Additionally, various post-weld heat 
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treatments generally improved the fatigue life of the repaired composites [138]. 

However, the possibility of cracks initiating from Nb-rich substrate grain boundaries, 

which occur due to NbC liquation during AM repair, has not been explored in the 

literature. The effect of these phases on crack initiation and propagation during cyclic 

loading, especially near the repaired joints, requires detailed exploration.  

This chapter explores the room temperature fatigue performance and failure 

mechanism in IN718 repaired using DED technique under direct aged (DA) and 

solution treated at 980ºC and aged (STA) condition. The prevailing mechanism of the 

initiation and growth of fatigue cracks arising from phases present near the repaired 

joint (Laves phase, Carbides, Liquified NbC along grain boundaries, and 𝛿 phase (for 

STA)) has been studied. The progression of fatigue cracks (on the surfaces) at two 

cyclic stress levels with increasing cycles was studied under SEM by interrupting the 

test at various stages of fatigue life between 10 – 90 pct of the average 𝑁𝑓 for each 

stress amplitude (max stress). 

5.2 Experimental Method 

5.2.1 Fabrication of repaired coupons for fatigue testing 

Wrought IN718 plates in annealed and aged condition with dimensions of 50 mm × 

20 mm ×  40 mm (length × width × height) were used as a substrate for the repairs. 

Contrary to chapter 4, the repairs in this section were simplified to an AM deposition 

on wrought plate substrate for the primary purpose of investigating the substrate-

deposit interface. Plasma Atomised (PA) IN718 powders were obtained from GE 

additive with a size range varying from 45 µm – 105 µm, as shown in Figure 4.1. An 

Optomec LENS MR-7 apparatus was used for the deposition process. The parameters 

used for the deposition/repair process are shown in Table 4.1. Argon was used as the 

shielding gas and carrier gas with a flow rate of 15 l/min and 6 l/min, respectively. The 

powder flow rate of 12 g/min and oxygen level below 3 ppm was used for all the 

deposits. Figures 5.2 (a) and Figure 5.2 (b) show a schematic for the sample 

preparation for fatigue tests. Deposits/repairs of similar dimensions to the wrought 

plate substrates were deposited on the substrate surface. Hourglass samples were 

machined using electro-discharge machining (EDM) from the repaired composite for 

HCF testing according to ASTM E466-15 standard [176]. The HCF specimens were 

50% wrought substrate and 50% laser DED deposit with the repair interface in the 

narrowest part of the samples (Figure 5.2 (b)). This hourglass geometry was utilised 
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Figure 5.2: Schematic of (a) DED repaired blocks, (b) hourglass fatigue samples- the 

region under SEM investigation is marked; (c) samples for tensile testing. 

5.2.2 Mechanical testing 

Tensile tests were conducted on wrought IN718 material heat-treated in the STA 

condition according to standards [14] and on specimens machined from as-deposited 

AM IN718 blocks that were subsequently heat treated to either the DA or STA 

condition. The geometry of these tensile specimens is shown in Figure 5.2 (c). It is 

important to note that the AM tensile samples were fully laser deposited, unlike the 

fatigue hourglass samples that were ‘repaired’ samples. These tensile test results were 

primarily used to calculate the target loads for the subsequent fatigue tests; details are 

reported in Section 5.3.2. The uniaxial tension tests were carried out at room 

temperature on a servo-hydraulic INSTRON 8802 tensile-testing machine with a load 

cell capacity of ±100kN with a constant crosshead speed corresponding to a nominal 

initial strain rate of 10-3 s-1. Bluehill software in Instron Wave Console was used to 

carry out the tests. The specimens were pulled to fracture. The relevant dimensions 

were measured on the tested specimens using vernier callipers. For every condition, at 

least 3 specimens were tested.  

The fatigue tests on repaired hourglass specimens were carried out at room 

temperature, using an Instron E10000 with an electrically operated crosshead and a 

±10-kN load cell. Stress (load) – controlled fatigue tests were performed using a 
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sinusoidal waveform at R = 0.1 and a frequency of 50 Hz. A tension – tension fatigue 

test at R = 0.1 ensured that there was no bending or buckling of the specimen during 

specimen fixing and subsequent testing. For generating the stress-life (S-N) curve, 

cyclic tests were conducted using a maximum applied stress ranging from 35 to 90 pct 

of the yield strength (YS) of wrought IN718. The surface was mechanically ground 

for all samples using emery papers successively from 240 Grit to 4000 Grit.  The S-N 

curve was constructed by plotting the maximum applied stress amplitude against the 

corresponding number of cycles to failure (𝑁𝑓). After the S-N curve was generated, 

the initiation and growth of fatigue cracks were studied using single-specimen 

interrupted tests. The specimens were further polished for the interrupted tests with 

diamond suspension from 3 µm to 1 µm and finally with OPS colloidal silica 

suspension. These interrupted experiments were conducted at several different 

maximum cyclic stress levels using R = 0.1 and consisted of 3 steps: (i) the specimen 

was cyclically loaded at a target stress level to a predefined pct of average 𝑁𝑓 before 

the actuator movement was arrested to allow load relaxation and specimen removal 

from the test machine; (ii) the specimen was ultrasonically cleaned before surface 

inspection under SEM; (iii) the specimen was remounted in the testing machine at the 

same target stress levels for the next set of cycles until re-examination in the SEM or 

test end. The loading was interrupted at various stages of fatigue life between 10 – 90 

pct of the average 𝑁𝑓. For these experiments, the sample surface was polished and 

etched for SEM investigation prior to testing. A single specimen interrupted test was 

preferred for each maximum cyclic stress level to allow the initiation and subsequent 

propagation of cracks to be followed, minimising the possible impact of specimen–to–

specimen variation.  

5.2.3 Scanning Electron Microscopy  

For microstructural characterisation of the repaired and heat-treated specimens using 

SEM, samples were sectioned from the middle part of the repaired section across the 

repaired joint, as shown in Figure 5.2. The samples were mechanically ground 

successively from 240 Grit to 4000 Grit and polished with diamond suspension from 

3 µm to 1 µm and finally with OPS colloidal silica suspension. A Supra VP55 FEG 

scanning electron microscope (SEM), equipped with an AsB detector, was used for 

imaging. Energy dispersive X-ray spectroscopy (EDS) was used to ascertain the 

chemical composition of the phases. An electron backscatter diffraction (EBSD) 

system from Oxford Instrument was employed to study the texture and grain size. 
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EBSD was performed with a scanning step size of 2.5 µm and analysed with HKL 

Channel 5 software. 

The primary aim of the interrupted tests was to detect the fatigue cracks and 

examine the nature of their growth in number and size. Accordingly, the surfaces of 

the specimens after the interrupted fatigue tests were studied using SEM. For 

estimating the number density of microcracks, a surface area of approximately 2 × 2 

mm2 in the centre of the specimen, on either side, as shown in Figure 5.2, was imaged 

using the SEM at a constant magnification of 250 times. The number density was then 

calculated as the average number of cracks per unit area (mm2) recorded at different 

microstructural locations. The crack measurements were done using ImageJ software. 

Moreover, the fractured cross-section and surface were also examined under SEM to 

determine the predominant mode of fatigue failure.  

5.3 Results 

5.3.1 Repaired Microstructure 

Detailed SEM imaging confirmed that the repaired specimens were free from cracks 

or fusion defects. It has been shown in Fig 4.9(b), Chapter 4 that the parameter 

combination used for the repairs results in highly dense deposits with porosities 

<0.05%. Moreover, no other visible defects were observed in the wrought material. 

The microstructure, misorientations and textures in the repaired composites were 

studied using EBSD mappings, with the results shown in Figure 5.3 (a - e). The 

microstructure of the repaired composite can be divided as: (a) the deposit zone; (b) 

substrate; and (c) the deposit zone – substrate interface. The microstructure in the 

deposit zone and the substrate were substantially different. In both the heat-treated 

conditions, the substrate region had equiaxed grains with an average grain size of 

~90µm and a high fraction (> 50 %) of ∑3 <110> of twin boundaries identified with 

misorientation of 60°±5°. On the contrary, the repaired zone depicted a heterogenous 

distribution of columnar and equiaxed grains along the deposition direction with a high 

fraction of low angle grain boundaries (2º - 10º). Since the crystallographic 

orientations along the building direction (BD) are of interest, inverse pole figure (IPF) 

maps were constructed along BD from the EBSD data to characterise the grain 

morphologies and the crystallographic orientations. The average grain size and 

morphology did not change with post-repair HT. A {001} || building direction texture 

in the laser deposited IN718 is typical and well established in the 
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literature[10,11,111,214]. The {100} || BD pole figures of the deposit zone in DA and 

STA conditions are shown in Figure 5.3 (d) and Figure 5.3 (e). The {100} pole in 

either heat-treated condition reveals that the crystallographic texture along {001} || 

building direction was weak. Both pole figures were based on >4000 grains; hence, 

the texture interpretation has the required statistical importance. Moreover, analysing 

the columnar grains alone in the deposit zone (containing >3000 grains) resulted in the 

maximum MUD value of 2.98 and 3.08 for the DA and STA conditions, respectively. 

Therefore, the effect of texture on the fatigue behaviour of these materials is not likely 

to have a significant impact. 

 

Figure 5.3: EBSD maps showing the grain morphology and distribution in the 

repaired specimens at (a) Direct Aged (DA); (b) Solution Treated and Aged (STA) 

condition; (c) Misorientation distribution in the repaired composites in the deposit 

zone and substrate; {100) pole figure of the deposit zone microstructure in (d) DA 

and (e) STA condition. 

The hardness profile of the repaired specimens across the interface is shown in Figure 

5.4. In the as-deposited condition, the hardness in the deposit zone was considerably 

lower (~ Hv 250) compared to the hardness in the substrate (~ Hv 450). The parameters 

used in the repair process result in high cooling rates of 103–105 K/s, as discussed in 

Chapter 4 (Sec 4.3.1.2).  The high cooling rates during DED processing do not allow 

the formation of the strengthening precipitates γʹ and γʺ [95], that results in low 
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conditions during DED processing [93,199]. Figure 5.5 (d) shows the EDS elemental 

map of the repaired composite in DA condition. In the substrate, Nb segregation is 

observed at the grain boundaries near the deposit zone-substrate interface.  The EDS 

point analysis shows that the Nb segregation is >10 wt%, similar to that in the Laves 

phase. Nb Segregation along the substrate grain boundary occurred due to 

constitutional liquation of NbC carbides in the substrate. The temperature experienced 

by the substrate near the interface is high enough to induce liquation of carbides 

(1200ºC - 1250ºC). The constitutional liquification of the NbC will result in the 

formation of Nb-rich liquid film on the grain boundaries with a Laves phase 

composition [4,207].  

 

Figure 5.5: SEM image showing the microstructure (a) near the deposit zone-

Substrate interface at DA condition; (b) high magnification micrographs showing the 

phases in the substrate, and (c) deposit zone. The EDS test positions and the results 

are shown; and (d) the corresponding EDS map showing Nb, Mo, and Ti segregation. 
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Figure 5.6(b) and Figure 5.6(c) show the high magnification micrographs of the 

deposit zone and substrate, respectively, in STA conditions. Solution treatment at 

980ºC resulted in the formation of δ precipitates in the deposit zone, primarily along 

the dendritic arms (Figure 5.6 (b)); in contrast, δ precipitates are observed along the 

grain boundaries in the substrate (Figure 5.6 (c)).  

 

Figure 5.6: SEM image showing the microstructure (a) near the deposit zone-

Substrate interface at STA condition; (b) high magnification micrographs showing 

the phases in deposit zone, and (c) Substrate. The EDS test positions and the results 

are shown; and (d) the corresponding EDS map showing Nb, Mo, and Ti segregation. 

The δ phase can be easily identified by its needle-like structure, and it is observed that 

δ phase precipitation occurs exclusively around the residual Laves particles. The δ 

phase is an orthorhombic Ni3Nb precipitate, which precipitates in the range of 860 ºC 

to 995 ºC (See for e.g. [127,215,216]). The high cooling rates during the repair process 

restrict the formation of the δ phase, and it is believed that the low heating rates during 

solution treatment at 980ºC result in precipitation of the δ phase by dissolving the 
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Laves phase, as reported by Qi et.al.[93] in DED deposit IN718. Therefore, δ phase 

precipitation occurs in these regions. The solidification conditions during the 

repair/deposition process result in heterogenous distribution of δ precipitates in the 

deposit zone.  It is observed that the δ precipitates in the substrate were larger than 

those in the deposit zone. Moreover, the Nb-rich grain boundary film on the substrate 

grain boundary that forms during the deposition process still exists post-STA heat 

treatment, as shown in Figure 5.6 (d).  

While the post-repair heat treatment resulted in a significant increase in hardness, the 

inter-dendritic Laves phase formed during rapid solidification remained post-heat 

treatment. The hardness was increased due to the formation of γ’ and γ” strengthening 

precipitates. Therefore, in terms of microstructure, the presence of δ precipitates (in 

the interdendritic region in the deposit zone and along grain boundaries in the substrate 

in STA condition is the primary difference between the two heat treatments.   

5.3.2 Tensile tests 

Figure 5.7 shows the engineering stress-strain response of the substrate in the solution 

treated and aged condition, and DED deposited IN718 in DA and STA conditions. For 

the current study, the yield stress values are of importance as they determined the 

maximum cyclic stress for each test. The key tensile properties of DED IN718 under 

different heat-treated conditions are summarised in Table 5.2. The DA samples 

exhibited the highest strength, followed by the wrought substrate and STA samples. 

However, the difference in yield stress for samples tested at different heat treatment 

conditions was <10%. As mentioned earlier, the fatigue hourglass samples were 

‘repaired’ samples, unlike the tensile samples, that are single material bulk deposit 

samples. Therefore, the different target loads/stress levels used for the different 

specimen conditions in all fatigue tests were based on a percentage of the wrought 

substrate yield stress.  
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5.3.1. (Figure 5.5 (a – c) and Figure 5.5 (a – c)). The difference in HCF behaviour of 

the materials can be rationalised in terms of how cracks initiate and propagate in the 

different microstructures and are discussed in the following section (Section 5.4.1).  

5.3.4 Interrupted Fatigue tests 

Based on the S-N curve shape, the interrupted tests were performed using two different 

maximum cyclic stress levels, one above and one below the inflection region shown 

in Figure 5.8 at 70 % of YS and 45% of YS.  Depending upon the heat treatment 

employed, the applied stress, and the number of loading cycles, there were four main 

preferential sites for the initiation of microcracks in the repaired composites.  Crack 

initiation and growth occurred through the (1) Laves phases/ δ phase in the deposit, 

(2) Metal Carbides (in the HAZ), repaired/deposited region or substrate, (3) at 

substrate grain boundary; and (4) inside grain body. Representative figures of 

cracks/microcracks at various preferential locations are shown in Figure 5.9 (a – d). 

Interestingly, it has been observed that although there were some remaining porosities 

after repair, no fatigue cracks were found to initiate at pores. Ardi et al. [30] reported 

similar observations who performed HCF tests on SLM manufactured IN718. Ardi et 

al. [127] observed a porosity volume ratio of 0.39 % with pores > 100 μm in diameter 

in SLM processed IN718, which were reduced to 0.08 % after HIP-ing. The remaining 

porosities were  in the size range of 40–100 μm, however, the fatigue performance was 

not improved with reduced porosity.   
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Figure 5.9: Fatigue microcracks initiating at various preferential sources on the 

sample surface (a) Substrate grain boundary near the repair interface (b) Broken 

metal carbides; (c) Transgranular cracks (d) Broken Laves phases/ 𝛿 phases. 

The progression of fatigue damage was investigated on the surfaces of the specimens 

subjected to interrupted fatigue tests using an SEM. The fatigue damage in the repaired 

components is characterised in terms of the increase in the number density and the 

average size of fatigue cracks at various microstructural locations. This approach is 

similar to that used by Majumdar et al. [217] in their examination of crack initiation 

and propagation on IF steel sheets. The total crack length and the number density of 

fatigue cracks at σmax = 70pct of YS in DA and STA conditions, shown in Figure 5.9 

(a) and (b) and Figure 5.12 (a) and (b), respectively, depicts that the extent of fatigue 

damage increases with the number of loading cycles at different rates depending on 

the microstructural origin or location. The proposed damage mechanism is illustrated 

using a set of representative figures in Figure 5.11 (a – d) and Figure 5.13 (a – c) that 

show the development of the crack with an increasing number of cycles for specimens 

tested at 70% of YS in DA and STA conditions respectively.  At the higher maximum 

cyclic stress interrupted tests (70% of YS), the fatigue cracks initiated from the 

substrate grain boundaries near the deposit zone – substrate interface in both HT 

conditions. In the DA condition, cracks were observed at the first interruption (0.4 𝑁𝑓) 

and both the total crack length and number of cracks increased continuously until 

reaching a plateau at 0.6 𝑁𝑓 cycles. The fatigue cracks initially underwent intergranular 

growth before extending to nearby grains and a transgranular crack growth mode after 

0.6 𝑁𝑓 (Figure 5.9 (a) and (b)). With increasing number of cycles, many small cracks 

were formed ahead of the major dominant crack that subsequently coalesced with the 

major crack, resulting in a final fracture through the substrate. Some broken Laves 

phase and Metal Carbides were also seen in the deposit zone; however, they did not 

appear to grow or contribute towards the failure of the material. In STA condition, 

under identical loading conditions, cracks appeared simultaneously in the substrate 

grain boundaries and the deposit zone through the Laves phase and δ phase. In the 

initial stages, upto 0.4 𝑁𝑓, high crack density and growth rate were observed in the 

substrate, as shown in Figure 5.12 (a) and (b). However, after 0.4 𝑁𝑓, the Laves phase 

and δ phase along the dendritic arm in the deposit zone provided an easy crack path 

(Figure 5.13 (c)) and the cracks developed at a very fast rate in the deposit zone, 

leading to the failure of the repaired composite. This resulted in premature failure of 
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the composite, at ~ 65 % of average 𝑁𝑓 relative to the non-interrupted test. It is to be 

noted that this interrupted test (at 70% of Nf in STA condition) was repeated, and a 

similar result was obtained. The total number of cycles to failure at this stress level (~ 

50,000 cycles) for the STA condition is relatively low compared to HCF test cycles, 

and the crack initiation and propagation is quite sensitive to the microstructure. Hence, 

it is not surprising that a higher degree of variability was present in the test results. It 

is also possible that the sensitivity of the microstructure to cracking was accentuated 

during the loading and unloading of the specimen.  
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Figure 5.10: (a) Total crack length and (b) number density of fatigue cracks growing 

on different sources on the specimen surface at various stages of fatigue life at 𝜎𝑚𝑎𝑥 

= 70pct of YS in DA condition. 

 

Figure 5.11: Representative figures showing the development of crack in DA 

specimen at 70% of YS in various stages of fatigue life: (a) 40 % 𝑁𝑓; (b) 60 % 𝑁𝑓; 

(c) 80 % 𝑁𝑓; (d) 90 % 𝑁𝑓. 



Chapter 5           Mechanism of fatigue damage in DED repaired IN718  

134 | P a g e  

 

 

Figure 5.12: (a) Total crack length and (b) number density of fatigue cracks growing 

on different sources on the specimen surface at various stages of fatigue life at 𝜎𝑚𝑎𝑥 

= 70pct of YS in STA condition. 
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Figure 5.13: Representative figures showing the development of crack in STA 

specimen at 70% of YS in various stages of fatigue life: (a) 20 % 𝑁𝑓; (b) 40 % 𝑁𝑓; 

(c) 60 % 𝑁𝑓. 

The measured crack length and the number density of cracks for interrupted tests 

performed at σmax = 45pct of YS in DA condition is shown in Figure 5.14 (a) and (b), 

respectively, and Figure 5.16 shows the total crack length in STA condition. At 45% 

of YS, the STA repaired specimen exhibited better fatigue life compared to the DA 

repaired specimens, and in fact, the STA repaired specimen did not fail at this load 

level. Similar to tests performed 70% of YS, cracks first appeared in the substrate grain 

boundaries near the deposit zone - substrate interface for both DA and STA conditions. 

Representative figures are shown in Figure 5.15 (a) and Figure 5.17 (a). In DA 

condition, after 0.4 𝑁𝑓 cycles elapsed, transgranular cracks appeared in the substate as 
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shown in Figure 5.15 (b). The transgranular cracks originating at the substrate GB act 

as the major dominant crack and propagated at a high rate (Figure 5.14 (a)). As a result, 

the number density of transgranular cracks does not increase, as shown in Figure 5.14 

(b). The cracks grow into the deposit zone only after significant growth through the 

substrate at 0.6 – 0.7 𝑁𝑓. In the deposit zone, the cracks grew primarily through the 

Laves phase as shown in Figure 5.15 (c) and Figure 5.15 (d). Interestingly, the growth 

of the intergranular cracks that formed at the substrate grain boundaries was restricted 

at the TiC particles, as indicated in Figure 5.15 (a – b). The TiC particles are identified 

as the round dark phases on the substrate, as shown earlier in Figure 4.21 (d) in Chapter 

4.  

Similar to the repaired DA specimen, the substrate grain boundaries provided 

preferential sites for crack initiation and growth for cyclic testing at 45% of YS in the 

STA condition as well. It is observed that cracks initiated in the substrate grain 

boundary near the repaired joint early in the fatigue life; however, the cracks never 

propagated, as shown in Figure 5.17 (a – b). It can be inferred that in the STA 

condition, the cyclic stress required to propagate these cracks is higher than achieved 

at maximum cyclic stress 45% of the YS.  No cracks were observed at any other 

microstructural features for this condition. The failure mechanisms for both heat 

treatments and maximum cyclic stress levels are discussed in further detail in Section 

5.4.2.   
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Figure 5.14: (a) Total crack length and (b) number density of fatigue cracks growing 

on different sources on the specimen surface at various stages of fatigue life at 𝜎𝑚𝑎𝑥 

= 45pct of YS in DA condition. 
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Figure 5.15: Representative figures showing the development of crack in DA 

specimen at 45% of YS in various stages of fatigue life: (a) 10 % 𝑁𝑓; (b) 40 % 𝑁𝑓; 

(c) 70 % 𝑁𝑓; (d) 90% 𝑁𝑓. 
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Figure 5.16: Total crack length of fatigue cracks growing on different sources on the 

specimen surface at various stages of fatigue life at 𝜎𝑚𝑎𝑥 = 45pct of YS in STA 

condition. 

 

Figure 5.17: Representative figures showing the development of crack in STA 

specimen at 45% of YS in various stages of fatigue life: (a) 20 % 𝑁𝑓; (b) 70 % 𝑁𝑓. 
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5.3.5 Final failure in uninterrupted test specimens 

The surfaces of the uninterrupted failed specimens were inspected under SEM to 

identify the region of fatigue failure and the phases around the fatigue crack. The 

longitudinal surfaces were studied for samples tested to failure at 70 % of YS and 50 

% of YS in both heat-treated conditions, as shown in Figure 5.18 (a – b) and Figure 

5.19 (a – b), respectively.  Unlike the interrupted tests that were performed at 45% of 

YS, for examination of final failure, specimens tested at 50 % of YS were chosen as 

in some cases the 45 % of YS STA specimens were run-outs.  

 

Figure 5.18: The surface of the uninterrupted test samples showing the region of final 

fracture, tested at 70 % of YS in (a) DA: failure in the substrate and (b) STA 

condition: failure in the deposit zone. 

 

Figure 5.19: The surface of the uninterrupted test samples showing the region of final 

fracture, tested at 50 % of YS in (a) DA: failure in the substrate and (b) STA 

condition: failure in the deposit zone. 

The longitudinal surface near the fatigue crack region shows that the final fracture took 

place ~500 – 600 µm from the interface; however, this final fracture was in the deposit 

for the STA condition and the substrate for the DA condition. This observation agrees 

well with the mechanism of failure demonstrated using the interrupted tests, as shown 

in the previous section (Section 5.3.4). At both maximum cyclic stress levels (70 % 
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and 50 % YS) for the DA specimens, as shown in Figure 5.18 (a) and Figure 5.19 (a), 

respectively, exhibited cracks propagating through substrate grain boundaries and twin 

boundaries. Some secondary grain boundary cracks near the repaired joint were 

observed, as shown in Figure 5.19 (a). On the contrary, the specimens tested in STA 

condition exhibited break-up of the Laves phase and δ phases from the matrix in the 

deposit was observed as shown in Figure 5.18 (b) and Figure 5.19 (b) for 70 % and 50 

% YS respectively. With an increasing number of cycles, the break-up of the Laves 

phase and δ phases, along with the deformation of the austenitic matrix, led to the 

formation of microscopic voids, which provided an easy crack path and ultimately 

failure of the repaired composite. Moreover, the results obtained from the 

uninterrupted test specimens also confirm the consistency of the failure mechanism 

established using the interrupted tests.  

The fracture surface of specimens tested under DA condition at 70 % of YS 

and 50 % of YS is shown in Figure 5.20 (a – d) and Figure 5.21 (a – d), respectively. 

The corresponding SEM micrographs for specimens tested under STA condition are 

represented in Figure 5.22 (a – d) and Figure 5.23 (a – d). The failure occurred in the 

substrate for the DA-repaired specimen and the deposit zone for the STA-repaired 

specimens. Therefore, the fracture surface is representative of the features of the 

wrought IN718 substrate in DA condition and the deposit zone in STA condition. The 

fracture surfaces exhibited features such as facets, secondary cracks, striation marks, 

and manufacturing defects, including porosities and dimpled areas that are typical of 

microvoid coalescence. The dimples appear to be finer, and the overall fracture surface 

is smoother in the STA-repaired specimen that failed in the deposit zone compared to 

the DA-repaired specimen that failed in the substrate region. In DA condition (Figure 

5.20 (b) and Figure 5.21 (b)), after crack initiation on the specimen surface, 

crystallographic facets are observed. Such facets are commonly observed in high-cycle 

fatigue of wrought IN718, and AM IN718 tested at room temperature [126,136,218–

220]. Ratchet marks and ridges are observed as seen on the fracture surface, which 

formed due to multiple cracks propagating on parallel planes that are interconnected 

via secondary perpendicular cracks [126].  
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Figure 5.20: Appearances of the fracture surface of DA-repaired specimen tested at 

70% of YS: (a) crack initiation sites, (b) facets and (c) cracks on the fractured 

surface, (d) striation marks on the fracture surface. 

 

Figure 5.21: Appearances of the fracture surface of DA-repaired specimen tested at 

50% of YS: (a) crack initiation sites, (b) facets and (c) cracks on the fractured 

surface, (d) striation marks. 

In addition to dimples, the fracture topology exhibited fatigue striations are seen on 

the fracture surface, as shown in Figure 5.20 (d), Figure 5.21 (d), Figure 5.22 (d) and 

Figure 5.23 (d). Striation marks are formed due to crack blunting and reshaping during 
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fatigue failure or crystallographic slip lines intersecting fractured surfaces [130,217]. 

The STA-repaired specimen exhibited crack initiation sites associated with defects 

(porosities, brittle phases, or inclusions) located near the free surface (Figure 5.22 (b 

– c)) and Figure 5.23 (b – c)). The surface exhibited a combination of ductile and brittle 

micro-mechanisms, i.e., dimples and facets (intergranular and transgranular). It is 

known that the typical fatigue crack growth curve consists of 3 stages: (1) where cracks 

are first initiated, followed by (2) steady-state crack propagation stage, and (3) final 

rupture [85]. The fatigue striations are generally created during the crack propagation 

stage. Scarce fatigue striations observed on the STA specimens that failed in the 

deposit zone compared to the DA specimens that failed in the substrate can be 

attributed to rapid crack growth through the deposit zone in the specimens tested in 

STA condition. 

 

Figure 5.22: Appearances of fracture surface of STA-repaired specimen tested at 

70% of YS: (a) crack initiation sites, (b) defects and (c) unmelted powder particles 

on the fractured surface, (d) striation marks on the fracture surface. 
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Figure 5.23: Appearances of fracture surface of STA-repaired specimen tested at 

50% of YS: (a) crack initiation sites, (b) defects and (c) unmelted powder particles 

on the fractured surface, (d) striation marks on the fracture surface. 

5.4 Discussion 

5.4.1 Rationalisation of room temperature fatigue performance with the 

microstructure of the repaired composite under the heat-treated 

condition 

This section discusses the major fatigue behaviour findings in Sections 5.3.3 – 5.3.5 

in relation to the underlying microstructure. Discussions on the following observations 

are included: (1) explanation for the difference in failure location for the two post HT 

conditions (in the substrate region in DA condition and the deposit zone for STA-

repaired specimens); (2) proposed explanation for STA-repaired composites 

performing comparatively better at low cyclic stress regimes and DA-repaired 

specimens performing better at higher cyclic stresses.  

The experimental results presented in Sections 5.3.4 and 5.3.5 reveal that the 

substrate grain boundaries, in both heat-treated conditions, experience a significant 

amount of fatigue damage.  It is apparent that in both the heat-treated conditions, the 

grain boundaries offer a favourable site for crack initiation and play a major role in the 

fatigue damage initiation. However, the cyclic failure mechanism is different when the 

maximum applied cyclic stress is above or below the inflection point (Figure 5.8).  
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Below the inflection point, it is observed that the STA-repaired specimens 

exhibit a higher fatigue limit compared to DA. It is established that, below the fatigue 

limit, the accumulation of fatigue damage through cyclic loading is balanced by the 

progressive strengthening due to strain ageing through which, during deformation, the 

dislocations are locked by the solute atoms and hinder their movement. Therefore, 

higher loads are required to move the dislocations and hence, plastic deformation that 

results in strengthening of the material [221]. Fatigue failure occurs when the fatigue 

damage predominates over strengthening. Therefore, a set of conditions above which 

the already initiated microcracks can propagate determines the fatigue strength. In 

interrupted tests performed on repaired-STA composites with maximum cyclic stress 

at 45% of the yield stress, which is just below the endurance limit, non-propagating 

microcracks at the substrate grain boundaries were observed, as shown in Figure 5.17 

(a – b). At a similar maximum cyclic stress level for the DA condition, the microcracks 

initiating on the substrate grain boundary were able to propagate, ultimately leading to 

a failure (Figure 5.15 (a – c)). The role of the δ phase and Laves phase on this 

difference in fatigue limit in the STA and DA conditions is discussed in the following 

paragraphs. 

The wrought material outperforms the repaired material in room temperature 

tests, especially at high-stress levels. The deposit zone has a significantly smaller grain 

size of heterogeneous distribution and no annealing twins compared to the wrought 

material with coarse equiaxed grains.  Since the crystallographic texture is weak (in 

both deposit zone and substrate), various microstructural features in the repaired zone, 

substrate and the repaired interface/joint are likely the main competing factors 

influencing the fatigue performances. The microstructural features include grain size, 

defects and porosity, presence and fraction of Laves phase and δ precipitates.  In the 

repaired composite various secondary phases present on either side of the of the 

repaired joint would dictate the final failure mechanism of the repaired composite. As 

shown in Section 5.3.1 (Figure 5.5 (a – c)), in the DA condition, the substrate grain 

boundaries in the HAZ region are devoid of any δ phase, with Laves phase present on 

the substrate grain boundaries and along the interdendritic region in the deposit zone. 

Mechanical properties of IN718 from uniaxial tensile tests have shown that Laves 

phases have poor plastic deformation capability [13,14]. The γ  matrix possesses higher 

deformability and often leads to the formation of stress concentration sites at the γ – 

Laves phase interface. As the cracks predominantly initiate and grow through the 
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substrate grain boundaries (Section 5.3.4), at higher loads, the failure mechanism in 

the DA-repair specimens mimics the failure mechanism of wrought IN718. However, 

the absence of δ phase post DA heat treatment might have resulted in lower fatigue 

properties. Also, the HCF behaviour of the repaired composite in DA suggests that 

coarse microstructure in the substrate coupled with a high content of annealing twins 

has a larger effect on shortening the life of the samples than porosity and Laves phase 

in the deposit zone because cracks can easily form along twin boundaries[130]   

From uniaxial tensile tests reported in Figure 5.7, the repaired STA condition 

exhibited improved ductility compared to the DA specimen. While it has been 

observed that δ phase improves fatigue properties in Ni-base alloys by arresting crack 

propagation [137,222], this only occurs at low-stress levels. Raymond [223] reported 

that δ phase degrades the fracture toughness and low-cycle fatigue life in wrought 

IN718. Similar observations are also reported by J. An et al. [224], who attributed the 

fatigue resistance of δ phase to its morphology. The Laves phase and δ precipitates are 

Nb rich, while the surrounding matrix is depleted of Nb, resulting in a lack of γ″ 

strengthening phase [134,138]. Therefore, near the δ phase, a region depleted in γ″ is 

formed that may act as micro-void initiation site. Moreover, a higher volume fraction 

of δ phase in the microstructure depletes the available Nb for γ″ formation during 

ageing treatment. During cyclic loading, dislocations are easily piled up around the 

long needle-like δ phase, which leads to high-stress concentration, and subsequent δ 

phase debonding from the matrix and helps easy crack propagation along long needle-

like δ phase surrounded by precipitates free zone. Therefore, the heterogeneous 

distribution of the needle-like δ phase and higher volume fraction in the deposit zone 

made it easier to induce stress concentration sites at high-stress levels, and the STA-

repaired composite at high stresses failed in the deposit zone. At low-stress levels, the 

debonding of the δ phase/Laves phase – γ matrix did not happen. 

5.4.2 Comparison to wrought material and published additive manufactured 

IN718  

The fatigue limit of wrought IN718 as reported in the Aerospace Structural Metals 

Handbook is ~500 MPa. That value is 75 MPa higher than found for the wrought 

IN718 used in the present study. The grain size and hence, distribution of the δ phases 

might be the reason for the difference in fatigue limit. However, the HCF results of the 

wrought IN718 agree well with the test results reported by Kashev et al. [225] on 

wrought IN718 at room temperature. HCF tests on wrought IN718 with different grain 
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Figure 5.24: Comparison of S-N curve with existing data for IN718. For comparison, 

data from wrought, weld and AM IN718 were tested at room temperature, and R = 

0.1 is used. (TIG: Tungsten Inert Gas welding, LPBF: Laser Powder Bed Fusion; 

EBM: Electron Beam Melting; DED: Direct Energy Deposition). 

EBM fabricated IN718 tested by Balachandramurthi et al. [133] exhibited 

inferior fatigue performance. The fatigue performance of DED manufactured IN718 

by Amsterdam et al. [132] exhibited similar fatigue performance compared to the 

repaired specimens tested in STA conditions. The specimens tested by Amsterdam et 

al. [132] were post-heat-treated at 1093ºC and aged.  The repaired specimens, under 

both heat-treated conditions, performed better than the TIG welded IN718 reported by 

Alexopoulos et al. [139]. Fatigue performance of TIG-welded specimens reported by 

Sivaprasad et al. [138] tested in DA and STA conditions shows a similar trend as 

reported in the present study. At higher maximum stress levels, the DA fatigue 

performance is better whereas, at low-stress levels, better fatigue performance and 

higher fatigue limit were reported for the STA specimens,   

It can be summarised from the present investigation and other reports available 

in the literature that wrought IN718 generally outperforms IN718 processed via 

various additive manufacturing techniques or welding. The primary reason for the 

difference in the fatigue performance can be related to the difference in the 

microstructure due to various processing methods. Laser AM techniques can be 

broadly classified as direct energy deposit (DED) or laser powder bed fusion (LPBF) 

processes. High cooling rates of 103 – 105 K/s are achieved during DED and   105 – 107 

K/s in LPBF processing [68]. Similarly, high cooling rates >102 K/s are achieved 

during welding processes [229]. The non-equilibrium phases formed during AM 

processes and welding results in the deterioration of fatigue properties. Post-deposit 

heat treatments are often employed to improve fatigue properties. In repair processes 

(welding/AM), to prevent coarsening of base material grains, the solution treatment 

temperatures are generally restricted to 980ºC. The solution treatment at 980ºC results 

in the formation of δ precipitates along with retained Laves phases. The formation of 

δ precipitates results in slight softening of the material, thereby deteriorating high-

stress HCF properties; however, at stresses below 50% of yield strength, δ precipitates 

are found to be beneficial for fatigue properties.  
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5.5 Conclusion 

The experimental work exhibits a spatial gradient of microstructure in the repaired 

composites. In the repaired joint, the microstructure evolves from the uniform large 

equiaxed grains of the substrate to a heterogeneous mix of fine columnar and equiaxed 

grains in the deposit zone. Since crystallographic texture was characterised as weak, 

the main competing features governing the fatigue performances are grain size, defects 

such as porosity, δ/ Laves precipitates, and grain boundaries. The major conclusions 

derived are as follows: 

1. The repaired composites exhibit inferior fatigue properties compared to the 

wrought substrate. However, the performance of the repaired samples is 

comparable to AM IN718 reported in the literature and, in some cases, better 

than welded IN718, tested under similar conditions (R = 0.1)  

2. At high load levels, the DA samples performed better than the STA samples, 

whereas, at low loads, the STA samples performed better. Final failure has 

been reported in the substrate region for DA specimens and in the deposit zone 

for STA specimens.  

3. The Nb-rich film formed in the wrought grain boundary during the deposition 

process act as the crack initiation sites in all the conditions tested in the current 

chapter.   

4. In STA condition, needle-shaped δ phases coupled with Laves phases are 

efficient in arresting crack formation at low loads; however, at high loads 

provides preferential sites for stress concentration and microcrack initiation.  

5. In DA conditions, the Laves phase along the HAZ grain boundaries are the first 

crack initiation sites, and failure happens through the coarse substrate grain 

boundaries.  

6. It is found that grain boundary cracks can generate below the endurance limit 

in IN718; however, the cracks do not propagate. 
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CHAPTER 6 

 Effect of TiB2 addition on microstructure and mechanical properties in 

Inconel 718 processed via Direct Energy Deposition 

6.1 Introduction 

A typical Laser Direct Energy Deposition (DED) produced Inconel 718 (IN718) 

microstructure is characterised by columnar dendrites growing epitaxially from the 

substrate. IN718 is widely studied for laser Additive Manufacturing (AM) processes, 

with detailed microstructure and properties of AM IN718 reported in the literature 

[10,11,14,34,53,93,95,108,198,230]. During AM processing, the substrate acts as the 

primary heat sink; therefore, the heat flux is towards the substrate, and the dendrites 

grow opposite to the substrate [10,106]. The columnar nature of the microstructure, as 

observed in AM IN718, often leads to anisotropy in the deposited part [12,13,113]. An 

equiaxed microstructure is expected to reduce the anisotropy in the mechanical 

properties of the fabricated component. The effect of pre-existing nuclei on the G/R 

maps was shown by Gaumann et al. [186] and Babu et al. [107]. A greater number of 

pre-nucleation sites favours the formation of equiaxed grains. Therefore, a high 

number of nucleation sites can facilitate grain nucleation while restricting grain growth 

to achieve an equiaxed microstructure. A higher number of nucleation sites can be 

achieved by: (a) mechanically by agitating the melt pool during solidification; or (b) 

chemically by adding inoculants acting as nuclei [145]. Inoculation is considered as a 

successful solidification altering approach to effectively achieve grain refinement. 

This refers to adding grain refiners or a small number of secondary particles to promote 

heterogeneous nucleation and restrict grain growth.  

The use of inoculant/secondary particles to alter the properties in standard alloy 

systems is reported in the literature. Composites and nano-composites manufactured 

using AM techniques are reported for alloy systems such as steels [156–158], 

Aluminium alloys [159,160], Titanium alloys [161], and Ni-based superalloys [162–

167]. The general motivation for using inoculants is to realise tailored mechanical 

properties, and in some studies, microstructure modification was achieved. The 

common reinforcing materials used for nano-composite in AM process, especially for 

IN718, are listed in [165–168,231,232]. The effect of WC-W2C addition on SLM 

fabricated IN718 microstructure was studied by Ho et al. [154] and presence of fine 

grains on the inoculant surface after heat treatment was observed. Jia et al. [162] and 

Gu et al. [232] used TiC as reinforcements to improve strength and wear performance 
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in SLM IN718. The IN718/TiC composites exhibited improved mechanical properties 

with improved nano-hardness and low wear rate, compared to IN718 deposits. The 

addition of inoculants generally enhances the strength of the composite material, 

despite there being evidence to suggest the reduced ductility [168]. Generally, the 

selection criterion of these inoculants has yet to be explored in detail. For example, an 

open question remains as to whether the inoculant can still act as an effective 

heterogeneous nucleation site if a certain crystallographic match exists between the 

inoculant and matrix. Ho et al. [169] observed that CoAl2O4 particles formed a 

dispersion of Al-rich nano-oxide particles in the matrix, which seemed responsible for 

the formation of refined equiaxed grains, reducing crystallographic texture and 

improved creep properties.  

This chapter explores the potential of TiB2 as an efficient grain refiner to aid the 

transformation of the columnar-to-equiaxed microstructure for IN718 during DED 

processes. The motivation for selecting TiB2 is explained with reference to a 

crystallographic model. Moreover, the effect of the addition of TiB2 on the mechanical 

properties of IN718/TiB2 is elaborated.  

6.2 Experimental details 

6.2.1 Powder preparation and DED deposition process 

Plasma atomised, spherical IN718 powders in the size range of 50 µm – 150 µm 

supplied by GE Additive have been used as the feedstock material. Irregular-shaped 

TiB2 powders were premixed with the feedstock IN718 powders using ball milling. A 

customised vertical ball mill with a powder-to-ball ratio of 1:1; 200 RPM was used, 

and the ball milling process was performed in argon atmosphere for 6 hours. Ball 

milling was followed by drying the milled powders in a vacuum furnace at 120C for 

1.5 hours. TiB2 particles with three characteristic sizes were considered: < 1 µm, < 10 

µm and < 40 µm; the respective SEM images are shown in Figure 6.1 (a), Figure 6.1 

(b) and Figure 6.1 (c). After the ball milling process, the corresponding composite 

powder decorated with the TiB2 particles is shown in Figure 6.1 (d) - Figure 6.1 (f). 

Figure 6.1 (d) shows that the TiB2 powders of size < 1 µm agglomerated during the 

ball milling and was not evenly distributed over the feedstock IN718 powders, and  

TiB2 powders of size <40µm did not attach to the IN718 powders as shown in  Figure 

6.1 (f). Figure 6.1 (e) shows that the TiB2 powders of < 10 µm seem to attach to the 

feedstock powders more efficiently compared to the < 1 µm and < 40 µm powders, 
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resulting in a uniform distribution of TiB2 particles over the feedstock powder. 

Therefore, the following study was performed on the TiB2 powders with the 

characteristic size of < 10 µm.  

 

Figure 6.1: IN718 powders mixed with 1.5 wt% TiB2 powders: (a), (b), (c) are TiB2 

powders with size of < 1 µm, < 10 µm and < 40 µm, respectively; The corresponding 

TiB2 decorated feedstock powders with TiB2 particle size: (d) < 1 µm (e) < 10  µm 

(f) < 40 µm.    

An Optomec LENS MR-7 apparatus equipped with a 1kW IPG fibre laser with a 

coaxial powder delivery system was used for the repair work. The process parameters 

used for the deposits are shown in Table 6.1. One parameter set is referred to as high 

energy while the other as low energy. Identification of the above-mentioned two 

process parameter sets can be found in Chapter 4. An alternate scanning pattern was 

used for all the deposition processes, as schematically shown in Figure 6.2 (a). The 

corresponding characterisations, including SEM investigation, EBSD and XRD, were 

done along the building direction on the z-x plane, as illustrated in Figure 6.2 (b).  
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Figure 6.3: Schematic diagrams showing the specimen extraction locations with 

respect to the DED deposit sample blocks; dimensions of tensile specimen are noted.  

All the uniaxial tensile tests were carried out using a 100 kN Instron servohydraulic 

universal testing unit equipped with Bluehill 3 software in Instron Wave Console. A 

video extensometer with a 100 mm axial field of view was used to measure strain 

during the tests. Displacement-controlled tensile tests were conducted at room 

temperature with a nominal strain rate of 1 × 10 −3 s −1. The time, load, actuator 

displacement, and gauge extension from the extensometer were digitally recorded for 

all the tests. 3–4 samples were tested for each condition and then used to calculate the 

average values and standard error of tensile properties. Vickers microhardness was 

measured on both as-manufactured IN718 and IN718/TiB2 samples with a micro-

hardness testing machine using a 500 g and 15 s dwell-time load. For each condition, 

8 – 12 indentations were performed. 

6.2.3 Microstructure characterisation  

Samples for microstructural characterisation were mounted, mechanically ground 

successively from 240 Grit to 1200 Grit, and polished with diamond suspensions from 

9 µm to 1 µm and finally with OPS colloidal silica suspension. A Supra 55-VP 

scanning electron microscope (SEM), equipped with energy dispersive X-ray 

spectroscopy (EDS) and electron backscatter diffraction (EBSD) system from Oxford 

Instrument, was employed to characterise the microstructural features, operating at 20 
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kV accelerating voltage. The data obtained were analysed with HKL Channel 5 

software. EBSD scans were made at low magnification for grain size analysis to cover 

an area greater than 1.5 × 1.5 mm2 using a step size of 2.5 µm. Grains greater than 10 

pixels in the area were filtered and used for subsequent analysis according to ISO 

13067 recommendation. Pole figure contouring was done with a half-width of 10º and 

data clustering of 5º. For a like-for-like comparison, the max MUD values for the pole 

figures were fixed to 8. EBSD maps for Taylor factor determination and local area 

misorientation were performed at higher magnification using a step size of 1.5 µm and 

0.15 µm, respectively. Note that all the EBSD mappings for Schmid factor and Taylor 

factor determination were done on the z-x planes for vertically built samples. In 

contrast, the x-y planes were investigated for horizontally built samples since these 

planes are the interesting areas relating to mechanical properties with regard to the 

loading directions.  

6.3 Results 

6.3.1 IN718/TiB2 microstructure 

6.3.1.1 Grain size and texture analysis 

The EBSD maps, grain size distribution and pole figures of high energy as-deposit 

IN718 are shown in Figure 6.4 (a – c). The EBSD IPF map of as-deposit IN718 in 

Figure 6.4 (a) shows that the material exhibits a mix of elongated and fine-equiaxed 

grains in the microstructure growing along the build direction. A zig-zag type grain 

morphology is seen in the as-deposited material, with dendrites oriented towards the 

building direction intersecting at the region between the layers. The reason for such 

grain morphology is discussed later. Figure 6.4 (c) shows the {100}, {101}, {111} 

pole figures of as-deposit IN718. The {100} pole figure exhibits the highest pole figure 

intensity with MUD values of 7.9, indicating a preferred orientation in as-deposit 

IN718 whereby the grains grew epitaxially parallel to the {001} direction. A {001} 

texture along the building direction (||BD) is often reported in AM Ni-based alloys 

[10,11,13,120]. For the FCC γ phase, the 〈100〉 crystallographic direction is the easy 

growth direction, and the grains having one of their 〈100〉 crystallographic directions 

aligned with the heat flow direction will exhibit the preferential growth [113]. 

Therefore, in the present chapter, the {100} pole figures are reported for all subsequent 

deposits. Moreover, the pole figures presented here are based on >3000 grains; hence, 

the texture interpretation is statistically significant. 
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Figure 6.4: (a) EBSD IPF map for as-deposit IN718; (b) The grain size distribution 

as relative fraction of grain count and area fraction are compared; (d) the {100}, 

{111}, and {110} pole figues for as-deposit IN718. 

The grain size distribution for as-deposit IN718 for high energy deposits is analysed 

and compared in terms of the relative fraction of the grain count and area weighted 

fraction, shown in Figure 6.4 (b). Relative distribution of the number of grains is often 

used to represent the grain size distribution from EBSD data [89,160]. The relative 

fraction for grains in the range 0 µm – 10 µm can be mathematically represented as  

𝑁𝑓(0−10)
=  

𝛴(𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑟𝑎𝑖𝑛𝑠 𝑤𝑖𝑡ℎ 𝑠𝑖𝑧𝑒 0 µ𝑚−10 µ𝑚)

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑟𝑎𝑖𝑛𝑠
                                         [6.1] 

Due to the non-homogenous distribution of the grains, the count of large grains ~300 

µm is very low; however, these grains occupy a high percentage of area in the 

microstructure. As a result, it fails to represent the true nature of the microstructure. 

Therefore, area weighted fraction (𝐴𝑓) is used as the parameter for representing the 

grain size distribution. 𝐴𝑓 represents the relative fraction of the area occupied by a 

specific grain size range. In the present analysis, 10 µm range is used to separate the 

grain groups.  

𝐴𝑓(0−10)
=  

𝛴(𝐴𝑟𝑒𝑎 𝑜𝑓 𝑔𝑟𝑎𝑖𝑛𝑠 𝑤𝑖𝑡ℎ 𝑠𝑖𝑧𝑒 0 µ𝑚−10 µ𝑚)

𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎
                                             [6.2] 

The EBSD maps depicting the orientation and distribution of the grains in as-deposit 

IN718 deposited with high energy and low energy deposits are shown in Figure 6.5(a) 
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and Figure 6.5(c), respectively. The corresponding {100} ||BD pole figures are shown 

in Figure 6.5(b) and Figure 6.5(d). The area fraction (Af) distribution for as-deposit 

IN718 in high and low-energy deposits is compared in Figure 6.5(e). The as-deposit 

IN718 microstructure exhibits a high fraction of the area occupied by large grains of 

>300µm. In the high-energy deposit, grains of >300µm occupied ~22% of the total 

grain area and ~10% in the low-energy deposits.  

 

Figure 6.5: As-deposit IN718 microstructure showing (a) grain orientation, and (b) 

{100} pole figures of high energy deposit; (c) grain orientation, (d) pole figures of 

low energy deposit; (e) grain size distribution and (f) legends showing the IPF colour 

and building direction. 

During the solidification of an alloy, the solidification parameters: the thermal gradient 

G (K/mm) and solidification rate velocity R (mm/s), determines the morphology of the 

solidified grains. Depending upon the G/R ratio, the morphology of the resulting solid-

liquid interface can be cellular dendritic, columnar dendritic, or equiaxed dendritic; a 

low G/R ratio favouring equiaxed dendrites. During the DED process, a large thermal 

gradient G at the solid/liquid interface generates large columnar grains parallel to the 

build direction [141,187]. Additionally, depending upon solidification conditions, 

either nucleation or growth rate may be predominant. It is understood that, during the 

solidification process, a preferential growth of the grains is expected parallel to the 

{100} which is the crystallographically favoured orientation for FCC alloys. Only the 

grains (in the substrate) that have <100> direction parallel to the local heat flow 
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direction can grow in a polycrystalline substrate.  This results in epitaxially growing 

grains from the substrate and results in the appearance of elongated grains when 

viewed on a section perpendicular to the building direction. Additionally, some new 

grains would form at the solid-liquid interface where the {100} crystallographic 

orientation parallel to the heat flow direction is not met. However, only the grains that 

meet the preferred crystallographic orientation grow, restricting the growth of the other 

grains. However, from the second layer onwards, there is a different competition 

between nucleation and growth because of the change in the laser scan direction. A 

zig-zag grain morphology occurs when the direction of primary dendrites changes by 

90º. It was reported by Parimi et al. [11] and Dinda et al. [10], who studied DED IN718 

and observed that the orientation of the primary dendrites might change by 60º or 90º 

during the deposition process, depending on the scanning patterns adopted during the 

deposition process. Both studies [10,11] indicated that a unidirectional scanning 

pattern resulted in a change of 60º and a bidirectional scanning pattern led to a 90º 

change in the growth direction of the primary dendrites, resulting in a zig-zag type 

morphology. During solidification of FCC metals and alloys, secondary dendrites 

grow perpendicular to the primary dendrites as the {100} planes are perpendicular to 

each other. A 90º change happens when there is no nucleation occurring at the layer 

interface and primary dendrites grow from the secondary dendrites of the previous 

layer. When nucleation occurs at the layer boundaries, a 60º change of the primary 

dendrite is observed.  

In the present study, in as-deposit IN718, a mix of fine grain and elongated 

columnar grains is noted, as shown in Figure 6.5(a)  for high energy and Figure 6.5(c) 

for low energy deposits. Elongated grains >300 µm are reported in the as-deposit 

IN718 microstructure, which is generally zig-zag shaped. The direction of laser 

movement was rotated by 90º after each layer. This resulted in the development of 

elongated zig-zag grains with no nucleation between the layers, and these large grains 

comprise a high fraction ~ 10 – 25 % of the total grain area.  In other regions of the 

microstructure, the growth of the dendrites ceased due to the solidification conditions. 

It resulted in the formation of a fine-grained region in the as-deposit microstructure.  

The effect of TiB2 addition to IN718 was investigated for both high and low energy 

deposits. The grain size distribution and the pole figures are studied from the EBSD 

maps for both energy densities. The effect of varying amounts of inoculant additions 

was systematically studied by increasing the amount of TiB2 from 0.5 wt% - 2.5 wt%, 
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with an increment of 1 wt%. The EBSD map and corresponding {100} pole figure for 

as-deposit IN718 is shown in Figure 6.6 (a) and Figure 6.6 (e), respectively. Figure 6.6 

(b), Figure 6.6 (c) and Figure 6.6 (d) show the respective EBSD IPF maps for IN718/ 

TiB2 deposits with 0.5 wt%, 1.5 wt% and 2.5 wt% TiB2; the corresponding {100} pole 

figure for IN718/TiB2 high energy deposits are shown in Figure 6.6 (f), Figure 6.6 (g) 

and Figure 6.6 (h). The area fraction distribution of as-deposit IN718 and the 

IN718/TiB2 deposits are compared in Figure 6.6 (i). Similarly, for the low energy 

deposits, Figure 6.7 (a) and Figure 6.7 (e) show the respective EBSD map and 

corresponding {100} pole figure for as-deposit IN718. The  EBSD IPF maps and the 

corresponding {100} pole figure for IN718/TiB2 for IN718/ TiB2 deposits with 0.5 

wt%, 1.5 wt% and 2.5 wt% TiB2 are shown in Figure 6.7 (b) and Figure 6.7 (f); Figure 

6.7 (c) and Figure 6.7 (g); Figure 6.7 (d) and Figure 6.7 (h) respectively.  

 

Figure 6.6: The EBSD maps and the respective {100} pole figures of high energy 

density deposits in the following conditions: (a) and (e) as-deposit IN718; 

IN718/TiB2 deposited with :(b) and (f) 0.5 wt%; (c) and (g) 1.5 wt%; (d) and (h) 2.5 

wt% TiB2; (i) grain size distribution in IN718 and IN718/TiB2 deposits. 
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grains (< 20 µm) and large grains (> 300 µm) in the deposits is summarised in Table 

6.2. The percentage of the area occupied by small grains increased from 3.3 % to 11 

% in high energy deposits and from 4.6 % to 5 % in low energy deposits upon TiB2 

addition. The area occupied by the large grains decreased from 24 % to 2 % in high 

energy deposits and was eliminated in low energy deposits. Additionally, the {100} 

pole figures (Figure 6.6 (c) – (h)) and (Figure 6.7 (c) – (h)) indicates that the texture 

in the IN718/TiB2 deposits becomes weak and random with TiB2 addition. The scale 

of the pole figures is kept constant for comparison. For both energy densities, 

significant grain refinement was observed only after >1.5 wt % TiB2 loading, as shown 

in Figure 6.6 (b), Figure 6.6 (f) for high energy deposits and Figure 6.7 (b) and Figure 

6.7 (f) for low energy deposits. It can be inferred from the results that <0.5 wt% 

inoculants did not create enough heterogeneous nucleation sites, and >1.5 wt% 

inoculants were able to promote heterogeneous nucleation, and the columnar 

microstructure was broken down to a large extent. Therefore, the rest of the 

investigation has been conducted on <10 µm size inoculants with 1.5 wt% TiB2. 

 

Figure 6.8: Low energy deposits having interlayer defects. Unmelted particles are 

observed within the interlayer defects. 

Although significant grain refinement has been observed with low energy 

deposits with the addition of TiB2 >1.5wt% (Figure 6.7 (c) and (d)), the deposits were 

not dense with interlayer defects observed. Figure 6.8 shows a representative SEM 

micrograph of IN718/TiB2 low energy deposit with 1.5 wt% TiB2 with interlayer 

defects. The point EDS analysis presented in Figure 6.9 shows peaks of Ti from the 

unmelted powders near the interlayer defects, confirming that for low energy deposits 

with TiB2 loading <1.5 wt%, the TiB2 particles remain unmelted and result in 
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interlayer defects in the built. The reason for such a phenomenon is explained as 

follows.  

 

Figure 6.9: EDS of unmelted particles shows presence of TiB2. 

During the deposition process, a steep thermal gradient is developed between the 

centre and the edge of the pool across the surface. The surface tension on the top of 

the molten pool induces a thermocapillary flow on the pool surface due to the 

temperature gradient [157]. Dynamic viscosity (𝜇) is expressed according to the 

equation 6.3:   

𝜇 =
16

15
(√(

𝑚

𝑘𝑇
) 𝛾)                                                                                                  [6.3] 

where m is the atomic mass, k is the Boltzmann constant, γ is the melt's surface tension, 

and T is the melt pool temperature [233]. Based on the above equation, when the 

energy density (i.e. the temperature of the melt pool) is insufficient, the viscosity of 

the melt increases. Addition of TiB2 results in increased viscosity of the melt pool. A 
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Figure 6.10: Effect of powder flow rate on the densification of IN718/TiB2 deposits: 

(a) 12g/min; (b) 8 g/min; (c) 7g/min; (d) 6g/min. 

The resulting microstructure of IN718/TiB2 deposited with changing powder flow rate 

is shown in Figure 6.10 (a – d). The deposits with a flow rate of 12 g/min shown in 

Figure 6.10 (a) exhibit a high amount of defect ~ 3% in area fraction as measured from 

the optical micrographs. With a reduced flow rate, the number of powders fed in the 

melt-pool is low, thereby increasing the effective energy experienced by individual 

powders. The interlayer defects decreased with decreasing flow rate from 12g/min to 

8gm/min, as shown in Figure 6.10 (b). Furthermore, a fully dense deposit without 

interlayer defects was achieved with a flow rate of <7g/min, as shown in Figure 6.10 

(c) and Figure 6.10 (d). The effect of powder flow rate on the orientation and 

distribution of grains of low energy deposits can be seen from the EBSD maps shown 

in Figure 6.11 (a – d).  The EBSD maps show that the grain morphology becomes 

coarser as the flow rate is reduced below 8 g/min. Figure 6.11 (e) shows the grain size 

distribution in the deposits with varying flow rates. The fraction of area occupied by 

the small grains (grain diameter < 20 µm) decreases, and a higher fraction of grains > 

100 µm is observed with decreasing flow rates.  



Chapter 6                                 Effect of TiB2  addition on DED IN718 

166 | P a g e  

 

 

Figure 6.11: EBSD IPF maps showing effect of powder flow rate on the grain size of 

low energy deposits: (a) 12g/min; (b) 8g/min; (c) 7g/min; (d) 6g/min; the grain size 

distribution is shown. 

Therefore, to achieve the full densification, the flow rate of 7g/min was combined with 

the low energy density in the following research, unless otherwise stated. A detailed 

comparison of as-deposit IN718 and IN718/TiB2 deposits with low energy density will 

be made in the following section.  Note that the energy density equations (linear, area, 

or volumetric (see Table 1 [120]) often used in DED (or laser-based AM deposits) do 

not incorporate the flow rate as a variable. However, the current investigation shows 
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flow rate is an important variable, especially for the densification during DED prints 

that deserves detailed investigation.  

The microstructure of IN718/TiB2 deposits with high energy and low energy 

deposits are detailed and compared with the corresponding as- deposit IN718 as 

follows. Figure 6.12 (a – e) and Figure 6.13 (a – e) compare the microstructure and 

grain morphology for both IN718 and IN718/TiB2 for high and low energy deposits, 

respectively. The microstructure of as-deposited IN718 and IN718/TiB2 deposited 

with high energy density is shown in Figure 6.12 (a) and Figure 6.12 (b), respectively. 

The corresponding grain boundary maps of as-deposited IN718 and IN718/TiB2 are 

shown in Figure 6.12 (c) and Figure 6.12 (d), respectively. The presence of large 

columnar grains with size (circle equivalent diameter) >300µm can be observed in the 

as-deposit IN718, Figure 6.12 (c). These large grains, indicated in red and yellow in 

the grain size maps, occupies a major portion of the total area in as-deposit IN718. The 

grain size distribution reported in Figure 6.12 (e) shows a consistently higher area 

fraction of grains <100µm in IN718/TiB2 than as-deposit IN718. The grain size 

distribution of IN718/TiB2 shows the area occupied by smaller grains (<20µm) 

increased, and the area occupied by the large grains >300µm is reduced to ~ 3 % from 

~ 25 % in as-deposit IN718 (Figure 6.12 (d, e). Similarly, in low energy deposits, the 

large columnar grains (> 300µm) in as-deposit IN718 shown in Figure 6.13 (a, c) were 

eliminated in IN718/TiB2 deposits (Figure 6.13 (b, c)). The area fraction of smaller 

grains (<20µm) increased from ~ 2.5 % to 10 % upon TiB2 addition, as indicated in 

Figure 6.13 (e).    
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Figure 6.12: IPF EBSD maps and grain size distribution maps for high energy 

deposits: (a), (b) EBSD map; (c), (d) grain size map of as-deposit IN718 IN718/TiB2 

with 1.5wt%, <10µm TiB2; and (e) grain size distribution. 



Chapter 6                                 Effect of TiB2  addition on DED IN718 

169 | P a g e  

 

 

Figure 6.13: IPF EBSD maps and grain size distribution maps for low energy 

deposits: (a), (b) EBSD map; (c), (d) grain size map of as-deposit IN718 IN718/TiB2 

with 1.5wt%, <10µm TiB2; and (e) grain size distribution. 

6.3.1.2 Identification of the secondary phases 

BSE-SEM images of as-deposit IN718 and IN718/TiB2 are shown in Figure 6.14 (a – 

d). Figure 6.14 (a) and Figure 6.14 (b) show the respective micrograph of IN718 and 

IN718/TiB2 deposits processed using high energy density. The corresponding 
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micrographs for the low energy density as-deposit IN718 and IN718/TiB2 are shown 

in Figure 6.14 (c) and Figure 6.14 (d), respectively. In as-deposited IN718 

microstructure, inter-dendritic laves phases formed identified as the bright phases in 

Figure 6.14 (a) and Figure 6.14 (c). It is well established in the literature that Laves 

phase is formed due to inter-dendritic Nb and Mo segregation with a typical 

composition of (Ni, Fe, Cr)2(Mo, Nb, Ti) resulting from rapid solidification during the 

DED process. Its formation requires more than 10 wt% Nb, as observed by Qi et al. 

[93] and Zhai et al. [95] for IN718 manufactured using DED techniques. Laves phase 

was found to be detrimental to tensile ductility properties in IN718 welds [192] and 

DED (and other AM processes) fabricated IN718 [22,93] as it was believed to aid the 

crack initiation and propagation.  

 

Figure 6.14: SEM images showing typical microstructures of IN718 with and 

without inoculants: (a), (c) As-deposit IN718; (b), (d) IN718/TiB2; (a), (b) are high 

energy deposits and (c), (d) are low energy deposits respectively.  
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Figure 6.15: High Magnification SEM micrographs of IN718/TiB2 showing the 

needle-shaped phases and spherical phases in IN718/TiB2 (a) High Energy deposits, 

(b) low energy deposits; (c) the area fraction of these round and needle-shaped 

phases; (d) aspect ratio frequency distribution of the needle-shaped phases in high 

and low energy deposits. 

The inter-dendritic Laves phases are replaced with needle/irregular shaped and round 

shaped precipitate phases in the IN718/TiB2 deposits distributed evenly throughout the 

deposit (Figure 6.14 (b) and Figure 6.14 (d)). High magnification micrographs of 

IN718/TiB2 for the high energy and low energy deposits are presented in Figure 6.15 

(a) and Figure 6.15 (b). For both conditions, the needle and spherical-shaped phases 

are present in the microstructure; however, the amount of the needles reduced from ~ 

10% in high energy deposits to ~ 5% in low energy deposits (Figure 6.15 (c). The 

aspect ratio distribution of these needle-shaped phases is shown in Figure 6.15 (d). An 

identical area has been considered for analysing both high and low energy deposits. 

Figure 6.15 (d) shows that the mean of the aspect ratio was ~ 3.5 for both the high and 

low energy deposits. It can be inferred from the microstructural characterisation that 

upon the addition of TiB2 to IN718, the solidification path changed and suppressed the 

formation of Laves phases in the as-deposit microstructure.   

XRD and EDS analyses were adopted to study the new precipitate phases (needle-

shaped and round) formed in IN718/TiB2. The EDS elemental maps of IN718/TiB2 

for high and low energy deposits are shown in Figure 6.16 and Figure 6.17, 
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respectively. The EDS elemental maps indicate that the needle-shaped phases were Cr, 

Mo, and B-rich phases. The EDS line scan done on the IN718/TiB2 is shown in Figure 

6.18 (a – b). EDS line scans of the needle-shaped phase shown in Figure 6.18 (a) 

indicate that the needle-shaped phase is rich with Cr, Nb and Mo, and high Ti 

concentration is reported in the round phases as shown in Figure 6.18 (b). Therefore, 

it can be inferred that the round phases in IN718/TiB2 are possibly TiB2 particles. 

Segregation of Nb in the inter-dendritic regions is also observed in the EDS elemental 

maps (Figure 6.16 and Figure 6.17), indicating the possible presence of Laves phases; 

however, the volume of Laves phase in the IN718/TiB2 has been greatly reduced as 

compared to the as-deposit IN718.  

 

Figure 6.16: EDS elemental map for IN718/TiB2 deposits with high energy density. 
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Figure 6.17: EDS elemental map for IN718/TiB2 deposits with low energy density. 

 

Figure 6.18: EDS line scan of IN718/TiB2 low energy deposit showing (a) 

segregation of Cr, Mo, and Nb at the needle-shaped phases and (b) Ti segregation at 

the round phase. 
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Figure 6.19 shows the XRD peaks of IN718/TiB2 deposited at high energy and low 

energy densities and is compared with as-deposit IN718. The peaks corresponding to 

the FCC 𝛾 phase are easily indexed, however, the other peaks are indexed based on 

EDS results and correlating with the JCPDS database. The Laves phase peaks observed 

in the as-deposit IN718 are indexed using data from literature [234,235].  The inset in 

Figure 6.19 shows an enlarged view of the XRD peak with diffraction angles ranging 

from 25º - 65º. The corresponding Laves phase peaks observed in as-deposit IN718 

are absent in IN718/TiB2. Moreover, the XRD patterns do not show peaks of TiB2, 

indicating partial/full dissolution of TiB2 in the γ matrix. The peaks in IN718/TiB2 are 

indexed as Cr3B4, and TiB2 peaks, based on EDS results.  

 

Figure 6.19: XRD patterns for as-deposit IN718 and IN718/TiB2. 

6.3.2 Mechanical properties 

6.3.2.1 Hardness 

Mechanical properties of the as-deposit IN718 and IN718/TiB2 have been 

characterised for the deposits done at high energy and low energy densities using 

Vickers micro-hardness and tensile tests. Tensile tests were performed on specimens 

with a loading direction parallel to and perpendicular to the build direction (Figure 

6.3). Generally, the hardness values in as-deposit IN718 do not show a significant 

dependence on energy densities, as shown in Figure 6.20. The hardness values reported 

in as-deposit IN718 in high and low energy deposits are ~ 250 Hv and do not satisfy 

the minimum hardness (350 Hv) requirement per AMS 5662 standard. The low 
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IN718/TiB2 is significantly reduced compared to post HT IN718. It is noted that the 

results shown in Table 5.2 are from the vertical specimen, i.e., the loading direction 

was parallel to the build direction. The relatively low tensile strength in as-deposit 

IN718 can be attributed to the absence of strengthening phases γ′ and γ″ that do not 

form during DED processing owing to the rapid cooling rates. 

 

Figure 6.21: (a) Engineering stress- engineering strain curves for high energy density 

deposits IN718 and IN718/TiB2 tested in vertical (V) and horizontal (H) direction; 

(b) quantified yield stress, tensile stress, and percentage elongation to fracture for 

each condition. 
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to building direction, while elongation show the opposite tendency in both IN718 and 

IN718/TiB2 samples. The percentage difference of tensile properties in horizontal and 

vertical samples is indicated as ‘%∆’ in Table 6.4.  The percentage difference in the 

strength properties between the vertically and horizontally built IN718 is 20% and 

17% for IN718/TiB2. This indicates that, although the addition of TiB2 is able to reduce 

the intensity of the texture in deposits, however, the anisotropic tensile properties still 

persist.  

Anisotropic mechanical behaviour is often observed in AM IN718 [See for e.g. 

[12,13,113,116,118,120,236]]. However, unlike in the present study, the majority of 

the existing literature reports specimens tested perpendicular to the build direction 

(horizontal) exhibiting higher strength values and lower ductility than the ones tested 

parallel to the build direction (vertical) [12,13,113,120]. As an exception, Deng et al. 

[116] observed different anisotropic behaviour in IN718 EBM deposits where the 

vertical samples exhibited higher strength properties compared to the horizontally built 

samples and the anisotropic behaviour was attributed to the presence of defects along 

the grain boundaries in the loading direction. It is shown that the IN718/TiB2 builds 

exhibited a weaker/random texture compared to IN718 builds (Figure 6.6 (a – h) and 

Figure 6.7(a – h)). Moreover, the defects in all samples are relatively low. Therefore, 

the consistent difference in tensile properties is less likely due to texture or defects. 
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Figure 6.22: SEM cross-sectional view of the fracture surface and SEM 

fractography: (a), (b) and (c) HE-IN718-(V); (d), (e) and (f) HE-IN718-(H); (g), (h) 

and (i) HE-IN718/TiB2-(V); (j), (k) and (l) HE- IN718/TiB2-(H). The broken Laves 

phase in IN718 and the broken needle-shaped and spherical phases in IN718/TiB2 are 

indicated by arrows. 

Figure 6.22 summarises the key observations of the SEM cross-sectional view of the 

tensile fractured surface and the corresponding SEM fractography. In terms of the 

IN718 deposit, micro-cracks were frequently observed in the interface between the 

inter-dendritic Laves phases and the IN718 matrix (Figure 6.22 a, b and Figure 6.22d, 

e). By contrast, for the IN718/TiB2, high density of micro-cracks appeared near the 

interface of the matrix and the needle–shaped phases (Figure 6.22 g, h and Figure 6.22 

j, k). The high loads generated due to the strengthening effect of these secondary 

phases were too high to be accommodated by the IN718 matrix and led to micro-crack 

initiation in the interface region as indicated by arrows Figure 6.22 h and Figure 6.22 
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k. As a result, high density of micro-cracks led to onset of early failure in IN718/TiB2. 

For both the IN718 and IN718/TiB2 samples, their fractography reveal typical ductile 

dimples. Occasionally, unmelted particles (possibly TiB2) were observed on the 

fracture surface. 

6.4 Discussion 

6.4.1 TiB2 as the inoculant for DED IN718 

The present investigation demonstrates significant grain refinement, and strengthening 

in the IN718/TiB2 deposits (both HE and LE) compared to the corresponding IN718 

deposits. However, the microstructure in terms of the secondary phases in IN718/TiB2 

was significantly different from IN718, Figure 6.14 (a -d) and Figure 6.15 (a, b), which 

indicates a changed solidification sequence. The general solidification sequence of 

IN718 is L → L + γ → L + NbC/γ → L + γ → Laves/γ [189,190]. During solidification, 

elements such as Nb, Mo and C have a high tendency to segregate, especially Nb with 

the lowest elemental partitioning coefficient of k<0.5, and thus the formation of Laves 

phases in the last solidified region [191]. The Laves phases are detrimental to tensile 

ductility in DED and SLM IN718 [93,237] as they aid micro-crack initiation and 

propagation. Moreover, due to high cooling rates, the precipitation of γ′ and γ″ is 

suppressed in the as-built DED IN718. TiB2 addition seems to alter the solidification 

path, causing the formation of the Cr, Mo and Nb enriched needle-shaped phases, 

Figure 6.15a – d. The refined γ-grain microstructure in the IN718/TiB2 also helps 

preventing the network formation of inter-dendritic Nb-rich Laves phases as observed 

in the IN718 counterpart (Figure 6.15 (a, b)). 

The microstructural evolution from the premixed powder to the bulk sample of the 

IN718/TiB2 is illustrated by schematic diagrams in Figure 6.23 (a – c). The TiB2 

particles are distributed evenly on the surface of feedstock IN718 powders, after the 

ball milling stage as shown in Figure 6.23a. During the DED processing, the high 

temperature of the melt pool leads to the full or partial dissolution of the TiB2 particles, 

Figure 6.23b and Figure 6.23c. This agrees well with the SEM observation as shown 

in Figure 6.16, Figure 6.17 and Figure 6.18, revealing the presence of Ti-rich spherical 

precipitates in the IN718/TiB2, as well as the XRD-based phase identification as shown 

in Figure 6.19. For low TiB2 addition (0.5 wt%), the TiB2 particles were almost melted 

during the DED deposition process, and the microstructure of the IN718/TiB2 bulk 

sample resembles that of the IN718 (Figure 6.23d). For the higher TiB2 content (Figure 

6.23e and f), where the TiB2 particles were able to survive in the melt, the needle-
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shaped and spherical precipitates are significantly higher. 

The TiB2 addition results in the formation of needle-shaped phases rich in Cr, Nb, Mo 

and B in the majority, while the Ti and B enriched spherical phases in the minority. 

These precipitates act as the heterogeneous nucleation site resulting in the refined 

microstructure and strengthening the γ matrix. To generate the effective grain 

refinement, there is a need to ensure the minimum TiB2 addition, which is found to be 

1.5 wt.% for the DED IN718/TiB2 deposits (both HE and LE). The strengthening 

mechanisms contributing towards the increased strength of IN718/TiB2 deposits are 

discussed in Section 6.4.4. 

  

Figure 6.23: Schematic diagrams showing the effect of TiB2 on the solidification 

path: (a) ball milling, (b) melting and (c) solidification; SEM micrographs for HE-

IN718/TiB2 with TiB2 content (d) 0.5 wt%, (e) 1.5 wt% and (f) 2.5 wt%. 

6.4.2 Selecting TiB2 as an inoculant for grain refinement in AM IN718 

In the existing literature, CrFeNb has been identified as an efficient inoculant for a 

refining grain size of cast IN718 [148,173,174]. From crystallographic models, it has 

been identified that CrFeNb has three distinct matching crystal planes that have a very 

low degree of disregistry with the matrix lattice. However, the low melting point of 

CrFeNb makes it unsuitable for DED type AM processes, where temperatures 

>3000ºC can be reached.  The E2EM model developed by Zhang et al. [149] was used 

to calculate the mismatch to identify a suitable inoculant for IN718. The details of the 

calculations are reported in Chapter 3.  
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Figure 6.24: Position of atoms in the lattice and corresponding closed-packed 

direction indicated in (a) IN718 matrix; (b) TiB2 [238]; Atom configurations on (c) 

(101̅1) and (c) (112̅0) planes of TiB2 [149]. 

The closed packed (or nearly closed packed) plane – direction combination can form 

12 direction pairs and 12 plane pairs between TiB2 and Ni (IN718) matrix. Table 6.6 

reports the mismatch of the d-value of these plane pairs and the mismatch between the 

closed-packed directions. From Table 6.6, three possible direction pairs with mismatch 

<10% are observed: ⟨110⟩Ni/⟨101̅0⟩TiB2
; ⟨100⟩Ni/⟨0001⟩TiB2

 ; ⟨112⟩Ni/⟨1̅1̅23⟩TiB2
. 

The subsequent matching plane pairs identified in Table 6.6 are:  (111)Ni/(101̅1)TiB2
; 

(200)Ni/(0001)TiB2
; (220)Ni/(101̅1)TiB2

. The possible ORs between TiB2 and Ni 

(IN718) are shown below: 

(111)Ni/(101̅1)TiB2
 ||  ⟨11̅0⟩Ni/⟨1̅010⟩TiB2

  

(111)Ni/(101̅1)TiB2
 || ⟨112̅⟩Ni/⟨1̅1̅23⟩TiB2

 

(200)Ni/(0001)TiB2
 || ⟨011⟩Ni/⟨1̅010⟩TiB2

 

(220)Ni/(101̅1)TiB2
 || ⟨112̅⟩Ni/⟨1̅21̅3⟩TiB2

 

(220)Ni/(101̅1)TiB2
 || ⟨100⟩Ni/⟨0001⟩TiB2
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Figure 6.25: Taylor factor maps for as-deposit IN718 for High Energy deposits (a) 

Vertical specimen;  and (b) horizontal specimen Taylor factor maps for IN718/TiB2 

for High Energy deposits: (a) Vertical specimen;  and (b) horizontal specimen, 

Taylor factor colouring legend and average Taylor factor is indicated. 

Figure 6.25 (a) and Figure 6.25 (b) compare the Taylor factor maps for as-deposit 

IN718 vertical and horizontal samples, respectively. The corresponding Taylor factor 

maps for IN718/TiB2 vertical and horizontal samples are shown in Figure 6.25 (c) and 

Figure 6.25 (d). A slightly higher average Taylor Factor value of 2.93 is observed in 

the vertical specimens compared to 2.85 in the horizontal samples. Similarly, in the 

IN718/TiB2 samples, the higher average Taylor factor value of 3.05 in the vertical 

samples matches with higher corresponding strength. However, the differences in the 

average values of Taylor factors are not significant enough to provide a possible 

explanation for the anisotropic properties from a crystallographic point of view. 

Moreover, it should be noted that for the IN718/TiB2 builds, the ratio of the Taylor 

factor is 
3.0

3.05
 =  0.98, and the ratio of yield strength for horizontal to the vertical 

specimen is 
841.0

988.0
=  0.85. A Higher Taylor factor ratio than the yield strength ratio 
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indicates that in addition to crystallographic orientation, other mechanisms are also 

responsible for the anisotropic mechanical behaviour [113]. 

Other possible factors potentially contributing to anisotropy in the deposited parts 

is the thermal history of the parts during the manufacturing process. In the present 

study, the gauge of the vertical samples is much higher up the build direction compared 

to the horizontal samples that are closer to the substrate. Kirka et al. [117], in EBM, 

manufactured IN718, observed increasing tensile strength and the elongation with the 

increase in the distance from the bottom of the build. The lower strength and 

elongation properties of the specimens machined from the lower part of the build were 

attributed to increasing the Laves and δ phases due to tempering and over-aging at the 

bottom of the build. Also, coarsening of the strengthening γ″ phase at the bottom of 

the build was also found to be responsible for deteriorating mechanical properties. In 

the current investigation, the thermal cycles experienced by the vertical samples would 

significantly differ from the horizontally built samples, which results in orientation 

dependence of mechanical properties. Furthermore, the residual stress induced by the 

cyclic heating during the DED process is expected to increase dislocation pile-up in 

the samples. Deng et al. [113] attributed residual stress accumulation during the SLM 

deposition process as the dominant factor contributing to anisotropic mechanical 

properties. They reasoned that, although machining post-deposition relieves residual 

stresses, the dislocation pile-up introduced by the residual stresses remains and affects 

the mechanical properties [113].  It is understood that the largest planar residual stress 

component is generated parallel to the scan vector and increases with the scan vector 

[239]. Therefore, the residual stresses developed in the deposited samples would vary 

due to the geometry of the part being built, resulting in anisotropic mechanical 

properties. Therefore, residual stress analysis requires detailed investigation; however, 

it is outside the scope of the present work. 

6.4.4 Strengthening in IN718/TiB2 

TiB2 addition to IN718 resulted in substantial improvement of hardness and strength 

properties. This section discusses the effect of various strengthening mechanisms and 

their significance to the current results. The strengthening mechanisms of metal matrix 

composites (MMCs) can be classified as follows [156,170,240,241]:  

1. Grain boundary strengthening (𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ);  

2. Strengthening due to dislocation structure formation (𝜎𝐶𝑇𝐸);  
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3. Orowan strengthening (𝜎𝑂𝑟𝑜𝑤𝑎𝑛); and  

4. Load transfer effect (𝜎𝑙𝑜𝑎𝑑).  

The root mean square of these effects can predict the room-temperature yield strength. 

The increment of total yield strength can be expressed as the following equation 

[156,240–242]: 

∆𝜎 =  √(∆𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ)2 +  (∆𝜎𝑂𝑟𝑜𝑤𝑎𝑛)2 +  (∆𝜎𝐶𝑇𝐸)2 +  (∆𝜎𝑙𝑜𝑎𝑑)2          [6.4] 

The individual contribution of these strengthening mechanisms is discussed as follows. 

Grain boundaries in a polycrystalline metal hinder dislocation movement and affect 

strength.  Hall–Petch effect [85] is a well-known strengthening mechanism that relates 

grain size to the strength of the material, as shown in Eq. (3).   

𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ =  𝜎0 + 𝑘𝑦𝑑−1/2                                                                               [6.5] 

where, 𝜎0 is the original strength of the material friction stress in the absence of grain 

boundaries, 𝑘𝑦 is the strength coefficient, and 𝑑 is the grain size of the material. In the 

present study, a reduction in grain size from 31.4 µm in as-deposit IN718 to 23.8 µm 

is observed upon TiB2 addition, as shown in Figure 6.12 (a – b). A decrease in grain 

size would increase the yield strength of the IN718/TiB2. The increase in yield strength 

due to grain size reduction is estimated using the following equation [240]: 

∆𝜎𝐻𝑎𝑙𝑙−𝑃𝑒𝑡𝑐ℎ =  𝑘𝑦𝑑−1/2                                                                                                                  [6.6] 

The contribution of grain-size strengthening is estimated using 𝑘𝑦 = 750 MPa√µm 

[242] for IN718. Using the value of 𝑘𝑦 in Eq (4) gives an increment of ~ 154 MPa.  

Additionally, the presence of secondary phases as reported in Figure 6.14 (b) and 

Figure 6.14 (d) produces a pinning effect on the grain boundaries and prevents grain 

growth, thus, strengthening the material.   

One of the most important strengthening mechanisms in MMCs, and in the 

present study, is Orowan strengthening, given by the following equation 

[156,170,243]:  

𝜎𝑂𝑟𝑤𝑎𝑛 =
0.84𝐺𝑏𝑀

2𝜋(1−𝜈)
1
2𝜆

𝑙𝑛
𝑑𝑝

2𝑏
                                                                                     [6.7] 

where 𝐺 is the shear modulus of the matrix, 𝑏 is Burger’s vector of the matrix. The 

shear modulus is 76 GPa, and the Burgers vector is 0.26 nm for the IN718 matrix 

[196,242].  𝑀 = 3.05 is the Taylor factor for FCC material [243] , ν = 0.28 is Poisson’s 
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ratio, and 𝜆 is the interparticle spacing between the precipitates. The interparticle 

spacing (𝜆) of 595 nm is calculated using the following Eq (6.8) [156] 

𝜆 =  √
2

3
 𝑑𝑝 (√

𝜋

4𝑉𝑝
− 1)                                                                                [6.8] 

To determine the values of 𝑑𝑝 and 𝑉𝑝, measurements were performed on 4 – 6 SEM 

images like the one shown in Figure 6.15 (a). For simplicity, the precipitates were 

treated as spheres with average particle diameter (𝑑𝑝) of 289 nm. The average particle 

diameter (𝑑𝑝) is measured considering the average width of the needle-shaped 

precipitates. The strengthening induced by these precipitates due to Orowan 

strengthening was calculated to be ~ 100 MPa. Therefore, it can be inferred from the 

results in the previous section that the secondary phases significantly contribute to the 

increase in strength properties. The volume and distribution of these phases are of 

particular significance. It was shown by Nguyen and Gupta [170] that both reductions 

in the size of the secondary particles and their distribution affect Orowan strengthening 

and hence the strength of the nano-composite.  Also, AlMangour et al. [156] found 

that Orowan strengthening had the highest contribution (with a strengthening 

contribution of ∼ 40 – 50 %) to the strengthening of 316SS/TiB2 composites processed 

via SLM.  

Another important strengthening mechanism in MMCs is due to an increase in 

geometrically necessary dislocations (GNDs) in the vicinity of the matrix- secondary 

phases interface due to the mismatch of elastic modulus (EM) and the coefficient of 

thermal expansion (CTE) between them [244]. A higher dislocation density in the 

composite yields higher internal stress [241]. The improvement in yield strength due 

to the generation of geometrically necessary dislocations to accommodate the CTE 

mismatch between the particle and matrix is given by the Taylor relation as indicated 

below [156,240,242] 

𝛥𝜎𝐺𝑁𝐷 =  √3𝛽𝐺𝑏(√𝜌𝐺𝑁𝐷)                                                                              [6.9] 

where 𝛽 is a geometric constant and 𝜌𝐺𝑁𝐷 denotes the GND density. For SLM deposit 

IN718, 𝛽 value of 0.3 was used. Similarly, in this study, where the heterogeneous 

distribution of dislocations accumulation along the cellular wall is expected, 𝛽 = 0.3 

was used. The Taylor equation is used to predict the increase in flow stress due to the 

influence of dislocations, and in this case, the flow stress in the matrix is improved due 

to the presence of geometrically necessary dislocations [240]. The effect of the 
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addition of TiB2 on GND density is investigated using local area misorientation maps. 

The local misorientation maps for the high energy deposits are shown in Figure 6.26 

(a – g). Figure 6.26 (a), (d); Figure 6.26 (b), (e), and Figure 6.26 (c), (f) represent the 

respective band contrast map, IPF maps, and local area misorientation maps for IN718 

and IN718/TiB2, Figure 6.26 (g) compares the distribution of the local misorientation 

in IN718 and IN718/TiB2. For constructing the local area misorientation maps, EBSD 

scans are done using a step size of 0.15 µm.  

 

Figure 6.26: EBSD maps for high energy density deposits showing (a), (d) Band 

contrast maps, (b), (e) IPF maps, (c), (f) local area misorientation maps for As-

deposit IN718 and IN718/TiB2 respectively, (g) compares the distribution of the 

local misorientation for IN718 and IN718/TiB2. 

Comparing Figure 6.26 (c) and Figure 6.26 (f), higher values of the local area 

misorientation are evident in the IN718/TiB2 deposits. The average value of local area 

misorientation increased from 0.164 to 0.266. An increase in the value of local 

misorientation values is a consequence of increased GND densities by TiB2 addition. 

The local misorientation maps show the average misorientation between each step and 

its five nearest neighbours, which is calculated excluding any high-misorientation-

angle boundaries (considered > 10° in this study). These local misorientation maps 

indicate local lattice distortion in the vicinity of the secondary phases in the 

IN718/TiB2 deposits. Therefore, it can be inferred that the micro-segregation due to 

TiB2 addition led to increased GNDs in the IN718/TiB2 deposits. Under these 

conditions, most of the grains are formed with low-angle grain boundaries (< 2°) or 
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sub-grains which are generally assumed to be formed by dislocation rearrangement. 

Thus, they are generally not considered true grain boundaries; however, they 

significantly influence the strengthening of the material. The relationship between 

average misorientation angle and dislocation density is calculated using the following 

Eq (6.10) [196]: 

𝜌𝐺𝑁𝐷 = 
𝛼𝜃

𝑏𝑢
                                                                                                             [6.10] 

Where, 𝜌𝐺𝑁𝐷 is the dislocation density, and 𝜃 is the average value of local area 

misorientation, 𝑏 is the Burgers vector 𝛼 is a constant and was set to 3 considering the 

boundaries for mixed characters [196,245]. 𝑢 is the distance between the misoriented 

points which is the “step size” of the EBSD map. Using Eq (6.9) the value of 𝜌𝐺𝑁𝐷 is 

estimated ~ 3.54 × 1014 m−2 for IN718/TiB2 high energy deposits, increasing from ~ 

2.23× 1014 m−2 calculated for as-deposit IN718. The contribution of increased GND to 

the strength of IN718/TiB2 (Δ𝜎𝐺𝑁𝐷) can be calculated by using the values of 𝜌𝐺𝑁𝐷 in 

and is estimated to be ~ 340MPa.  

Furthermore, the strong bonding between the dispersed particles or the 

secondary phases in the present study and the matrix contributes to the transfer of the 

load applied to the material [241]  

∆𝜎𝑙𝑜𝑎𝑑 = 𝑉𝑝𝜎𝑚 [
(𝑙+𝑡)𝐴

4𝑙
]                                                                             [6.11] 

where 𝑉𝑝 is the volume fraction of particles in the matrix, 𝜎𝑚 is the yield strength of 

the matrix, 𝑙 is the size of the particulate parallel to the load direction, 𝑡 is the thickness 

of the particulate, and 𝐴 =  𝑙/𝑡 is the particulate aspect ratio. The contribution of 

∆𝜎𝑙𝑜𝑎𝑑 to the strengthening of IN718/TiB2 estimated considering spherical shaped 

precipitates is ~ 30MPa. As the volume fraction (𝑉𝑝) of the reinforcing particles was 

low ~15 vol%; thus, the contribution of ∆𝜎𝑙oad to the strengthening of IN718/TiB2 is 

less compared to the other strengthening mechanisms. 

The total contribution of these strengthening mechanisms is estimated from Eq 6.4. 

The value of ∆σ calculated is ~ 380 MPa which agrees well with the difference of the 

YS of IN718 and IN718/TiB2 of ~ 400MPa, measured experimentally as reported in 

Table 6.4. Note that the calculations assume identical properties of the IN718 and 

IN718/TiB2 matrix. Additionally, the study is conducted on IN718 and IN718/TiB2 in 

as-deposit conditions. The cooling rates during the deposition process are usually too 

high for the formation of the strengthening precipitates γ′, γ″ [93]; therefore, the 
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precipitation-related strengthening mechanisms such as dislocation-pinning and 

coherency strain hardening is not explored in the present chapter.  

6.5 Conclusion 

The present study investigates the incorporation of TiB2 to induce columnar to 

equiaxed transition in DED IN718. The effect of TiB2 addition on the microstructure 

and the mechanical properties is explored. The major findings are as follows: 

7 Using a crystallographic model, TiB2 is selected as a potent grain refiner in DED 

IN718. TiB2 has a high melting temperature (Tm) and low crystallographic 

mismatch, making it a potent grain refiner.   

8 The microstructures of the fabricated IN718/TiB2 composites were different from 

that of as-deposit IN718. The addition of TiB2 to IN718 resulted in significant 

grain refinement in the as-built microstructure. In the high-energy deposit, grains 

of size >300µm occupied ~22% of the total grain area and ~10% in the low-

energy deposits, which were reduced to ~5% upon TiB2 addition. Moreover, a 

preferential {100} texture observed along the building direction in the as-deposit 

IN718 became weak and random in the IN718/TiB2 deposits. The resulting 

IN718/TiB2 microstructure was found to be sensitive to the wt% of TiB2 particle 

content, and TiB2 content >1.5 wt% was optimal for inducing grain refinement.  

9 The powder flow rate during the deposition process profoundly affected the 

densification of the low energy density deposits. Interlayer defects were reduced, 

and densification increased upon lowering the flow rate from 12 g/min to 7 g/min. 

Reducing the flow rate during the deposition process reduced the viscosity of the 

melt pool and helped reduce the balling effect.  

10 The Laves phase often observed in the as-deposit IN718 is greatly reduced upon 

TiB2 addition and replaced by Cr, Mo, B rich needle-shaped phases. Round-

shaped TiB2 is also seen in the microstructure. 

11 The reduced crystallographic texture and refined microstructure due to TiB2 

resulted in a slight decrease in the anisotropic mechanical properties; however, 

anisotropy in tensile properties persists. The vertically built as-manufactured 

IN718 shows lower strength but higher ductility when loaded along the z(BD) 

direction than the horizontally built sample loaded perpendicular to the z(BD) 

direction. This sample orientation dependence of mechanical properties of the as-

deposit IN718 requires further study.  
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12 IN718/TiB2 exhibit significantly high hardness and strength properties from 

uniaxial tensile tests. The tensile strength increased from 570 MPa in IN718 to 

988 MPa in IN718/TiB2 tested parallel to the building direction. When tested 

perpendicular to the build direction, an increased yield strength of 840 MPa was 

observed in IN718/TiB2 compared to 475 MPa in IN718 deposits.  

13 The conventional strengthening mechanisms were presented to explain the effect 

of TiB2 on the refined microstructure. The major contributing strengthening 

mechanisms included grain refinement, Orowan strengthening and increased 

GND density due to TiB2 addition.   
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CHAPTER 7 

 Conclusions and Suggestions for Future Work 

7.1 Summary and conclusions 

The work presented in this thesis has examined the use of direct energy deposition 

(DED) process for repair of Ni-base superalloy, Inconel 718 (IN718). Laser engineered 

net shaping (LENS), a common DED process, was used in the current investigation. 

IN718 has found widespread application in fabricating aviation and aerospace 

components that would operate in extremely harsh conditions, such as hot sections of 

gas turbine engines. The severe operating conditions often make these components 

susceptible to damage.  

The current study commenced by studying DED IN718 processed using 

various process parameters combination. Based on microstructural characterisation 

and porosity measurements, a suitable process parameter set, with minimum porosity 

and mixed equiaxed and columnar microstructure, was selected for groove repairs 

reported in Chapter 4 and fabricating repaired composites for fatigue tests reported in 

Chapter 5. Chapter 4 investigates the effects of post-heat treatment (direct aged (DA) 

and Solution treated at 9800C and aged (STA) condition) on the microstructure of the 

repair deposit and surrounding substrate. The mechanical properties, deformation 

behaviour and failure mechanisms of the resulting repaired composite were 

investigated using 4-point bend testing coupled with digital image correlation (DIC) 

and cross-sectional microscopy. The fatigue properties of the repaired composites 

were explored and compared to wrought IN718 in chapter 5. Moreover, the failure 

mechanism in the repaired composite, especially near the deposit-substrate interface, 

was studied by intermittently stopping the fatigue tests and investigating under SEM.  

IN718 deposit using DED methods exhibits columnar microstructure with 

elongated grains growing parallel to the heat flow direction as indicated in the 

literature and also observed in the current investigation. The columnar nature of the 

microstructure results in anisotropic mechanical properties often reported in the 

literature. Chapter 6 explores the potential of using grain refiners/inoculants to 

transform the columnar microstructure into a homogenous and equiaxed 

microstructure. Subsequently, the effect of addition of inoculant during DED 

processing of IN718 on the resulting mechanical properties is explored. Using 

crystallographic model, TiB2 was selected as a potent grain refiner in DED IN718. 

TiB2 has a high melting temperature (Tm) and low crystallographic mismatch, making 
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it a potent grain refiner. The key findings and conclusions drawn from the current 

investigation are summarised as follows. 

i. Same linear energy density – obtained using different power and scan speed 

combinations – can produce very different microstructures varying from 

columnar to mixed columnar-equiaxed microstructure. In the deposits with 

columnar – equiaxed grain morphology, elongated-shaped grains with a 

preferential (100) texture are generally seen. 

ii. The resultant ‘repaired composite’ exhibited a non-uniform microstructure: big 

equiaxed grains ~90µm in the substrate with a high fraction of (~ 40 %) ∑3 

twin boundaries and fine mixed columnar and equiaxed grains ~ 25 - 30 µm in 

the deposit zone. A high fraction (~45%) of LAGB is observed in the deposit 

zone. 

iii. For DED IN718 – repairs, low-strength heat-affected zone, which can extend 

up to ~ 1 mm in the substrate near the deposit-substrate interface. 

iv. An effect of the angle of groovewall was evident from the 4-point bend tests 

with low/shallow angle – 30° in the present study was able to withstand higher 

deformation compared to steeper groves with higher grove wall angles (60°). 

v. The fatigue performance of DED – repaired IN718 is found to vary with heat 

treatment and the stress level during cyclic loading:  at high-stress (90% - 70% 

YS), DA outperforms STA and at low-stress (<50% YS), STA performs better.   

vi. The substrate grain boundaries near the deposit zone-substrate interface act as 

preferential crack initiation sites under 4-point bend loading and cyclic loading 

– liquation of NbC weakens the substrate grain boundary.  

vii. In DA conditions, the Nb-rich films along the HAZ grain boundaries were the 

first crack initiation sites, and failure generally occurred through the coarse 

substrate grain boundaries. However, in the STA condition, the final failure 

occurred through the deposit zone. The presence of needle-shaped δ phases in 

the deposit zone resulted in preferential crack initiation sites at stress levels 

close to the yield stress of the material.  

viii. TiB2 addition to IN718 results in significant grain refinement and much-

reduced texture along with significant improvement in strength- highest among 

other IN718-based composites. The optimised TiB2 powder size is found to be 

<10 μm with a content of ≥1.5 wt%. The tensile strength increased from 570 

MPa in IN718 to 988 MPa in IN718/TiB2 tested parallel to the building 
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direction. When tested perpendicular to the build direction, an increased yield 

strength of 840 MPa was observed in IN718/TiB2 compared to 475 MPa in 

IN718 deposits. The increase in geometrically necessary dislocations due to 

formation of the secondary phases, Orwan strengthening and grain size 

refinement were found to be the main contributors to the strengthening of 

IN718/TiB2. 

ix. Although reduced crystallographic texture and refined microstructure was 

observed due to TiB2, the anisotropy in tensile properties persists in the 

IN718/TiB2 deposits. The vertically built as-manufactured IN718 exhibited 

lower strength but higher ductility when loaded along the z(BD) direction than 

the horizontally built sample loaded perpendicular to the z(BD) direction. This 

sample orientation dependence of mechanical properties of the as-deposit 

IN718 requires further investigation.  

x. The powder flow rate during the deposition process affects the densification of 

deposits – higher density can be achieved by reducing the powder flow rate 

from 12 g/min to 7 g/min. 

7.2 Suggestions for further work 

7.2.1 Repair AM substrate 

In the current study, repairs are conducted on wrought IN718 substrates. With the ever-

growing AM industry, more AM superalloy components are replacing conventionally 

manufactured components. As indicated in the literature and established in the current 

study, the metallurgy of AM IN718 would vary significantly from the conventionally 

manufactured components in terms of grain morphology and size and distribution of 

secondary phases. The constitutional liquation of Nb-rich carbides in the base material 

is an important phenomenon that dictates the ‘quality’ of the repair in terms of 

mechanical properties. It is observed that the failure initiates from these Nb-rich liquid 

films on the base material grain boundaries. Moreover, it has been well established 

that the constitutional liquation temperature of Laves phase is much lower than that of 

Nb-rich carbides, resulting in a larger heating liquation temperature range and 

extensive liquation in cast materials. AM fabricated IN718 contains a high amount of 

Laves content compared to wrought counterparts. Therefore, investigation of the effect 

of Laves phase on repairability/weldability of repair of AM fabricated substrates 

requires detailed investigation.  
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7.2.2 Investigation of repair weldability of IN718 after multiple repair 

cycles. 

An IN718 superalloy component often requires multiple repairs during its service life. 

It is established in welding literature that the microstructures and mechanical 

properties of IN718 are affected by the welding process, resulting in cumulative 

damage due to multiple repair cycles and post-repair heat treatment. This results in 

reduced weldability with an increasing number of repair cycles due to a greater 

susceptibility to HAZ liquation cracking [1]. Therefore, it is important to evaluate the 

microstructural changes and performance of the repaired composites after multiple 

repair cycles using additive manufacturing techniques. It would be interesting to 

compare the repairability of IN718, repaired using traditional welding techniques and 

AM techniques after multiple repair cycles. 

7.2.3 Investigation of fatigue damage mechanism at elevated temperature 

The Inconel 718 components are generally used in turbine components, such as disks, 

where operating temperature reaches ~500°C – 600°C. Kawagoishi et al. [135] studied 

the fatigue properties of wrought IN718 at room and elevated temperatures and 

observed greater fatigue strength at low-stress regimes when tested at elevated 

temperatures than at room temperature. It was found that the oxide film on the material 

surface resisted crack growth, especially at low stresses, which outweighed the 

material softening due to thermally activated slip and as a result, the fatigue life of the 

material was improved. Gribbin et al. [130] investigated the high cycle fatigue 

performance of AM deposited IN718 at room temperature and 500 °C tested in various 

sample orientations. Similar to wrought IN718, the AM deposited materials exhibited 

longer lives at 500 °C for lower stress amplitudes than the materials at room 

temperature. At higher stresses, the material performed better at room temperature.   

In the present study, the cyclic failure mechanism is studied at room temperature. 

The effect of Laves phases and δ phases on the high-temperature fatigue properties 

and the subsequent failure mechanism can be studied using interrupted tests similar to 

ones performed in Chapter 5 at elevated temperature and deserves further exploration.  

7.2.4 Modification of energy density equation to include powder input flow 

rate 

The heat input during the AM process can be correlated with key process parameters. 

The energy density equation commonly used in AM processing generally includes the 
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linear energy density and volumetric energy density. The linear energy density 

includes the parameters power and scan speed. In contrast, the volumetric energy 

density equation considers hatch spacing and layer thickness, in addition to the laser 

power and scan speed. It was observed in Chapter 4 of the current investigation that a 

similar set of linear energy density yield significantly different microstructural 

morphology in the deposit. The difference in grain morphology is attributed to the 

thermal history in the respective deposits. Moreover, the energy density equation does 

not consider important process parameters in the DED process, such as powder flow 

rate. It is observed in Chapter 6 that changing powder flow rate and keeping all other 

parameters constant results in a change in microstructure. Therefore, the energy 

density equation modification is necessary and requires further investigation. 

7.2.5 Explore the parameter combination and other inoculants for columnar 

to equiaxed transition (CET) 

From the observations in Chapter 6, it is seen that TiB2 was able to provide CET in 

IN718; however, the parameter combination(s) used in the DED process led to the 

dissolution (partial) of the TiB2 particles. Moreover, when low energy deposition 

parameters were used, desirable densification was not achieved. Therefore, exploring 

other process parameters that can induce grain refinement while preventing the 

dissolution of TiB2 and maintaining the desired densification needs further 

investigation. Possible deposition strategy would include lowering the heat input 

during deposition process by using a lower power. To compensate for the low power 

and produce dense deposits other parameters especially, the powder flow rate and the 

layer thickness would be modified accordingly.  Additionally, other ceramic refiners 

that can stay stable at the high temperatures associated with the DED processing, can 

be explored in the future.  
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Appendix 2 

A2. Percentage mismatch calculation using Edge-to Edge Matching model  

The closest packed direction in Inconel718 (Ni) are [110], [100], [112], among which 

[110] is the closest packed Ni directions. Similarly, the close-packed planes are {111}, 

{200} and {220}. The {111} plane can contain the directions [110] and [112]; {200} 

plane contains [100] and [112] directions and {220} plane contains [110] and [112] 

directions. TiC and ZrC have FCC crystal structure with respective melting 

temperature > 3000ºC [246–248]. The closed-packed planes in TiC and ZrC are (111), 

(200), and (220). The possible close or nearly close-packed directions are [110], [100], 

[111]. The lattice parameters for TiC and ZrC used for the calculations are a = 0.4327 

nm and 0.4693 nm, respectively. The mismatch calculations and the OR determination 

are performed according to the steps described in Chapter 3 (Section 3.4). The Atomic 

Mismatch and the possible OR for IN718/TiC and IN718/ZrC are shown in Table A2.1 

and Table A2.2, respectively. 

Table A2.1: Atomic mismatch between IN718 and TiC. 

Direction Ni Direction TiC % 

 

Plane Ni Plane TiC % Mismatch 

Ni [110] [110] -20.66 Ni (111) (111) -20.66 

 [100] 14.68  (200) -4.50 

 [111] -47.78  (220) 26.11 

Ni [100] [110] 14.68 Ni (200) (111) -39.33 

 [100] 39.67  (200) -20.66 

 [111] -4.49  (220) 14.68 

Ni [112] [110] 30.34 Ni (220) **(111) 1.48 

 *[100] 1.48  **(200) 14.68 

 [111] 14.68  (220) -20.66 

*Indicates that two interatomic spacings in TiC matches one spacing in IN718 

**Indicates that two interplanar spacings in IN718 matches one interplanar spacing 

in TiC. 

Possible Orientation relation(s) of TiC with Ni: 

1. (111)
Ni

/(200)
TiC

 || <112>
Ni

/<100>
TiC
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Table A2.2: Atomic mismatch between IN718 and ZrC. 

Direction 

 

Direction 

 

% Mismatch Plane Ni Plane ZrC % Mismatch 

Ni [110] [110] -30.87 Ni (111) (111) -30.87 

 [100] 7.46  (200) -13.34 

 [111] -60.28  (220) 19.86 

Ni [100] [110] 7.46 Ni (200) **(111) 24.44 

 [100] 34.56  (200) -30.87 

 [111] -13.33  (220) 7.46 

Ni [112] [110] 24.44 Ni (220) **(111) -6.85 

 *[100] -6.85  **(200) 7.46 

 [111] 7.46  (220) -30.87 

*Indicates that two interatomic spacings in ZrC matches one spacing in IN718 

**Indicates that two interplanar spacings in IN718 matches one interplanar spacing 

in ZrC. 

Possible Orientation relation(s) of ZrC with IN718: 

1. (200)Ni/(220)ZrC||<011>Ni/<001>ZrC 

2. (200)Ni/(220)ZrC||<010>Ni/<1̅10>ZrC 

3. (220)Ni/(111)ZrC || <001>Ni/<11̅0>ZrC 

4. (220)Ni/(200)ZrC || <11̅0>Ni/<010>ZrC 

5. (220)Ni/(200)ZrC || <001>Ni/<011>ZrC 

6. (220)Ni/(200)ZrC || <112̅>Ni/<010>ZrC 
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The lattice parameters for WC are a = 0.29065 nm and c = 0.28366 nm, from the 

JCPDS database. The closed packed planes are (101̅1), (101̅0), (0001), (112̅0) and 

the four possible close or nearly close-packed directions are ⟨0001⟩, ⟨1̅1̅23⟩, ⟨101̅0⟩ 

and ⟨112̅0⟩. The Atomic Mismatch and the possible OR are shown in Table A2.3. 

Table A2.3: Atomic mismatch between IN718 and WC. 

Direction Ni Direction 

 

% Mismatch Plane Ni Plane WC % Mismatch 

Ni [110] <112̅0> -14.62 Ni (111) (101̅1) 9.06 

 <0001> -11.87  (101̅0) -21.58 

 *<1̅1̅23> 19.92  **(0001) 31.50 

 *<101̅0> 0.73  (112̅0) 29.81 

Ni [100] <112̅0> 18.95 Ni (200) (101̅1) -5.00 

 <0001> 20.90  (101̅0) -40.38 

 <1̅1̅23> -13.25  **(0001) 20.90 

 <101̅0> -40.38  (112̅0) 18.95 

Ni [112] <112̅0> 33.82 Ni (220) **(101̅1) 25.75 

 <0001> 35.41  (101̅0) 0.73 

 <1̅1̅23> 7.53  **(0001) -11.87 

 <101̅0> -14.62  (112̅0) -14.62 

*Indicates that two interatomic spacings in WC matches one spacing in IN718 

**Indicates that two interplanar spacings in IN718 matches one interplanar spacing 

in WC. 

Possible Orientation relation(s):  

1. (111)Ni/(101̅1)WC || <11̅0>Ni/<1̅010>WC 

2. (111)Ni/(101̅1)WC || <112̅>Ni/<1̅1̅23>WC 

3. (200)Ni/(101̅0)WC || <011>Ni/<1̅010>WC 

4. (220)Ni/(101̅0)WC || <11̅2>Ni/<1̅21̅3>WC 
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A3. CU Ethical Approval Documentation 
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