
 

i 

 

 

ADDITIVE MANUFACTURING OF NICKEL 

BASED SUPERALLOYS FOR AEROSPACE 

APPLICATIONS 

By 

Lakshmi Lavanya Parimi 

A thesis submitted to  

The University of Birmingham 

 for the degree of  

DOCTOR OF PHILOSOPHY 

 

 

 

Metallurgy and Materials 

School of Engineering  

The University of Birmingham  

April 2014 

 



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 



 

ii 

 

Abstract 

Additive Manufacturing (AM) is a near net-shape technique where the final component is 

produced directly from a CAD model without dies or substantial machining as in 

conventional routes. This can lead to improved material utilisation, increased flexibility in 

engineering design, reduced time to market and lower cost. Among the several AM routes 

Direct Laser Fabrication (DLF) is of growing interest within the aerospace industry for 

repairing applications as well as in the hybrid manufacturing routes, where features are 

deposited on an existing part avoiding the machining of expensive material. However, the 

repeated heating and cooling cycles lead to non-uniform expansion and contraction of the 

material and hence distortion and  residual stresses while the solidification conditions in 

this process lead to undesirable microstructures. Due to the large number of variables in 

this process it is difficult to predict the microstructure and residual stresses in the build and 

currently there is a limited knowledge regarding the influence of these process parameters 

on the build structural integrity, microstructure and residual stresses.  

The aim of the work presented in this thesis is to establish the influence of the many 

process variables on the microstructure and the nature of internal stress in samples 

produced directly from powder using direct laser fabrication. The alloy that has been 

studied is IN718 while the process variables that have been studied include, specimen 

geometry, laser power, laser traverse speed, the detailed laser path and powder feed rate. It 

has been found that the microstructure is strongly influenced by all of these variables with 

the propensity for the production of equiaxed or columnar grains being strongly influenced 

by laser power. The texture is correspondingly strongly influenced by changes in 

processing conditions. The extent of precipitation of the various phases expected in IN718 

was also found to be influenced by the process conditions. Pores were present in the final 

build for all conditions investigated and the minimum pore density obtained was about 

0.2%. The level and nature of the residual stress in the sample and in the substrate have 

been determined for a wide range of experimental conditions and using neutron diffraction 

it has been found that the level of these stresses could be reduced to a minimum value of 

about 300 MPa, but could not be eliminated. A simple 3D thermo-mechanical model was 

developed to understand the residual stress distribution, which agreed closely with the 

experimental measurements. It is suggested that either Hot Isostatic Pressing could be used 

to remove the residual stresses, or on-line control of the process variables could be 

developed in a future study. 
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Chapter one 

1 Introduction 

Near-net shape manufacturing (NNS) through Additive Manufacturing (AM) has gained  

considerable attention in the aerospace industry due to its many potential benefits, including 

shortened lead time, reduction in process steps, and more design freedom. Over past years, 

there has been an increasing demand for industrial use of AM. Thus, it is important to 

develop a better scientific understanding of the process capabilities and limitations. 

1.1 Metallic Additive Manufacturing 

Metallic AM is a manufacturing approach whereby solid components can be produced by 

consolidating metal powders or wire using a focused heat source. The heat source can be 

laser, electron beam, plasma or electric welding arc. A 3D geometry is formed by depositing-

up a stack of 2D profiles layer-by-layer, by local melting [1]. Direct Laser Fabrication/ 

deposition (DLF/ DLD) or Laser Engineered Net Shaping (LENS
®
, developed at Sandia 

National Laboratory, USA), is an AM technique which uses a laser as a heat source to melt 

the powder which is blown in a controlled manner. DLF is used for overhaul, repair, near net-

shape component manufacture, and hybrid manufacturing [2]. The term hybrid manufacturing 

in this thesis refers to adding a feature in the existing part. Other than DLF there are other 

AM techniques, including powder bed (using laser or electron beam heat sources) used to 

produce intricate shapes. Additionally process techniques such as, arc plus wire deposition, 

are being developed to achieve higher deposition rates [3-4].  
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1.2 Advantages and Applications of AM Metallic Structures 

The following main factors outline the potential benefits for AM in the aerospace 

manufacturing industry: 

i. AM is a NNS manufacturing route, that results in a reduction in the extent of 

machining and finishing operations required to produce the final component, hence 

reducing the buy to fly ratio. Figure 1-1.a shows a "Gearbox Spider" produced through 

AM route, which took 1h for deposition, considerably reducing the material waste and 

production time compared to conventional casting and machining route which takes 

10h for machining wasting up to 98% of material. 

ii. Complex or bespoke shapes can be manufactured in short times without the need for 

tooling as in forging or casting, which typically requires several months of design and 

manufacture. Figure 1-1.b-d; show a few examples where the final parts were 

produced after several design changes during manufacturing, reducing the final cost 

of production by 65%. 

iii. Functionally graded materials can be produced through this route [5-6], which allows 

the chance to rapidly explore new alloys. 

iv. The buy-to-fly ratio of components produced through AM approaches 1.5:1 when 

compared to 20:1 for the normal ingot cast-roll-forging and machining routes [2, 7]. 

AM uses 90% less raw materials than traditional methods [3, 7].  

v. Other than manufacturing of structural components AM, in particular DLF is also 

useful in repairing existing parts. AM has the potential to compete with existing repair 

methods and to enable previously impossible repairs in certain circumstances. In this 

case, the cost and restoration of mechanical performance are the key factors. Blown 

powder AM has been used to repair advanced turbine engine compressor or blisk 

airfoils, in addition to the manufacture of structural components [2, 8]. Figure 1-2 
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shows examples of repairs carried out using AM for IN718 compressor seals and blisk 

airfoil components [2, 8]. 

 

Figure 1-1: Examples of components produced via AM for aerospace application (a) Gear 

box spider (Courtesy: Red Bull), (b) Dual Wall Exhaust Duct for a military turbine engine 

through LENS (Laser Engineered net shaping) route (Courtesy: RPM & Associates Inc.) (c) 

Housing (Courtesy of Sandia National Laboratory) for defence applications, (d) Gas Thruster 

in Ti 6-4 (Courtesy: Bell Helicopter Inc.)[2] 

 

 

Figure 1-2: Examples of repairs made by AM on: (a) an IN718 Compressor Seal repaired 

(Courtesy of RPM & Associates), (b) an IN718blisk airfoil repaired by laser powder 

deposition with the adaptive deposition path method, and (c) repair, post finishing for T700 

Engine.[8] 
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1.3 Limitations and Issues with AM 

There are some obvious limitations for AM, the most relevant of which include: 

i. The process has relatively low deposition rates and low deposit volumes in the case 

of powder bed methods. 

ii. High capital investments are required to set up the machine. 

iii. It is difficult to detect and control the defect formation during the process.  

iv. Repeatability and reproducibility of the parts has to be established for each 

component and there are no reliable standards for this method developed yet. 

1.3.1 Issues with Metallic AM 

The build geometry and microstructure of components of AM products are affected by 

several process parameters including laser power, scan speed, powder flow rate, spot size, 

deposition direction, overlap between layers and other parameters. The microstructure of the 

AMed products is also highly dependent on the substrate microstructure. In addition, the 

number of possible variations in raw materials (powder type), deposition systems, and part- 

specific geometric variables complicate the development of transferable process maps and 

appropriate process control procedures [9-12]. This can also result in a degree of 

microstructural in-homogeneity within the single part, leading to difficulties in characterising 

and predicting structural performance in designing parts for aircraft assemblies [13-14]. In 

AM, the majority of these characteristics are directly related to either transport phenomena 

(e.g.  fluid flow, heat transfer, and diffusion) or to metallurgical phenomena (e.g.  melting, 

solidification, solid-state phase transformations, and solid-state deformation). There is 

therefore a need to understand the relationship between the process parameters and the 

microstructure-property development to identify the critical process parameters that influence 

the microstructure in the final component. 
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1.3.1.1 Issues with IN718 

IN718 is a good weldable alloy and consequently it does not form cracks during DLF, 

however, the microstructure of DLFed IN718 shows a banded microstructure with coarse 

columnar grains as well as fine grains at the layer interface [15-16] due to the cooling rates 

associated with the process. This banded microstructure would result in non-uniform 

mechanical properties at different locations of the build. In addition, the orientation of the 

grains is dependent on the sense of movement of the heat source [17-18] which would also 

lead to further non-uniformity in the mechanical properties of the build [19]. 

IN718 is an alloy strengthened by precipitates that are formed during the ageing heat 

treatment. Due to the high temperatures associated with the process the usual strengthening 

phases are not precipitated on cooling. Instead segregation of heavy elements, like Nb, occurs 

during solidification which in turn results in the formation of Laves phase. This phase is 

brittle and is detrimental to the mechanical properties. 

1.4 Aim and Objectives of the Project 

The overall aim of this project is to study the process-material interaction in DLF, focusing 

on the influence of the process variables that affect the build quality, microstructural 

inhomogeneity, and development of residual stresses in the build as well as in the substrate of 

DLF IN718 alloy. Although DLF is reasonably established in terms of obtaining defined 

geometry by optimising the process parameters [8-9, 20] limited work is available on the 

control of the deposited microstructure. The research showed that the laser process 

parameters and the type of powder chosen have a profound effect on porosity content. Still, 

there is a need to understand the variation in porosity. It is known that that the microstructure 

of DLFed Ni-based superalloys shows a banded microstructure with coarse columnar grains 

[15-16]. In addition, the orientation of the grains is dependent on the sense of movement of 



Chapter One                                                                                                 Introduction                                                                                                    

6 

 

the heat source [17-18]. Limited information is available on the microstructural and texture 

development at each layer, and the effect of substrate texture on the build. It is also important 

to obtain key process parameters in order to attain the desired microstructure (columnar or 

equiaxed). DLF In718 leads to the formation of the detrimental Laves phase, which has a 

strong influence on the mechanical properties. Laves can generally be dissolved with heat 

treatment [21-22], but it will be useful to understand the impact of the process parameters on 

size, shape and morphology of these precipitates. This could potentially lead to a change in 

the mechanical properties of the final components, or may avoid the need for post DLF heat 

treatment.  

DLF is also used in repair applications in the aerospace industry. For DLF repair applications 

it is useful to understand the influence of the process parameters on the properties of the part 

being repaired especially the distortion, microstructure, and residual stress development in 

the deposit and the original structure. In the previous studies residual stress characterisation 

was performed in the build to understand the stress distribution across the build [23-25] with 

various process parameters. Limited work is available on the residual stress development in 

the substrate (or the component being repaired). It is important to understand the effect of 

deposition path and the related thermal fields in the build to obtain optimum deposition 

strategy for minimum distortion and residual stresses. This will also be of interest in the 

potential use of DLF for hybrid manufacturing applications. 

The current project has focussed on DLF IN718 specimens. These specimens were studied to 

address the following key objectives, 

i. To optimise DLF process parameters for IN718 to build sound structures of various 

geometries (thin walls, thick walls and solid blocks). To identify the key process 
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parameters that affect the build geometry (i.e. height and thickness of build) and build 

quality (like porosity, bonding defects etc.). 

ii. To characterise the texture development due to DLF of IN718, and its variation with 

deposition strategies and laser power.  

iii. To characterise how the microstructure reacts to geometrical changes (build size) by 

studying the microstructure in thin walls, thick walls and solid blocks. 

iv. To characterise the deposited layer forms, and the influence of subsequent thermal 

cycling during each following deposition pass and to understand the effect of the prior 

substrate texture on the deposit texture. 

v. To assess the influence of the deposition strategies and laser parameters on the 

distortion and residual stress development and correlate these with the cooling rates. 

vi. To investigate the benefits of novel deposition strategies to modify the grain structure 

to obtain fine grained structures and control the residual stresses development. 

vii. To develop simple thermal and thermo-mechanical DLF models to understand the 

development of stresses in the substrate due to DLF and validate the models using 

experimental techniques for residual stress measurement (neutron diffraction). 

1.5 Thesis Outline 

The thesis is divided into 6 chapters with a literature review, an experimental section and, 3 

results and discussion chapters. The literature review discusses the metallurgy of Ni-based 

superalloys, and in particular IN718, the field of AM, and the solidification and precipitation 

kinetics of relevance to the AM process. The history of production of metallic components by 

DLF is also discussed alongside the relevant and recent literature available on the DLF 

process. The following chapter on experimental and characterisation techniques describes the 

experimental procedures used to carry out all of the investigations in this work and, the 
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methods of metallographic preparation and analysis used to characterise the IN718 samples. 

In the results and discussion chapter initially a simple thermo mechanical model was 

developed to understand the temperature distribution in the deposit and substrate and the 

resulting residual stresses during DLF of IN718 walls used in repair applications. Later 

process optimisation was done to obtain geometrically sound builds. Microstructure 

evolution, precipitate morphology and texture are then discussed for various process 

conditions and build geometries and other novel modifications in the processes. Finally the 

distortion residual stresses were characterised on a curved substrate, representing hybrid 

manufacturing, due to laser deposition.  The key conclusions and suggestions for further 

study as a result of this present investigation are presented at the end of the thesis. The outline 

of the thesis can be schematically drawn as shown in Figure 1-3. 

 

Figure 1-3: The Overview of the Thesis. 
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Chapter Two 

2 Literature Review 

This chapter reviews the published literature on the metallurgy of Ni-based superalloys, 

focusing on its solidification behaviour of AM, in particular using DLF. The reviews on DLF 

of Ni-based superalloys focus on the mechanical properties, microstructural, and residual 

stress development, alongside the thermal and thermo-mechanical modelling of DLF. 

Emphasis is given to Ni-Fe-based superalloys (IN718), which is the alloy used in the current 

study. 

2.1 Metallurgy of Nickel-based Superalloys 

2.1.1 Introduction 

Superalloys can be traditionally categorised into one of three main classes. The first to be 

developed are known as Ni-Fe-based superalloys. These alloys contain high wt. %  Fe which 

acts as a joint base material with Ni [26] . Most of these alloys display a solid-solution 

strengthening mechanism similar to Ni-based superalloys yet show a spherical rather than 

cuboidal precipitation of the strengthening γʹ phase [26] and are typically used as wrought 

rather than cast materials[27-28]. The second category is Ni-base superalloys, which contain 

the majority of currently used blade alloys and can themselves be subcategorised depending 

on microstructure (i.e. strengthening mechanism) and composition. The final category is Co-

based superalloys which use cobalt as the base material. These alloys typically rely on 

strengthening by elements within solid-solution and the formation of carbides for their high 

temperature properties[26].  
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Ni-based superalloys are considered for high temperature applications (about 1370 ºC) 

whereas Ni-Fe-based superalloys such as the popular alloy IN718 are used at lower 

temperatures (up to 650 ºC). At lower temperatures, and dependent on the type of strength 

needs for an application, Ni-Fe-based superalloys find more use than Co- or Ni-based 

superalloys because they are economical due to less expensive alloy additions when 

compared to Ni-based superalloys [26].  

The vast majority of use by tonnage of these alloys is found in turbines, both for aerospace 

applications and for land-based power generation. Ni-based superalloys are used primarily in 

turbine blades, turbine disks, combustion casings, and vanes in modern engines. Figure 2-1 

illustrates the materials used in the Trent 800 engine, which is the Rolls-Royce engine used in 

the Boeing 777. Ni-base superalloys currently constitute over 50 % of the weight of advanced 

engines [27]. The combination of strength and toughness at high temperature, makes Ni-

based superalloys the material of choice for high performance high temperature applications 

[29]. 

 

Figure 2-1: Illustration of material usage in the Trent 800 engine. Note the Ni-based alloys 

are all in the combustor and turbine (Courtesy of Rolls-Royce [30]). 
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2.1.2 Influence of alloying additions in Ni and Ni-Fe based superalloys 

The austenitic FCC matrices of Ni-Fe- and Ni-based superalloys have extended solubility for 

some alloying additions, excellent ductility, and favourable characteristics for precipitation of 

uniquely effective strengthening phases. Ni is capable of dissolving high concentrations of 

alloying elements compared to other metals. The major alloying additions for Ni-based 

superalloys and their influence on the properties and microstructure are shown in Figure 2-2 

and Table 2-1 summarises the influence of various alloying elements on the phase stability in 

Ni-based superalloys.  

 

Figure 2-2: Influence of the alloying elements on the Ni-superalloys microstructure. Cross-

hatching refers to beneficial minority elements, while horizontal hatching indicates 

detrimental tramp elements [26].  
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Table 2-1: Summary of the general effect of various alloying elements on phase stability in 

Ni - base alloys (Courtesy ASM International [28]). 

 

 

Figure 2-3 shows the phases and precipitates that are formed due to various alloying additions 

to Ni-based superalloys. Elements that exhibit atomic radii, electronic structure, and crystal 

structure relatively similar to Ni are most likely to remain in solid solution. The ability of a 

dissolved element to increase strength by solid - solution hardening can be assessed by its 

atomic size difference compared to that of Nickel. Co, Cr, Fe, Mo, and Ta are generally used 

as solid solution strengtheners. Although Ti and Al can be effective solid-solution 

strengtheners due to their atomic radii mismatch and appreciable solubility, they typically 

improve strength by precipitation of the γ′ - Ni3 (Ti, Al) phase in Ni base superalloys. 

Niobium is also an effective strengthener and is used for both solid-solution strengthening 

and for its ability to strengthen by promoting precipitation of the γ″ - Ni3Nb phase. 
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Figure 2-3: Effect of various alloying additions to Ni-based superalloys with corresponding 

micrographs of the phases and precipitates [31]. 

2.1.3 Phases in the superalloys 

2.1.3.1 The gamma phase (γ) 

The FCC γ phase in nearly all cases, forms a continuous matrix phase in which the other 

phases reside. It contains significant concentrations of elements such as cobalt, chromium, 

molybdenum, ruthenium and rhenium, where these are present, since these prefer to reside in 

this phase. Being FCC, the γ phase displays the lowest diffusivity relative to its melting point 

and the highest normalised activation energy(Q/RT) for diffusion among the various crystal 

classes of transition metals [32]. These two properties make FCC γ phase display better creep 

properties than other crystal structures such as HCP and BCC [33]. 
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Figure 2-4: The unit cell of the face-centred cubic (FCC) crystal structure, which is displayed 

by nickel [27]. 

 

2.1.3.2 The gamma prime phase (γʹ) 

The Ni–Al system exhibits a number of solid phases other than the FCC. The Ni–Al bonding 

is preferred over the Ni–Ni or Al–Al bonds. A strong degree of chemical ordering is 

displayed by these phases. The chemical formulae of these phases are Ni3Al, NiAl, Ni2Al3, 

NiAl3 and Ni2Al9. Among these phases, the γ phase (Ni3Al) displays the primitive cubic, 

L12, crystal structure (see Figure 2-5), with Al atoms at the cube corners and Ni atoms at the 

centres of the faces. The various alloying additions have an influence on the formation of the 

γ' phase. The ternary phase diagram Ni-Al-X (Figure 2-6), where X can be Cr, Co, Ti, Ta, 

etc. illustrates the effect of alloying addition on γ' phase where elements like Co and Pt 

promote this phase, whereas elements like Ti and Ta replace Al. 

The γ precipitates in a cube-cube orientation relationship with the γ phase [27] and its cell 

edges are exactly parallel to corresponding edges of the γ phase. As the γ' is an atomically 

ordered structure, the dislocations find it difficult to penetrate into this phase thereby 

strengthening the alloy. The dislocation movement depends on the size of these precipitates,  

where in small precipitates the ½<110> dislocation pairs would cut through and in large γ' 

precipitates they bypass by Orowan looping [34]. A large fraction of γʹ (typically in excess of 
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0.6) is used in aeroengine applications in turbine blades where the temperatures exceed 

1000°C. Figure 2-7 shows the characteristic cuboidal γʹ structure within the nickel-base 

superalloy. 

 

Figure 2-5: Crystal structure of the γ ′ - Ni3(Ti, Al) with Ni atoms at the face centres and Al 

atoms at the corners, Ti can take the place of Al in this phase [31]. 

 

Figure 2-6: Superimposed ternary phase diagrams Ni–Al–X [35], illustrating the effect of 

alloying elements on the extent of the γ' phase field. 
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Figure 2-7: Transmission electron micrograph showing a large fraction of cuboidal γ' 

particles in a γ matrix of a Ni-based superalloy with composition Ni-9.7Al-1.7Ti-17.1Cr-

6.3Co-2.3W at% (Courtesy of  Hillier, Ph.D. Thesis, University of Cambridge, 1984; picture 

taken from [31]). 

 

2.1.3.3 The gamma double prime phase (γʹʹ) 

In Ni-Fe-based superalloys (e.g. IN718 and IN706), which contain quantities of niobium, a 

coherent body-centred tetragonal (BCT) ordered compound (Ni3Nb) with D022 crystal 

structure (Figure 2-8) is formed as primary strengthening phase instead of γʹ [36]. The Ni - 

Nb binary phase diagram is shown in Figure 2-9. The γʹʹ phase (Ni3Nb) follows a simple 

eutectic reaction involving γ and Ni3Nb at 22.5 wt% Nb. The γ phase exhibits a maximum 

solubility of 18.2 wt. % for Nb, which increases by 50% with addition of Cr and Fe. 
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Figure 2-8: Crystal structure of the γ ″ (Ni3Nb) phase with black circles denoting Nb atoms 

and white circles denoting Ni atoms [37]. 
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Figure 2-9: Ni - Nb binary phase diagram. (Courtesy ASM International from[38]). 

 

 The γʹʹ displays a disc-shaped morphology, with a thickness often as small as 10 nm and a 

diameter about 50 nm [39]. It exhibits a large lattice misfit, the mismatch between the γ and 

γʹʹ  lattice parameters,  along the tetragonal (c) axis with the alloy matrix [40]. Only a small 

amount of -precipitates is enough to attain the required strength due to the large coherency 

strain associated with formation of γ. The γ plates are sheared by the a/2<110> dislocation 

and the energy of the antiphase boundary created thus is sufficient to couple the dislocation 

into pairs, and even quadruples. The latter has been observed for small γ particle sizes [41]. 

Four dislocations are required to restore full order to the γ plates on the three {110, habit 

planes.  Furthermore, the precipitation kinetics of γ are slow, thereby making the alloy 

weldable due to its resistance to strain age cracking (SAC) during post-weld heat treatment 
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[40, 42] . γʹʹ strengthened Ni-Fe-based superalloys are susceptible to the formation of an 

orthorhombic δ phase in the over aged condition [39]. This phase is incoherent with γ and 

therefore does not confer strength even when present in significant quantities. Many Nb- 

bearing alloys (e.g. IN718) are prone to Laves phase formation instead of γ (further details 

of these phases are discussed in metallurgy of IN718 section).  

2.1.3.4 TCP phases 

Excessive quantities of Cr, Mo, W and Re promote the precipitation of intermetallic phases 

[43] with a complex crystal structure whereby the structure is built up of distinct tessellated 

layers consisting of arrays of hexagons, pentagons and triangles, hence the name 

topologically close-packed (TCP) phases [44]. These phases are usually detrimental to 

mechanical properties [45]. They may appear as thin linear plates, which generally nucleate 

on grain boundary carbides. ζ, µ and Laves are some of the phases that belong to this group.  

Ni-based superalloys are generally prone to the formation of ζ and µ phases, whereas Ni-Fe-

based superalloys are prone to Laves phases. These phases can cause lowered rupture 

strength and ductility [26]. Figure 2-10 shows the ζ phase at the grain boundaries of Ni-based 

superalloy RR1000 after prolonged heat treatment. The formula for ζ is (Fe, Mo)x (Ni, Co)y, 

where x and y can vary from 1 to 7. ζ phase formation depletes the refractory metals in the γ 

matrix, causing loss of strength of the matrix [46]. Little is known about the detrimental 

effects of plate-like µ phase. A general formula for µ is (Fe, Co)7(Mo, W)6 [45]. Finally, 

Laves phase has a hexagonal crystal structure with a composition of AB2 type. Typical 

examples include Fe2Ti, Fe2Nb, and Fe2Mo. A more general formula is (Fe, Cr, Mn, Si) 2 

(Mo, Ti, Nb). Excessive amounts of this phase will impair room-temperature tensile ductility 

and creep properties. More details about the formation of Laves phase will be discussed in 

later sections. 
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Figure 2-10: SEM of RR1000 showing extensive precipitation of the ζ phase at γ grain 

boundaries, after a heat treatment of 5000 h at 750 
◦
C [45]. 

 

2.1.3.5 Carbides 

Ni-based superalloys (with appreciable carbon levels) can form various types of carbides, 

depending on the alloy composition, processing route, and service history. Some of the more 

important types include MC, M6C, M23C6 and M7C3, where M stands for Cr, Mo, Ti, Ta or 

Hf. Figure 2-11 shows the different type of carbides in Ni-based superalloys. MC type 

carbides, which are usually rich in Ti, Ta and Hf, precipitate at high temperatures (in excess 

of 1038°C [26]) from the liquid phase, thus they are often found at interdendritic regions, 

with no distinct orientation relationship to the γ matrix. Conversely, the M23C6 forms due to 

the breakdown of the MC carbides at around 750°C ( favoured at 750 - 810°C) during 

prolonged service exposure [47-48] in the following sequence. 

                                                   MC + γ → M23C6 + γ' 
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These carbides are usually seen in Cr-rich alloys and they form at the grain boundaries[26]. 

 

Figure 2-11: SEM micrographs showing carbide phases in Ni-based superalloys (a) Ta-rich 

MC  type carbide formed in an experimental nickel-based single-crystal superalloy [49] (b) 

M23C6 type carbide seen at the grain boundaries in Nimonic 80 alloy at a magnification of 

6000 × [26]. 

2.2 Metallurgy of IN718 

2.2.1 Introduction 

IN718 is a γʹ+ γʹʹ strengthened precipitation hardenenable alloy. It was designed in an effort 

to improve weldability and reduce Strain Age Cracking (SAC)[26]. The chemical 

composition (wt. %) of the alloy is given Table 2-2. This alloy is extensively used in 

aeroengine applications, for gas turbine shafting and pressure containment, up to a 

temperature range of 700˚C. It is considered the workhorse for large structural castings, due 

to its excellent resistance to SAC [40]. The alloy is less susceptible to SAC due to sluggish γ'' 

precipitation kinetics. SAC is associated with post-weld heat-treatment (PWHT) of γʹ 

precipitation hardenable Ni-base superalloys. Relaxation of residual stresses and precipitation 

of γʹ phase takes place simultaneously while heat treating the welds. The precipitation of γʹ 

phase would improve the strength of the material while reducing the ductility [26]. The 

residual stresses, which will be relaxing at a slower rate, when combined with the reduced 
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ductility can exceed the material strength causing the cracks to open. Figure 2-12 showing the 

sequence of event that could occur during SAC [26]. The SAC in Ni-based superalloys 

depends on the Al + Ti content in the alloy [50], as shown in Figure 2-13, IN718 is resistant 

to SAC which follows a C-curve behaviour (demonstrated by Duvall and Owzarski [51]) due 

to the sluggish γ'' precipitation rate, Figure 2-14. 

Table 2-2: Chemical composition of IN718 (Wt. %)[28] 

 

 

 

Figure 2-12: Diagram showing the potential sequence of events leading to SAC [26]. 
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Figure 2-13: Effect of Al and Ti content on susceptibility to strain-age cracking in Ni-base 

superalloys [51].  

 

 

Figure 2-14: Curve  showing the SAC behaviour for Waspaloy and IN 718 showing much 

greater tolerance for PWHT cracking for IN 718 due to slower aging rate [51]. 

 

2.2.2 Precipitation in IN718 

IN718 features various phases that form during solidification, which including strengthening 

phases like,, δ and detrimental phases like Laves. The precipitation kinetics of IN718 has 

been reported extensively in the literature, and will be discussed in the following sections.  
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The three main precipitate strengthening phases, ,  and δ simultaneously precipitate 

during heat treatment of solution treated microstructure, within temperature range of  600-

900˚C, Figure 2-15 [52]. 

 

Figure 2-15: Scanning electron micrograph showing the δ phase plates, γ′′ discs and γ' 

spheroids in IN718 treated isothermally at 850˚C/24h [52]. 

 

2.2.2.1 The γ and γ precipitation: 

Both γ and γ phases precipitate homogeneously within the -grains. The γ forms as small 

spheres of size around 200 Å [53], and can be observed only through transmission electron 

microscopy (TEM), whereas γ precipitates, are disc-shaped which can grow up to 1 μm 

thick, and can be easily detected [52]. The γ forms in the presence of Fe in Nb-rich 

superalloys. The morphology of both  and  precipitates are shown in Figure 2-15. These 

phases can be seen more clearly under a TEM (Figure 2-16). Both  phases start to precipitate 

at around 620˚C, making it very difficult to distinguish which type precipitates first [52]. The 
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order of precipitation depends on the (Ti+Al)/Nb ratio in the alloy. If this ratio is greater than 

0.8 , then γ-precipitation precedes γ precipitation [39]. The  phase dissolves at around 640-

670°C followed by the γ phase at around 840°C (The evolution of various phases can be 

seen in Figure 2-17). γ precipitates are generally unstable, converting to the δ phase on 

prolonged ageing. Figure 2-18 shows the δ needles that started nucleating after prolonged 

aging of 5000 h at 621°C. In general, both the precipitates grow separately. However, at 

750˚C, both types grow together, whereby γ tends to grow on the flat face of γ as 

hemispherical particles due to the difficulty in nucleating separately at this temperature [36, 

39] .The fraction of these precipitates depends on the heat treatment, as well as the amount of 

Nb present in the material. γ forms with less than 4% wt. Nb, whereas for γ the Nb should 

be more than 4% wt. [53-54]. Pre-treatment and heat treatment have no influence on the 

relative fraction of γ and γ phases in IN718. In fact, the ratio of γ to γ is approximately the 

same under different pre-treatment conditions and can be taken as a constant equal to 3 [55].  
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Figure 2-16: Dark field TEM micrographs of IN718 aged at 800°C for 100 h showing γʹ 

(circular) and γʹʹ( lens-shaped) precipitates in <100> direction; a) g = 100; b) g = 010; c) g = 

110 [37]. 
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Figure 2-17: DTA curves showing the different phase evolution in Inconel 718 for (a) cast 

and (b)wrought products [56] (The samples were heated and cooled at a rate of 40°C/min 

through melting/solidification range).  

 

2.2.2.2 The delta phase (δ) 

The δ-phase has a composition of Ni3Nb, with an orthorhombic crystal structure which is 

incoherent with the matrix with 6-8 wt. % Nb. It precipitates between 700 and 1000˚C, with 

the highest precipitation rate at 900˚C. The precipitation can be intergranular, where the 

nucleation starts at the stacking faults of the γ′′ phase [52]. The δ-phase is more stable than 

the γ phase, but the formation is slow below 900˚C because of the preferential formation of 

γ′′. Both the phases are formed due to Nb, but the δ-phase forms by the loss of the γ′′ phase 

up to 900˚C, and once the γ′′ precipitation stops the δ-phase formation peaks. 
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Figure 2-18: δ  needles after prolonged exposure at 621 C for 5000 h in  IN 718 alloy [57]. 

 

The presence of the δ-phase is detrimental to the material properties due to its morphology 

where the creep properties of the material decrease with an increase in the amount of this 

phase (Figure 2-19). In addition, its formation causes the depletion of the major strengthening 

phase, γ′′. As this phase forms at the -grain boundaries, it will inhibit grain growth during 

heat treatment [58]. The δ-phase also improves the creep properties of the material provided 

that an appropriate morphology at the boundaries is achieved [59]. This phase can be 

completely dissolved in the matrix at a temperature of 1025˚C. 
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Figure 2-19: Creep behaviour of IN718 as a function of the δ phase content showing excess 

delta precipitate leading to decreased creep resistance [60]. 

 

2.2.2.3 The Carbides 

The only major carbide type reported in IN718 is the MC type with minor amounts of  M6C 

type [61-62]. The MC carbides which contain predominantly Nb and Ti are located both on 

grain boundaries and in the matrix. The morphology of carbides can be seen in Figure 2-20. 

The NbC is formed at ~1250 ˚C during solidification and they are the last phases dissolved 

during heat treatment (Figure 2-17). The size and shape of carbides depend on the cooling 

rate where slow cooling rate results in large carbides. δ phase has been observed emanating 

from NbC particles, apparently providing the Nb required for its formation [63]. The carbides 

are generally not considered to be important in determining the mechanical properties of 

IN718 but a study by Rao et al. [64] on hot isostatically pressed (HIP) IN718 suggested that 

carbides would cause intergranular failure reducing the ductility of the material, however this 

effect is not prominent at low oxygen levels of around 140 ppm [65]. 
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Figure 2-20: The morphology of Niobium carbides in a sample quenched from 1243°C [66].  

2.2.2.4 Laves phases: 

Other than the strengthening phases, which form during ageing, detrimental phases like Laves 

are formed during slow cooling. They are frequently observed in cast and welded 

microstructures. Laves phases appear as islands and are found in various shapes and sizes 

depending on the cooling rates associated in the process. These phases are irregular in shape. 

The typical morphology of these phases can be seen in Figure 2-21. The formation of Laves 

phases is strongly dependent on the heat input during the manufacturing process (e.g in 

welding) and the cooling rate. The processes with high cooling rate typically produce less 

Laves phase [67]. Figure 2-22 shows the time temperature transformation diagrams for 

IN718, which clearly shows the range of temperature and time where the Laves phases are 

expected to form. Laves is formed in two steps during solidification which starts with 

primary liquid→ γ reaction, and proceeds causing enrichment of interdendritic liquid in Nb, 

Mo, Ti, and C until an eutectic reaction L→(γ + Laves) occurs, terminating the solidification 

process [68-69].   
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Figure 2-21: Typical eutectic(left) and globular (right) type Laves phases  that are seen in an 

as cast IN718 alloy [70]. 

 

 

Figure 2-22: Time-Temperature-Transformation (TTT) curve of IN718 [71]. 

 

Laves phases are detrimental to the mechanical properties and increase in the amount of 

Laves would reduce the elongation and ultimate tensile strength of the material at room and 

elevated temperatures (Figure 2-23). Laves phases are also detrimental to the low cycle 

fatigue life as they act as crack initiation sites [53]. Laves phases can be dissolved at 1180˚C, 

which can be essential to improve the mechanical properties. 
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Figure 2-23: Room and elevated temperature tensile results for wrought Inconel718 with 

various amounts of Laves [72]. 

 

2.2.3 Heat Treatment of IN718 

IN718 is typically heat treated after casting or welding for several reasons: to reduce residual 

stresses, to achieve the required strength by dissolving detrimental Laves and/ or δ phases to 

allow the precipitation of the strengthening phases (γ' and γ'') and to obtain a uniform grain 

size. The major strengthening phases in IN718 (γ'') forms after solution treatment at around 

980°C followed by aging in the range of about 704 to 899 ºC. The γ'' solvus is about 910 ºC. 

The δ phase (depending on exposure time) precipitates in the vicinity of about 871 ºC, and 

has a solvus temperature of about 1010 ºC. Typically IN718 can be worked and heat-treated 

above the δ solvus, or at a temperature between the δ solvus and the γ'' solvus for grain-size 

control, which is an important aspect of current high-strength IN718 production [26]. The 

detrimental Laves phases can be completely dissolved into the γ matrix at 1180ºC [53] 

whereas the carbides can only be dissolved above 1270ºC [61]. The three heat treatment 

methods conforming to Aerospace Material Specifications (AMS) are shown in Table 2-3. 

They include direct ageing, solution treatment and ageing (STA), which is performed on 

forged parts, and homogenisation followed by STA, which is used for castings. 
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Table 2-3: Three standard heat treatment methods employed for IN718according to 

Aerospace Material Specifications (AMS)[22]. 

 

2.3 General Solidification Theory 

Either in casting process or translated melt pool process (e.g. welding or AM),  solidification 

behaviour controls the size and morphology of the grains, the extent of micro and macro 

segregation, the distribution of inclusions, the extent of defects such as porosity and hot 

cracks, and ultimately the properties. Thus, it is important to understand the development of 

the solidification microstructure by considering the nucleation and solid phase growth stages 

as a result of the variations in the solidification parameters, including temperature-gradient, 

growth rate, superheat and undercooling. As AM involves solidification within a moving melt 

pool it has many similarities to welding. Hence, the solidification behaviour will be reviewed 

in this context. A key reference in this regard is the excellent review by David and Vitek [73], 

as well as a book on Welding metallurgy by DuPont and Lippold [74]. 
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2.3.1 Nucleation and growth behaviour 

2.3.1.1 Nucleation 

There are two types of nucleation phenomena, homogeneous nucleation which happens at 

large undercooling when no nucleation site is present, and the more practical heterogeneous 

nucleation where solidification starts from a solid impurity or the liquid container which only 

needs undercooling of 1 K. Nucleation in welding melt pools is typically observed to take 

place with an undercooling of 1-2 K [75-76].  

2.3.1.2 Growth:  

After nucleation, growth of the solid occurs by the addition of atoms (diffusion) from the 

liquid to the solid at the pre-existing solid/liquid (S/L) interface. A key factor that determines 

the nature of the S/L interface is the heat flow and the associated thermal gradients in the 

melt pool. Mass flows associated with compositional gradients are also crucial in establishing 

the shape of the stable solidification front. The interaction between the thermal gradient (G) 

with the growth rate (R) and the other solidification conditions determines the final 

microstructure of the primary phase during solidification. Based on the steady state 

microscopic shape of the S/L interface at the growth front, solidification occurs in planar, 

cellular, or a dendritic manner [73, 76]. The various growth morphologies which depend on 

the thermal gradient and growth rate can be seen in Figure 2-24 [77] for some Ni-based 

superalloys.  Figure 2-25 shows the various forms of non-planar solidification structures in a 

number of alloys. In dendritic growth, the growth follows specific crystal directions (i.e. the 

S/L front is significantly controlled by crystallographic considerations), with the growth also 

being opposite to the heat flow direction. The dendrites grow in an optimum alignment 

condition, controlled by the maximum thermal gradient and growth direction.  
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Figure 2-24: Morphologies of directionally solidified nickel based superalloys marked on  log 

R (solidification rate) and log G (thermal Gradient) graph [77]. 

 

 

Figure 2-25: Non-planar solidification structures in alloys (a) transverse section of a 

cellularly solidified Pb–Sn alloy (b) columnar dendrites in a Ni alloy (c) equiaxed dendrites 

of a Mg–Zn alloy  (d) three-dimensional view of dendrites in a Ni-base superalloy [73, 78]. 
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2.3.2 Columnar to equiaxed transition (CET) in Ni-based superalloys 

It is important to understand the factors that affect the columnar to equiaxed transition in 

order to predict the microstructure in the final component. From section 2.3.1 it is seen that 

the CET is dependent on the G and R values. For Ni-based superalloys CET occurs in the 

region where the solidification rate, R, is approximately 3 x 10
-4

m/s and the temperature 

gradient, G, is approximately 1.5 x l0
2 

 C.m
-1 

[77]. In particular, for IN 718 alloy a numerical 

model was developed by Nastac et al. to obtain a solidification map showing the columnar 

and equiaxed zones (Figure 2-26). Also experimental work on the CET in superalloys, 

including IN718, indicates that in alloys with a conventional content of non-metallic 

inclusions such as C and N, the nucleation process which creates the equiaxed grains requires 

an undercooling of approximately 3.7°C at the liquidus surface [77].  

 

Figure 2-26: Solidification map for IN 718 alloy [79]. 

2.3.3 Factors controlling the melt-pool solidification behaviour 

The important variables that control the size, shape and solidification behaviour of the melt-

pool are the solidification rate, temperature gradient, travel speed, undercooling, and alloy 
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constitution. The effect of these variables on the melt pool microstructure is discussed in this 

section. 

2.3.3.1 Solidification Rate: 

The solidification rate, or growth rate (R, Units: mm/s), is the rate at which the solid/liquid 

interface in the melt pool advances. The growth rate of a solidification front is along the 

maximum thermal gradient and normal to the S/L interface [3]. R is directly related to the 

travel speed (υ) of the heat source [80]. In a steady state condition (e.g. welding or AM), 

where the heat source is moving at a constant speed (υ), solidification growth must occur in 

such a way that it is able to keep pace with the heat source travel speed [73], as illustrated in 

Figure 2-27. It is seen that for R, to keep pace with the welding speed, a condition must be 

met that: 

                                               R= υ cosθ                                                       2-1 

where, θ is the angle between the surface normal and the heat source travel direction. Thus, at 

the top surface, assuming that the solidification front is normal to the surface, the growth rate 

would vary from R = 0, when θ = 90° along the fusion line to a maximum of R = υ when θ= 

0° along the centreline of the melt track. 

 

Figure 2-27: Schematic diagram showing the relationships between the heat source rate or 

travelling speed and the solidification front growth rate [3]. 
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Other than the maximum thermal gradient, another important factor that influences the 

growth rate is the crystallographic orientation of the material. In polycrystalline, welds a wide 

range of growth directions is present, but a grain selection process will take place in which 

the grains with easy growth directions will outgrow less optimally aligned grains [73]. For 

example in cubic metals the 〈   〉 direction, which is close to the heat flow direction will 

outgrow the other less favourable directions [76]. So, in cubic metals directional 

solidification leads to a columnar microstructure with dendrites in the <100> direction. 

The grain structure and crystallographic orientation in welds is determined by the grain and 

crystal structure of the base material, where the initial solidification starts epitaxially from the 

partially melted base metal grains [81-82]. Since there are preferred growth directions for the 

solid, a competitive growth process takes place among these grains, making them aligned 

with the solidification front. 

2.3.3.2 Influence of travel speed 

Travel speed of the heat source has a profound influence on the shape of the weld-pool and 

grain structure. Welds made at low to moderate weld speeds have an elliptical shape 

compared to high speed welds which take a tear drop shape, Figure 2-28.  

In the elliptically shaped melt pool (low and moderate speed), the maximum heat input and 

the peak temperatures occur along the centreline. The higher temperatures in the solid 

immediately behind the melt pool, along the centreline, cause less rapid heat loss and result in 

a minimum thermal gradient along this direction, Figure 2-28.a. Meanwhile, the rate of 

liberation of latent heat is also a maximum at the centreline since it is directly proportional to 

the growth rate. Consequently, a critical growth rate exists for an elliptical melt pool beyond 

which the minimal thermal gradient present at the centreline cannot dissipate the generated 
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heat of fusion sufficiently quickly. For growth rates above this critical value, the melt pool 

shape changes and, becomes more elongated and tear drop shaped, Figure 2-28.b [73].  

The presence of this critical growth rate and the effect of welding speed was demonstrated by 

Suutala [83], showing that the weld pool shape becomes more elongated and the maximum 

growth rate fell significantly below the weld speed, Figure 2-29. 

 

Figure 2-28: Diagram showing variation of thermal gradient GL and growth rate RS along 

solidification front for different travelling speed (a) elliptical shape (low and moderate speed) 

(b) tear drop shaped (high speed) [73]. 

 

 

Figure 2-29: Variation of pool shape and growth rate as function of welding speed for arc 

welded stainless steel [73]. 

 

Also, the travel speed of the weld has an influence on the grain structure. The effect of 

welding speed on the grain structure can be seen in the schematic below, Figure 2-30. Very 
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low weld speeds would produce extremely columnar grains at the weld centre line [84]. 

Whereas for high welding speeds the nucleation of new grains would be sufficiently easy and 

equiaxed grain structure may be formed at the weld centre line[85].   

 

Figure 2-30: Schematic diagrams illustrating the effect of welding speed on the grain 

structure in welds: a) axial grains at low welding speeds b) stray grains for low to 

intermediate welding speeds and c) equiaxed grain structure for faster welding speeds [84]. 

 

2.3.3.3 Thermal gradient 

The thermal gradients in the solid GS and in the liquid GL at the solid/liquid interface play a 

significant role in determining the solidification substructure in the melt pool. Out of these 

two, GL is more critical in determining the morphology and solidification of the welds. The 

thermal gradient, GL, increases as the thermal conductivity of the material decreases and also 

it is higher for high energy density process (e.g. electron beam welds). The thermal gradients, 

both GS and GL, decrease continuously from the fusion line to the weld centre line and the 

temperature gradient decreases with increase in heat input [86].  Both growth rate and 

thermal gradient vary considerably across the fusion zone. From fusion line to the weld 

centre line the growth rate increases, whereas the thermal gradient decreases the influence of 

such variation on the microstructure of a weld is shown in Figure 2-31.  
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Figure 2-31: Schematic drawing of structural variation of weld microstructure across fusion 

zone[73]. 

 

Other important parameters that affect the melt pool microstructure is the cooling rate,  ̇, 

which is the product of the temperature gradient (G), and the growth rate (R), (GR =  ̇ ).The 

cooling rate mainly affects the scale of the microstructure in comparison to G/R 

(constitutional super cooling) which controls the morphology of the grains. Cooling rates for 

processes using electron beams and lasers, may vary from 10
3
 to 10

6
 K/s, depending on the 

various process parameters [73]. The details of these parameters on the grain structure in AM 

process in particular in Ni-based superalloys will be discussed in the microstructure of DLF 

section (section 2.5.3) 

2.4 Residual Stresses Characterisation Techniques 

Residual stresses reduce the tolerance of a component to an externally applied force. Residual 

stresses occur for a variety of reasons, including inelastic (plastic) deformation, temperature 

gradients (during thermal cycle) or structural changes (phase transformation). Heat from 

welding may cause localised expansion, which is taken up during welding by either the 

molten metal or the placement of parts being welded. When the finished weldment cools, 

some areas cool and contract more than others, leaving residual stresses [87]. 
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The residual stresses can be classified into three types based on their characteristic length 

over which the stresses equilibrate [88] . Type I are long range stresses which equilibrate over 

macroscopic dimensions and are not influenced by the multiphase nature of the material. 

Type II residual stresses equilibrate over a number of grain dimensions and Type III stresses, 

exist over atomic dimensions and balance within a grain for example and are caused by 

dislocations and point defects [88]. For assessing the bulk residual stresses for life assessment 

of a component type I macro stresses play an important role, where micros stresses i.e. type II 

and type III are often unimportant. The different types of residual stresses that can arise are 

summarised in Figure 2-32. There are several measuring techniques for these stresses which 

will be discussed in the following sections. 

 

Figure 2-32: Illustration of different types of macro and micro residual stress [88]. 

 

2.4.1 Measuring Techniques  

Figure 2-33 summarises the capabilities of various techniques used for residual stress 

characterisation, including neutron diffraction, hole drilling and contour methods which are 
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discussed in the following sections as they are the techniques which are most commonly used 

for characterising AM components.  

 

Figure 2-33: Schematic Illustration of the capabilities of the various techniques. The 

destructive techniques are shaded [89]. 

 

2.4.1.1 Hole Drilling Method: 

It is known that the residual stresses will relax when the sample is locally machined, thereby 

providing data for back-calculation of the residual stresses. The same principle is used in 

hole-drilling whereby a hole is drilled, around which the strain is measured using a rosette of 

strain gauges, Figure 2-34. The residual stresses can be calculated from equation 2-2.  

σ (          ) ̅   (         ) ̅                 2-2 

where  ̅ and   ̅ are hole drilling constants, and β is the angle from the X-axis to the direction 

of maximum principal stress (ζmax). For the general case of a hole drilled in an infinite plate,  

 ̅ and   ̅ must be calculated numerically [88]. 
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Figure 2-34: Dataset collected for stress in shot peened Ni-based alloy using hole drilling, 

showing a suitable arrangement of the strain gauges [90]. 

 

Although it is possible to deduce the variation in stress with depth by incrementally 

deepening the hole (typically called incremental hole drilling), it is difficult to obtain reliable 

measurements much beyond a depth equal to the diameter [91]. With a three strain gauge 

rosette, it is only possible to measure the two in-plane components of the stress field. 

Nevertheless, the method is economic, widely used and it has been applied even to polymers. 

If the residual stresses exceed about 50% of the yield stress, then errors can arise due to 

localised yielding. Additionally, it is not really practical for thin (~100 µm), or for brittle 

coatings [92]. 

2.4.1.2 Neutron Diffraction Method:  

Residual stresses can be characterised using neutron diffraction, based on the principle that 

elastic strains are derived from the changes in the lattice spacing of the crystalline material, 

Figure 2-35. The stresses are calculated using the elastic properties of the material given by 

Hooke’s law. By translating the specimen through a highly collimated neutron beam, strains 

within a small volume can be determined at different locations in the specimen and calculated 

using equation 2-3.  
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                            2-3 

Where, dhkl is the measured d spacing for the particular hkl reflection and d
0
 is the stress-free 

d-spacing and εhkl is the elastic strain normal to the hkl plane. 

Once the strain is determined at a given location in three orthogonal directions, it is possible 

to calculate the corresponding stresses from equation 2-4. 

 

                          
    ((      )       (     ))

(      )(       )
                                               2-4 

Where, Ehkl and υhkl are the elastic constants for the direction normal to the planes for the 

specific hkl reflection and εx, εy and εz are the strains measured in the three orthogonal 

directions.  

 

Figure 2-35: The principle of the neutron diffraction technique, for residual stress 

characterisation, showing the scattering vector for a Bragg reflection from the crystal planes, 

d [93]. 

 

One of the largest uncertainties in determining the residual stress by diffraction is the correct 

measurement of the strain-free lattice spacing, d0 or alternatively the enforcement of some 

assumption about the state of strain or stress within the body [94]. There are various reasons 
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for change in the d-spacing which include compositional changes, phase transformations, 

change in temperatures, and integranular strains etc. So, there is a need to measure stress free 

d-spacing to get accurate stress measurements. Withers et al. [94] summarised various 

methods of determining stress free d0 values and their validity, Figure 2-36, some of which 

will be discussed below. 

Strain values from powders, filings, cubes and combs: 

The d0 values can be obtained from powders or filings as they cannot sustain a long-range 

macrostress and so provide ideal macrostress-free reference materials. Cutting of small 

reference cubes, matchsticks or ‘combs’ a region can be freed from the constraint of the 

surrounding macroscopic stress field to provide a measure of dref. 

Measurement in a region known to be free of macro-stress 

The d values can be obtained from a point far away from the stress fields can be assumed as 

strain free d0 values. However this is inappropriate for welding as there is huge 

microstructural difference and associated compositional changes near the weld-pool.  

Stress balance method 

This method exploits the plane stress or plane strain conditions, where the stresses in one 

direction are assumed to be zero and the d0 values are back calculated. This method is 

particularly good for thin walled samples where the stress in the through thickness direction 

is almost negligible [25].  
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Figure 2-36: Table summarising the various methods for determining stress free d0 values 

[94]. 

 

The other uncertainty in measuring the residual stresses is the determination of the elastic 

constant (poison's ratio and elastic modulus). The elastic strain recorded for a given reflection 

may not be representative of the bulk elastic strain [88] due to elastic stiffness mismatch 

between differently oriented grains and differences in the plastic yielding response of 

adjacent grains. The elastic constant for different planes can be determined based on the 

Kröner model, which is explained elsewhere [88, 95-96]. The elastic constants for different 

planes of IN718 were determined by Repper et al. [96] and are summarised in, table 

Table 2-4: Young’s modulus for different IN718 sample states and lattice planes determined 

by neutron diffraction compared with diffraction elastic constants for pure nickel calculated 

with a computer software based on the Kröner model [96]. 
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Although, neutron diffraction  is expensive compared to hole drilling, in hole drilling the 

residual stresses can be obtained only on the surface of the material (about 0.75 mm) whereas 

neutrons can penetrate much further than this and also the stresses can be measured in 3 

orthogonal directions [24]. 

2.4.1.3 Contour Method: 

Unlike neutron diffraction and hole drilling, the contour method is a destructive residual 

stress characterization method. In this technique, the residual stresses are characterised by 

carefully making a cut (generally by electric discharge wire cutting, which induces virtually 

no stress to the cut surface). Cutting releases the stresses from the part, which results in a 

slight distortion which can be measured on the deformed surface using a laser scanner. By 

using a finite element model, the stress contours can be calculated, Figure 2-37. The details 

about the cutting techniques and other measuring constraints can be found elsewhere [97]. 

 

Figure 2-37: 2D schematic of the contour method showing various steps involved in residual 

stress measurement and residual stresses calculated around the weld bead [98]. 

 

This is a relatively new and powerful technique for residual stress characterisation which can 

be used for relatively thick parts where penetration of neutrons would become difficult [97]. 

Additionally, this method can also provide answers for component materials where the 

presence of multiple phases, absence of crystallinity, highly preferred orientation (e.g. single 
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crystals), and large grain size make the interpretation of neutron measurements difficult [99]. 

The method is also able to derive residual stress contours on a surface, which would take a lot 

of effort and beam time using neutron diffraction experiments (e.g. for shot peened 

specimens).  

In the previous sections, 2.1 to 2.4, the literature on the types of superalloys and their 

strengthening mechanisms were discussed followed by a summary of the solidification theory 

behind the formation of different grain structures. The following section shows the Direct 

Laser Fabrication technique with the associated difficulties in this process i.e. build quality, 

microstructure, precipitation and residual stresses followed by the various modelling 

techniques used in predicting the residual stresses and microstructure in DLFed builds. 

2.5 Direct Laser Fabrication  

In this section, a brief introduction is given about DLF including the process variables and 

their effect on the build quality, microstructural development (including grain and precipitate 

morphology), texture and residual stresses development. Also, recent literature especially 

those of relevance to the present work are covered including the various thermal and stress 

models on the microstructural and textural development, emphasis is given on Ni-based 

superalloys literature, in particular IN718 as it is used in the present project. 

2.5.1 Introduction 

The basic layout of a DLF system is shown in Figure 2-38, showing the laser and its 

associated optical delivery systems, a powder feeding unit (consisting of powder hoppers, 

nozzles and carrier gas for carrying the powder), computer numerical control (CNC) unit 

which controls the X-Y movement of the stage and Z moment of the laser head. The 

deposition is typically carried out in a glove box in controlled atmosphere [100]. The process 
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works in a way that the desired components CAD file is sliced into layers and the layers are 

converted into a numerical code, which is fed to the CNC unit where the laser head as well as 

the stage move accordingly to produce the final part. The powder is fed though the nozzles in 

a controlled manner, with inert gas (usually Argon or Helium) as a carrier gas. The powder is 

melted and re-solidifies across the layers. The laser power, powder flow rate, layer thickness 

and scan speed are controlled to produce the final part. 

 

Figure 2-38: Schematic of direct laser fabrication system layout[1].  

 

2.5.2 Build Geometry and Quality  

The important factors which effect the build quality are laser power, traverse speed/ scan 

speed of laser beam, stand-off distance (laser focus) i.e. the distance from the laser nozzle 

head to the work piece when the laser beam and powder are focused on the work piece 

(schematic shown in Figure 2-39.a) , hatch spacing (line overlap) i.e. the distance or the % of 
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laser beam diameter that is overlapped by the subsequent laser pass (schematic shown in 

Figure 2-39.b), layer thickness, and powder flow rate. A number of studies have been 

performed to assess the influence of these parameters on the structural and geometrical 

integrity of the builds, some of which will be discussed in the following sections. 

              

Figure 2-39: Schematic showing the a) laser stand-off distance [101] and b) line overlap / 

hatch spacing between layers [102] in a DLF system. 

 

Previous work classified pore and void formation in DLF into three categories:  

i) Inter-run porosity, caused by the wrong offset tracks settings of which forms near the base 

of deposited tracks which can be rectified by proper selection of the offset. This type of 

porosity can be reduced by reducing the Z-overlap distance which is shown in Figure 2-40. 

ii) inter-layer lack of fusion porosity which is caused by incomplete bonding between 

adjacent tracks [9] which can be reduced by increasing the overlapping distance between 

adjacent layers. 

iii) Intra-layer porosity which appear as spherical areas of porosity within a layer the cause of 

which is not always clear, but is thought to be related to gas dissolved or entrapped within the 
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melt [103]. Studies by Qi et al. on IN 718 builds [22] showed that selection of powder with 

entrapped pores would give a sound build, Figure 2-41. 

Factors that can lead to porosity include inconsistent specific energy, misplaced tracks, an 

oxide layer preventing or hindering fusion. The process can ensure a fully dense 

microstructure with almost no defect at layer boundaries by carefully controlling the process 

parameters [1, 16, 22]. Previous work by Qi et.al, and others using DoE, and others showed 

that the laser power, powder flow rate and scan speed are the main controlling factors for 

porosity and build geometry in DLF [8-9, 104] as discussed in the following sections. 

 

 

Figure 2-40: Figure showing the effect of Z-overlap on inter-run porosity in a Ni-based 

superalloy Nimonic 80A: a) schematic showing the Z overlap distance, b) micrograph inter-

layer porosity due to large Z overlap distance, c) micrograph showing no visible inter layer 

porosity after reducing the Z overlap distance by 50 % [105]. 
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Figure 2-41: Effect of the initial porosity in the build quality in DLFed IN 718 builds: a & b) 

showing the cross section of gas atomised (GA) and plasma rotating electrode process 

(PREP) powder, c & d) showing the corresponding laser builds with different porosity levels 

[22]. 

 

2.5.2.1 Laser Power:  

Increase in the laser power was found to result in an increase in the density and height of the 

build [9]. However too high laser power may cause evaporation and thus cause a change in 

the alloy composition [106]. Additionally, pulsed laser was found to suppress the tendency of 

balling, with the height of the build increasing for high duty cycles (ratio of pulse length to 

total cycle time) [107]. The laser defocus distance has a direct influence on the spot size, 

whereby larger defocus distance leads to a larger spot size and an increased bead width. 

Although higher laser power results in lower voids/bonding defects [108], it increases the 

melt pool temperature, decreasing the molten metal viscosity, which can create turbulence in 
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the melt pool during powder feeding, offering a mechanism for gas entrapment in the build 

[109]. 

2.5.2.2 Scan Speed: 

Studies by Kobryn [9] on DLFed Ti-6Al-4V alloy showed that the build height and porosity 

decreases with increase in travel speed, Figure 2-42. The decrease in porosity with increasing 

traverse speed was not intuitively expected, but was probably a result of the decrease in the 

amount of powder being delivered with increasing speed [9].  

 

Figure 2-42: Effect of scan speed on the: a)build height and b) porosity at different laser 

powers in DLFed Ti-6Al-4V alloy [9]. 

 

2.5.2.3 Powder:  

The powder type and quality can influence the build integrity in a number of aspects. For 

DLF the ideal powder size is around 50-100μm for good nozzle flow [1, 20] and surface 

finish of the build. The surface finish of the build can be improved by 10-30 % by reducing 

the powder size from 100-250 µm to 50 µm [110]. However, the use of small particle size 

would cause poor capture efficiency (the efficiency of powder usage/deposition) since the 

fine powder is dispersed by the carrier gas [1].  

Increase in powder flow rate also increases the porosity due both to the increased scattering 

of the laser beam, by the powder as well as the increase of powder stream density into the 
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melt-pool, which contribute to the attenuation of laser energy coupling thereby leading to the 

porosity in the material [108]. This effect can be minimised with an increase in laser power 

where the power would be high enough for complete melting of powders even after the 

intervention with the high powder stream, Figure 2-43.  

 

Figure 2-43: Effect of powder flow rate on the porosity of the DLFed H13 tool steel builds at 

different laser powers [108]. 

 

Kong et al. performed a study where they used experiments to optimise DLF of IN718 in 

order to obtain builds with minimum porosity by varying laser power, scan speed and powder 

flow rate. 

 It was observed that the porosity levels tend to increase with the increase in scan speed and 

powder flow rate, whereas the depth of penetration of the laser into the layers increased with  

decrease in scan speed and powder flow rate ,Figure 2-44, due to an effective increase in 

linear laser energy [101]. DLFed IN718 did not show any cracking due to the good 

weldability of the alloy [11, 16, 22]. However, Kong et.al have observed some cracking of 

this alloy at high power (1400 W) and low powder flow rate (2 g/min) and scan speeds 

(800mm/min) due to excessive thermal distortion at such high laser powers. 
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Figure 2-44: The Variation in porosity and penetration depth of laser with varying powder 

flow rate and scan speed at 1400W laser power and 40% overlap between layers [101]. 

 

2.5.2.4 Energy Density 

Steen has shown that the laser power, scan speed and spot size are interdependent (i.e. laser 

power and scan speed determine the energy input per unit distance of travel), which can be 

given as a single unit called power density or energy density which in turn determines the 

melt pool size [111]. The incident energy or the energy density E( J mm-2), is the most 

important factor which determines the build quality of the component which can be 

calculated by a simplified equation (equation 2-5) where P is the laser power (W), S is the 

scan speed (mm s-1) and diameter of the spot, d [9, 112].
 

  
 

   
             2-5 

For a given energy density, an increase in scan speed of the laser causes an effective decrease 

in the laser power per unit area (from equation 2-5), causing a decrease in the build height, 

Figure 2-42.a, while a decrease in scan speed increases the width of the heat-affected zone 

and lowers the viscosity of the melt pool, causing uneven build and bad surface finish due to 

the hydrodynamics of the molten pool, causing uneven build and bad surface finish due to the 
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hydrodynamics of the molten pool [113-114]. This effect is also seen in wire deposited IN 

625 alloy, Figure 2-45. 

Studies by Qi et al. on DLFed IN718 showed that the porosity of the build decreases with 

increase in linear energy (i.e. energy density for a given deposition length), Figure 2-46, 

which is due to complete melting of powders and less lack of fusion between layers at high 

incident linear energies [22]. 

 

 

Figure 2-45: Process window showing the effect of laser power, travel speed in wire 

deposited IN 625 [115].  

 

 

Figure 2-46: Effect of linear energy and powder type on porosity in DLFed IN718 builds 

[22]. 
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2.5.2.5 Nozzle Angles: 

Fearon et al. have proposed that the layer height can be controlled by the nozzle angles. A 45º 

configuration of nozzles appear to provide the optimal condition for height control of the 

build and the catchment efficiency [116].  The powder capture efficiency in four way nozzle 

is 37% relatively higher than a 3 beam nozzle (23%). Also, a 4-way nozzle gives a stable 

layer height to the build due to the symmetric flow of powder [8]. 

2.5.2.6  Scanning strategy: 

The scan spacing should be sufficient to cause re-melting of the previous layer. An overlap of 

30-40 % between the consecutive passes is ideal for sound builds with no lack of fusion/voids 

between passes [101, 117]. The thickness of the bead increases with the increase in the % 

overlap between the passes as shown in Figure 2-47 [118]. A orthogonally hatched build on 

pattern give sound quality deposits, since any major porosity/voids that arise in one layer can 

be easily rectified in the following layer as the bead direction is varied [119]. 

 

Figure 2-47: Variation of Layer thickness with % overlap between laser passes[118]. 

2.5.3 Microstructure 

During DLF, solidification occurs rapidly in a small localised volume, and the resulting 

microstructures are affected by repetitive thermal cycling. In addition, solidification times are 

short, and steep thermal gradients may exist particularly when an intense laser source is used 
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[120]. The deposited material is also thermally affected by the deposition of the subsequent 

layers, resulting in complex thermal histories, making the prediction of the microstructures 

difficult [121]. DLF process variables can also influence the microstructural development 

including the laser power, spot size, laser traverse speed, line spacing or overlap between 

lines, build layer thickness, deposition pattern or path, powder shape and size distribution, 

powder feed rate, substrate surface finish, substrate thickness, substrate microstructure and its 

texture, the size and the shape of the build. Extensive research has been performed to 

understand the grain morphology [9, 16-17, 107, 109, 122-124], precipitation (in case of 

IN718 [11, 21-22, 122]) and texture [15-16, 82, 125-126] developed during DLF which is 

shown in the following sections.  

2.5.3.1 Dendrite Morphology of laser deposits: 

 DLF builds typically show a layered microstructure with bead like morphology, Figure 

2-48.a, having a fine columnar dendritic morphology, Figure 2-48.b, with very small dendrite 

arm spacing [17]. The interdendritic spacing was found to be 30 times smaller in DLFed 

CMSX-4 than a a typical as-cast microstructure [82], which could be due to the rapid cooling 

rate involved in DLF (~ 10
2
 to 10

3
 Ks

-1
) [109].  

       

Figure 2-48: Optical micrographs of DLFed IN718 showing a) layered type morphology and 

b) magnified image showing fine dendrites [16]. 
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The dendrites, in FCC crystals, tend to orient along the 〈   〉 crystallographic direction 

growing epitaxially from the substrate [12, 122], however this orientation is strongly 

dependent on the deposition direction used [17]. The effect of scan strategy (namely 

unidirectional where the scan direction is the same for each layer and bi-directional where the 

scan direction changes by 180º from the previous layer) on dendrite orientation was studied 

by Dindal et al. on DLFed IN 625 thin walls. Since the grains grow perpendicular to the melt 

pool base (along the heat flux direction), which is consistently tilted due to the scanning of 

laser beam from right to left and the cooling direction of the melt pool changes with the 

direction of laser scan a change in the direction of dendrites occurs [17], Figure 2-49.  

The dendrite morphology at the interface of two layers is observed to be a fine cellular 

dendritic network, which is caused by dynamic heat transfer of the moving heat source and 

deposition mechanism in the multi-layer material [127]. During layer by layer deposition, 

when a new layer is deposited a limited re-melting occurs in the previous layer. 

Subsequently, as the molten pool solidifies, a thin nucleation zone forms at the interface 

[127]. 
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Figure 2-49: Optical micrographs of laser deposited Inconel 625 thin walls showing the effect 

of deposition direction on the dendrite orientation: a) bi-directional  and b) uni-directional 

[17]. 

2.5.3.2 Grain morphology in laser deposits:  

The incident energy, deposition path and travel speed have a strong influence on the grain 

morphology, size, the degree of grain coarsening and the microstructural homogeneity of 

DLFed builds. 

The microstructures in laser deposits are very heterogeneous in appearance, with variations in 

grain size and grain aspect ratio occurring over relatively small distances [16, 25, 124, 126, 

128]. Research published by Moat et al. [126] (Waspaloy), Liu et al. [23] and Blackwell [16] 

(IN718) show a banded grain structure with bi-modal grain distribution with fine grained 

regions lying between the large columnar regions at the edge and centre of the laser scan path 

respectively. These fine grain zones are the result of rapid cooling at the edge of laser scan 

lines (The banded microstructure is shown in Figure 2-50). 

 

Figure 2-50: Micrograph showing banded grain structure in DLFed IN718 [23]. 

 

Work by Wu [123] and Moat et al. [126] showed large columnar grain structures in laser 

builds are detrimental for fatigue properties. However, this grain structure i.e., the grain size 



Chapter Two                                                                                                    Literature Review         

62 

 

and shape can be altered by choosing the right process parameters. Kobryon et al. showed 

that the grain width decreases with increasing traverse speed (Figure 2-52.a), but was largely 

unaffected by power level. Thus, grain width also tended to increase with incident energy 

(Figure 2-52.b) in Ti-6Al-4V alloy. The increase in grain width with incident energy is 

attributed to the cooling rate where the grain size tends to decrease with increase in cooling 

rate [75] that is observed in low incident energy due to a combination of low power and high 

speed [9].  

Gaumann et al. developed process maps to predict the columnar-to-equiaxed transition for 

Ni-based superalloy CMSX-4 [129]. Figure 2-51 shows the process maps for laser deposition 

showing the combined effect of laser power (P) and scan speed (V) on the grain morphology 

for different pre-heating temperatures (T0). It is clearly shown that increase in power 

increases equiaxed formation, but studies by Pinketron et al. on laser deposited waspaloy 

showed that high laser power with low powder flow rates showed columnar growth [130]. 

The higher laser power and lower powder flow give a larger and deeper melt pool which 

increases the mean value of R and if acting alone would have increased the tendency to form 

equiaxed grains. However, the large melt pool also promotes vigorous Marangoni flow, and 

there is also some evidence of more superheating in the melt-pool which could increase G 

[130].  

It is also interesting to see that the effect of beam velocity showed a c-shaped curve i.e. 

scanning speeds of the order of 20 mm/s have a greater probability of forming an equiaxed 

morphology than scanning speeds in the range of 1 or 100 mm/s. At low velocity, an increase 

in V increases R without a major effect on G, leading to a decrease in the G
n
/R ratio. At high 

velocity, the melt pool becomes smaller, leading to a higher temperature gradient. Hence, 

even if R is increased, the ratio G
n
/R may increase. However, a treatment with high V will be 
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critical with respect to surface melting. With preheating the re-melting of the surface is easier 

and equiaxed morphology is promoted.  

 

Figure 2-51: The process map showing the regions for columnar and equiaxed grain zones in 

laser deposited CMSX-4: (a) showing the process map for different laser power (P) and G/R 

ratios (b) processing map for different laser power (P) and beam scanning speed (V); at 

different pre-heating temperatures (T0) [82]. 

 

Work by Moat et.al on Waspaloy suggested that use of pulsed laser with low cycle periods 

(fraction of time for which the beam is on) results in grain refinement. However this does not 

control the preferred orientation of grains [126] and also the effect of pulsed laser is not as 

prominent as in multi tracked thick walls as it is in thin wall deposits [25]. 

Also, the grain morphology is dependent on the material used for deposition where Ti alloys 

often feature elongated grain structure due to epitaxial growth [131], however this epitaxial 

growth was not observed in IN718 builds, as studied by Blackwell on IN718 [16] for similar 

process parameters , which was attributed to high cooling rates for IN718 compared to 

titanium alloys due to significant difference in thermal conductivity of these alloys. 
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Figure 2-52: Grain width as a function of (a) scan speed/ travel speed at various laser powers 

and (b) incident energy for different build sizes in DLFed Ti-6Al-4V [9]. 

 

2.5.3.3 Precipitation in DLF IN718 

During laser melting, the strengthening phases such as the γ'' phase and the γ' phase melt in 

the matrix. The melt pool of the re-melted substrate alloy and the fed alloy powder form 

austenite in the subsequent rapid solidification stage [122].  However, unlike the simple 

monolayer cladding, DLF is a technology of multilayer cladding with overlapping. The 

accumulation of heat results in a decrease in the temperature gradient on the interface of the 

solid and the liquid. Besides, the direction of temperature gradient changes because of 

overlapping. Therefore, micro-segregation occurs in the inter-dendritic area. The high 

melting point elements such as Nb, Mo and Ti segregate to the columnar crystal trunk, which 

shows that the Nb, Mo and Ti segregated more severely than the other elements [122]. 
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Figure 2-53: SEM micrograph showing the laves phases in DLFed IN718 [21]. 

 

All the previous microstructural studies of laser deposited IN718 samples showed Nb 

segregation and presence of Laves phases [11-12, 21-22, 132-133] of various shapes and 

sizes, Figure 2-53, depending on the processing parameters with minor amounts MC type of 

niobium carbides [22, 132].  

The brittle irregular shaped Laves phases observed at the inter-dendritic regions deplete the γ 

matrix of Nb (the γ'' forming element), leading to poor mechanical properties. Solution 

treatment (at 982 ºC for 1h) and ageing (at 718 ºC for 8 h, air cooling to 621 ºC and holding 

for 10h) heat treatment convert the Laves phases to δ phase, with excess Nb partially 

dissolving into the γ matrix, Figure 2-54.a. However, this solution treatment cannot dissolve 

the Laves phases completely [22]. Homogenisation heat treatment (at 1100 ºC for 1-2 h) 

followed by solution treatment with ageing, would completely dissolve the Laves phases into 

the γ matrix, Figure 2-54.b.  
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; 

 

Figure 2-54: Effect of heat treatment on the precipitation in DLFed IN718: (a) Laves phase 

transformed to  δ needles after solution + aging treatment; (b) Considerable grain growth 

after Homogenisation+ solution + aging treatment [22] with occasional δ  phase at the grain 

boundaries.  

 

2.5.3.4 Texture evolution in DLF: 

The textures formed in DLF builds have not been widely studied. For FCC materials the 

dendrite trunks grow preferentially with the 〈   〉 crystal orientation closest to the heat flux, 

thereby selecting the orientation which is closest to the normal to the solid–liquid interface. 

The presence of a 〈   〉 fibre texture in DLF has been previously observed by Moat et al. 

[126] and Dinda et al. [18] in their work on laser metal deposition of Waspaloy and IN718 

respectively. However, in the study by Moat et al. [126], the 〈   〉 fibre axis was found to be 

tilted away from growth (Nz) direction i.e. perpendicular to beam travel direction (as shown 

in Figure 2-55), by an amount that varied with the process conditions. This effect was 

attributed to the scanning pattern used, that involved a single beam path that always moved in 

the same direction, and the curvature of the rear of the melt pool, which changed with 

different beam parameters. 
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Figure 2-55: Schematic diagram of the sample cross-section geometry and texture 

measurement location (white rectangle box) for (a) the longitudinal direction, and (b) the 

transverse direction, (c ) the definition of the <001> plane tilt with respect to the geometry 

and, d) a pole figure showing fibre texture tilted by 43.5˚ from Nz due to the unidirectional 

movement of the heat source along X: taken from Moat el al. [126] for laser deposited 

Waspaloy. 

 

Studies by Dinda et al. [18] showed that the texture varied with the deposition path used. A 

fibre texture is observed in uni-directional deposition path, but if a bi-directional deposition 

type is used a cube texture is observed, Figure 2-56. In uni-directional deposition, the 

solidification is dominated by the nucleation of new grains and growth in a 〈   〉 direction, 

where only one of the 〈   〉 directions of columnar dendrites was oriented parallel to the heat 

flow direction and the two other 〈   〉 directions were free whereas in bi-directional pattern, 

pattern where each layer is 90º to the next the layer, the secondary dendrites of the previous 

layer can serve as a growth front for the primary dendrites of new layer which makes the 

dendrites grow epitaxially from the previous layer rather than nucleating new grains. Studies 

by Pinketrol et al. showed that the texture intensity diminishes with the feed rate as well as 

with laser power  as there are more nucleation sites provided by powder feed where 

nucleation of new grains is preferred over epitaxial growth from previous layer [130]. 
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Figure 2-56: Effect of deposition direction on texture: (a) schematic of uni-directional 

scanning (b) Schematic of bi-directional scanning patterns; (100) pole figure of builds for c) 

uni-direction and d) bi-directional deposition patterns [18]. 

 

2.5.4 Post Deposition Treatment in DLF  

The grain size is typically heterogeneous throughout the laser builds with bands of fine and 

coarse grains and non-uniform, unwanted phases (e.g Laves and δ in case of IN 718) are 

observed. It is important to do post deposition heat treatments to reduce the residual stresses 

and homogenise the precipitate segregation.  

Dinda et al. [17] studied the thermal stability of the dendritic structure in IN625 due to post-

deposition heat treatment. Figure 2-57 shows the variation in microstructure of samples 

annealed for 1h at different temperatures. The dendrite structure remains unchanged until 

1000 ºC nucleation of the grains beginning from the layer interface and the grains are fully 

recrystallised with grain growth at 1200 ºC, with annealing twins which formed due to the 

presence of residual stresses in the as deposited builds [17]. The same effect of heat treatment 

on grain structure was observed by Qi et al. [22] for laser deposited IN718 samples, with 

recrystallisation occurring at 1100 ºC for 1-2h. Studies by Cao et al. on laser deposited IN718 

samples also showed complete recrystallisation at 1100 C for 1h, with nucleation starting at 

the overlap area between the two successive passes, after only  15 minutes of holding time 
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[134]. Nucleation typically began in the overlap area where higher residual stresses exist. 

Refined grains expand from the overlap area to the whole area with the increase in the cycle 

time [134].  

Heat treatment + HIPping ( Hot Isostatic Pressing) above 1160 ºC on laser deposited IN718 

did not show any grain growth which was attributed to the presence of fine second phase 

particles inhibiting grain growth, from the original powder surfaces or generated during the 

deposition process [16]. Although recrystallisation has occurred with equiaxed grains 

forming in place of columnar grains [17, 22, 134], the grain size distribution is in 

homogeneous,  showing relatively fine grains at the edges, Figure 2-57.c as well as at the 

layer overlap regions [134] of the build and coarse grains at the centre. Overlap of ~50% 

between layers rectified this problem, resulting in a more uniform equiaxed grain structure 

throughout the deposit after recrystallisation [134]. However, such a high overlap rates gave 

very poor build quality with respect to geometrical integrity and consistency. 

 

Figure 2-57: The microstructures of the laser deposited Inconel 625 sample annealed at 

different temperatures showing (a) No effect heat treatment on grain structure at 1000 C (b) 

Start of recrystallisation at the layer boundaries at 1100 C (c) Complete recrystallisation and 

grain growth at 1200 C[17]. 
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2.5.5 Mechanical Properties in DLF 

The mechanical properties of additive manufactured components are superior to those of cast 

products due to the fine dendritic structure, but are generally poor compared to wrought 

products. The mechanical properties obtained by various AM methods when compared with 

wrought and cast IN718 products are tabulated in Table 2-5. 

Table 2-5: Mechanical properties of as-deposited IN718 AM parts in comparison with 

wrought and as-cast products. 

Specimen condition (Ref) Tensile strength 

(MPa) 

Yield Strength 

(MPa) 

% 

Elongation 

DLF - powder [16] 1000 650 - 

DLF- powder [22] 904 552 16 

DLF-powder [12] 845 590 11 

Wire laser fabrication [135] 828 473 28 

Powder bed SLM [133] 1137–1148 889–907 19.2–25.9 

Electron beam Melting [135] 910 580 22 

As-cast IN718 [22] 862  758  5 

Wrought IN718 (AMS) [133] 1275–1400 1030–1167 12–21 

 

Studies by Blackwell on laser deposited IN718 builds showed that the as-deposited samples 

have poor tensile properties because of the un-melted/partially melted powders trapped in the 

deposits.  However the properties can be regained by HIPping and heat treatment  at 1160 ºC 

[16]. Qi et al. did not find any partially melted powders in the as deposited IN 718 samples, 

but the mechanical properties were still inferior to those of the wrought products [22].  
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2.5.5.1 Effect of Heat treatment 

A series of heat treatments was performed by Qi et al. on as-deposited IN718 samples (direct 

aging, solution treatment and aging (STA), and homogenised STA treatments as shown in 

Table 2-3). Comparisons were made with AMS specifications for cast and wrought IN718 

(Figure 2-58.a). In all cases, the heat-treated materials exhibited better tensile properties than 

the AMS cast properties, but only were slightly worse than the wrought properties.  

With direct ageing the tensile strength increased dramatically due to the precipitation of the 

strengthening γ' and γ'' phases in the matrix. However, the ductility was reduced due to the 

presence of fine Laves particles that remain at the interdendritic regions which initiate 

fracture during tensile testing. The traces of the Laves phases can be seen in the fractographs 

as white particles, Figure 2-58.b. STA treatment showed improved ductility as the Laves 

phases were transformed in to acicular δ phase. However, the tensile strength reduced slightly 

which is attributed to the increase in grain size. The homogenized STA heat treatment 

completely dissolved the Laves phase and enabled substantial grain growth which resulted in 

improved ductility but reduced the strength. 
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Figure 2-58: Tensile properties of DLFed IN718 samples in comparison to wrought and cast  

products (a) Showing the effect of heat treatment on the tensile, elongation and yield (b) 

fracture surfaces of the tensile samples at different heat treatments [22]. 

 

The hardness of as deposited samples of IN718 was found to be around 250 Hv which is 

almost half that of wrought products (440 Hv) which is due to the lack of hardening γ' and γ'' 

phases [11, 17]. Annealing treatment at 800°C would improve the hardness to 360 Hv due to 

precipitation of strengthening γʹ and γʹʹ phases. However, heat treatment at higher 

temperatures would reduce the hardness due to transformation of coherent γʹ and γʹʹ phases to 

incoherent δ phase, Figure 2-59 [18]. 



Chapter Two                                                                                                    Literature Review         

73 

 

 

Figure 2-59: Effect of aging temperature on hardness in laser deposited IN718 [18]. 

 

2.5.5.2 Effect of Process parameters 

Studies by Tabernero et al. [11] in DLFed IN718 showed that the mechanical properties of 

the deposited material is strongly influenced by the build deposition path. The ultimate tensile 

strength value in transverse direction to the applied load, Figure 2-60, are 55–60% lower than 

those obtained in longitudinal direcion showing the preence of high anisotropy due to laser 

tracks used.  

The mechanical properties are also affected by the type of powder used. As deposited 

samples using GA powders showed inferior mechanical properties compared to PREP 

powder deposits due to pores present in GA powders [12]. The stress rupture life (186 h) of 

heat treated PREP powder deposited IN718 samples was higher than that of cast samples (23 

h) by a factor of approximately 8.0. However the ductility of the stress rupture samples were 

still lower than those of cast samples due to the presence of continuous thin film of Nb-rich 

MC type carbides along the grain boundaries [12]. 
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Figure 2-60: Stress strain curves at different locations on a IN718 deposits in longitudinal and 

transverse deposition directions [11]. 
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2.5.6 Distortion and Residual Stresses in DLF 

One of the most critical issues that limit the quality of the parts produced by DLF is the 

presence of thermal induced residual stresses. These stresses result from the transient thermal 

cycling and the associated expansion and contraction of materials [136]. They can cause 

warping, delamination or cracking, and poor surface finish defects in the final part. When 

material is deposited on a substrate by high energy laser beam, it causes distortion due to 

these residual stresses, in the substrate. For repairing or depositing features on an existing 

component, it is unacceptable to have large deformations in the final parts. The residual 

stresses (especially the tensile) negatively affect the structural integrity of the build. 

In the AM process the residual stresses and distortions are similar to the multi-pass welding 

process where a localised rapid heating and cooling cycle occurs. A large area of compressive 

stresses is generated ahead of the melt-pool with tensile stresses at the end of the melt-pool as 

illustrated in Figure 2-61. When a bead is deposited, as the sum of stresses in any directions 

is zero, the tensile stresses in the build are compensated by compressive stresses in the 

substrate of the adjacent deposited layer.  

 

Figure 2-61: Temperature and stress field around a welding heat source [137].  
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As we have repeated weld beads in AM, complex tensile and compressive stress fields are 

observed which are often undesirable [25, 87]. However, to date the measurement of these 

residual stresses has received relatively little attention [24-25, 138-141]. Very limited work is 

available in the literature to determine the effect of process parameters on residual stresses 

developed during laser deposition either through experimental [24-25, 138, 141] or modelling 

routes (which is discussed in detail in section 2.5.7). The other important problem due to 

residual stresses is the distortion of the component. The stresses and the resulting distortion 

are dependent on the process parameters especially the deposition path, power density 

applied during deposition which will be discussed in the following sections. 

2.5.6.1 Effect of Process parameters on Distortion and Residual stresses:  

Previous studies showed that deposition path and pre-heating of the substrate has a significant 

effect on the residual stresses and distortion in DLF. Studies by Klingbeil et al. on MIG 

welded square blocks [136] and  Nickel et al. on DLFed rectangular annealed 1117 steel 

blocks [142] showed that a  spiral deposition path showed more average warping than a 

normal  bi-directional deposition path. Studies by Fessler et al. on DLFed INVAR and 316 

Steel showed that a deposition strategy that allows much of the deformation produced during 

cooling to occur before the deposit is fully constrained will reduce the warping. In this 

approach, the surface area of the deposit is significantly increased by depositing a series of 

small patches, which are later joined together to form large patches of material. However, 

good bonding of the deposited layer cannot be achieved by this approach due to insufficient  

re-melting between layers [143]. 

A combination of substrate preheating (to reduce initial thermal mismatches) and substrate 

insulation (to exploit preheating by the process itself) could give substantial payoffs in 

limiting the residual stress-induced warping [136]. Also, initial layers of laser deposition 
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make a significant contribution to the deformation in the substrate rather than the later stage 

of deposition. 

Rangaswamy et al. [24] characterised the residual stress development, using neutron 

diffraction and contour methods, in IN718 laser deposited multi-track thick rectangular walls 

(25 mm× 5 mm × 100 mm) and square pillars (13.5 mm × 13.5 mm × 45 mm). It was found 

that there were negligible stresses parallel to the motion of the melt-pool, but significant 

stresses along the growth direction (i.e. perpendicular to the substrate), Figure 2-62. 

However, Studies by Moat et al. [25] on DLFed Waspaloy walls by neutron diffraction and 

contour methods observed that the magnitude of the longitudinal and transverse stresses 

depend on the location of the build, where near the tops of the deposited walls, the 

longitudinal stresses are tensile towards the mid-length of the wall, while the stresses 

perpendicular to the substrate are negligible. By contrast near the base of the walls, the 

stresses along the direction of the deposit are small, while the stresses perpendicular to the 

substrate are compressive at the centre and tensile towards the ends, Figure 2-63. FEM work 

by several researchers also predicts tensile stresses near the surface and compressive stresses 

perpendicular to the substrate [139, 141, 144]. Wang et al. [139] predicted compressive 

vertical stresses within the mid region of the structures and tensile stresses towards the edges. 

This is in good agreement with the work of Rangaswamy et al.[24], although the 

accompanying experiments by Wang [139] were not presented to conclusively verify the 

models. Small depositions on a relatively large substrate show a different type of stress 

distribution. FEM as well as Neutron diffraction studies by Ding [137] in long rectangular 

Ti4Al4V build plates using wire arc deposition showed that the maximum stresses were 

present along the deposition direction, Figure 2-64. 

A limited influence for track raster pattern was found on the residual stresses in the build for 

thick walls, Figure 2-62.a-c [24, 139, 144]. However, FEM by Ehsan et al. on single layer 
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deposits, showed that the deposition strategy has a significant effect on the final residual 

stress of a single layer laser deposited rectangular part [145] where a bi-directional deposition 

pattern has lower stresses than when using a spiral deposition path. Work by Huihui et al. 

also showed that deposition direction has a significant influence on the residual stress and 

equivalent plastic strain distributions, whereby the deposition in the reverse direction for 

alternate layers gives better results [141]. Further, it was found that the deposition of the last 

layer dominated the residual stress of the whole component due to the stress-release effect of 

the final layers on the earlier layers.  

 

Figure 2-62: The three components (X,Y parallel to the motion of melt-pool and Z- along the 

growth direction) of stress in rectangular samples as function of position along the growth 

direction for different rastering/deposition directions showing negligible stresses in X and Y 

directions and compressive stresses along growth direction [24]. 

 

Figure 2-63: Residual stress contours in 5 mm thick Waspaloy deposits characterised by 

contour method a) longitudinal i.e. along the melt-pool moving direction and b) along build 

growth i.e. perpendicular to the substrate [25]. 
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Figure 2-64: Principal stress distribution along the length of thin stainless steel base plate of 

60 mm long and 12 mm thick  due to 3 layer wire arc deposition of size 5 mm wide and 2mm 

thick: (a)  Stress in longitudinal direction (along 60 mm) distribution in the plate (b) Stresses 

in the three directions in the base plate along the length (along dotted lines in figure a) [137]. 

 

2.5.6.2 Control of residual stresses and distortions 

There are many techniques that have been developed for minimising the effects of residual 

stresses and distortions in DLF.  

Studies have been made where novel methods were used as a tool for residual stress control 

(e.g. using the pulse parameters of a diode laser deposition system) [25, 138, 146]. The 

residual stress profiles are weakly dependent on the pulse parameters, most notably an 

increase in tensile stress gradient with increasing duty cycle, but the maximum residual 



Chapter Two                                                                                                    Literature Review         

80 

 

stresses are largely unaffected [25, 146]. The  laser speed has little effect on the residual 

stresses, when the laser power was adjusted to maintain the same heat input [139, 144].   

The temperature distributions in DLF of ~ 10 mm thin plate samples during the depositing 

process showed that edges of any geometry are much hotter during the initial solidification 

and cooling cycle than the interior section [109, 147]. Based on this, Vasinonta et al. 

proposed that adjusting the process variables to maintain the same molten pool temperature at 

the centre and edge of the part and reducing the dwell time of the laser at the end points of the 

raster should lead to reductions in the residual stresses [147]. Further reductions in the final 

stress state may be possible through auxiliary heating to control the bulk cooling gradients 

and final cooling cycle of the component [147], although no experimental evidence was 

presented. The use of substrate preheating in Ni-based superalloys would generally not be 

desirable due to the age hardening behaviour of these alloys.  

2.5.7 Thermo-Mechanical Modelling of DLF 

Many researchers have employed modelling to predict the temperature profile [148-153], 

distortion [142, 151, 153] and resulting thermal stresses [1, 136, 141-142, 145, 154-155] in 

DLF components due to the limitations of experimental stress measurement during laser 

processing. This section discusses the relevant laser heating principles, followed by a 

literature on the analytical and finite element thermal and thermo mechanical models of DLF. 

Laser Heating Principles: 

CO2 and Nd: YAG lasers are the two most popular industrial lasers used in DLF operation. A 

CO2 laser consists of a glass tube which is filled a gas mixture of approximately 80% He + 

15% N2 + 5% CO2. The CO2 laser provides  continuous power at a wavelength of 10.6 µm. 

Nd:YAG laser is a solid state laser, which emits a beam of wavelength of 1.06 µm [111].  



Chapter Two                                                                                                    Literature Review         

81 

 

It is important to understand the interaction of laser with the material since the laser is used as 

heat source in DLF. When the laser hits the substrate, the beam will be partially reflected, 

partially transmitted and partially absorbed, which can be represented as below: 

R+A+η=1   2-6 

where, R is the reflectivity, A is the absorption, and η is the transmission. 

The values of R of various materials are shown in Figure 2-65. Table 2-6 shows the 

absorption coefficients of different materials and various wavelengths. These parameters are 

dependent on the characteristics of laser and the material used. Generally speaking, the 

absorption of a material is increased with wavelength [111], and reflectivity varies with the 

surface roughness of the material. If the roughness of the surface is less than the beam 

wavelength, the radiation will be received as if it was a flat surface [111]. 

 

Figure 2-65: Reflectivity of some materials as a function of wavelength (inner table showing 

the reflectivity values for 1.06µm radiation) [156]. 
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Table 2-6: Normal, spectral absorption of materials at important laser wavelengths [157] 

 

 

Many analytical and numerical laser deposition models have been developed to understand 

the laser-powder interactions to predict the temperature attained by the powder, the 

interaction between the laser induced melt-pool and the powder stream in order to predict the 

geometry of the layers, and finally thermal, metallurgical and mechanical property evolution 

due to laser deposition, considering the influence of the process parameters. 

2.5.7.1 Analytical Models:  

The heating/cooling during laser processing employ classic heat transfer theory [111]. The 

analytical models based on these theories are highly simplified due to limited calculating 

ability. They have limitations due to the variety of assumptions made concerning the spatial 

and temporal dependence of the laser heat source and geometry of the sample that is being 

irradiated. However, these models are good for predicting the process conditions suitable for 

deposition such as how much laser power is required to melt the powder, and for how long 

the power must be applied.  
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The initial thermal models used Rosenthal’s solution for the moving line source for 

simulating single pass welding to predict the required powers and speeds for laser 

welding[111]. The Rosenthal models integrated the temperature solution of the line source 

over time and motion by making X=X0+υt, where X is the travel distance of the laser beam, υ 

is the scan speed and t is the time. As long as the thermal diffusion coefficient, thermal 

conductivity k and absorption rate are known, the required power can be predicted for a given 

depth of penetration and alternatively the penetration depth can be measured when the input 

power is known [111]. The drawback with the models is that the laser is treated as a line 

source instead of a more realistic Gaussian beam source. Moreover conductivity is the only 

heat transfer effect considered and the material properties are assumed to be temperature- 

independent. DLF is a much more complicated process than laser welding which involves 

several other parameters; however this is a quick and reasonable way to predict the 

approximate laser power required for initial deposition trials. 

Later, Pavelic et al. suggested that the heat source should be distributed and developed a 

Gaussian distribution of flux deposited on the surface of the workpiece [158] which achieved 

significantly better thermal predictions. 

Keeping laser deposition in mind, a more accurate heat model was proposed by Labudovic et 

al. [159] by using Green’s function (equation 2-8). Unlike Rosenthal model, they have taken 

convection and radiation into account and considered mean thermal flux density within the 

area of the laser beam scanning rather than a simple line source.  

 (      )     ∫ ∫ ∫  (                   )    (        )           
 

  

 

  

 

 
          2-7 

Where, Green’s function G (x, y, z, t, xʹ, yʹ, zʹ, tʹ, υ, K, k) represent the temperature at (x, y, z) 

at time t due to a point source of unit strength generated at (xʹ, yʹ, zʹ) at time tʹ, which is 

moving with velocity υ where K is the thermal conductivity of the material and k is the 



Chapter Two                                                                                                    Literature Review         

84 

 

Boltzmann’s constant (1.38066×10
−23

 Ws/K). By integrating the product of the Green’s 

function G with the actual absorbed mean power density, I, over the dimensions of the laser 

spot and time, the temperature T (x, y, z, t), induced by the laser beam moving over the 

surface (yʹ=0), is obtained. 

Picasso [160] also proposed a simple 3D analytical model which is used to calculate the 

temperature distribution of the substrate as well as the melt-pool shape during laser 

deposition, while considering one very important factor i.e., attenuation of laser power due to 

powder. It is found that the final laser power is 20% less than the power supplied. Fu et.al 

[161] developed a theoretical model for laser and powder particle interaction during laser 

cladding, which considered the powder delivery angle and suggested that the laser power 

attenuation increases with the angle of powder delivery.  

Peyre et al. [150] proposed a 2 dimensional analytical solution to calculate the temperature 

attained by the powder before deposition based on analytical model developed by Qi et al. 

[162]. The laser power absorbed by the powder particles and the temperature attained by 

them before reaching the substrate was calculated based on this model. The calculated 

temperature of the powder varied with powder jet radius and powder particle diameter 

(Figure 2-66). This analytical model to calculate the initial temperature of powder was 

coupled with a numerical model to further calculate the melt pool shape and other thermal 

profiles. 
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Figure 2-66: Temperature at the surface of the substrate laser powder : (a) laser beam 

attenuation by a 1ms
−1

 Ti6Al4V powder flow at 2 g min−1 and (b) temperature distribution 

of the powder stream just before dissolving in the melt pool [150, 162]. 

 

In spite of the relative simplicity, these analytical models are useful to improve the 

understanding of the process and to select the appropriate parameters and establish a process 

map. However, when considering complex substrate geometries and nonlinear material 

properties these analytical solutions can no longer be obtained. Therefore, a numerical 

method is necessary although it needs large computational times.   

2.5.7.2 Numerical Models:  

Finite element method (FEM) is one of the most popular numerical methods to solve 

differential equations. Efforts have been made by many researchers to make use of this 

method to solve thermal and thermo-mechanical problems. Three dimensional transient 

thermo-mechanical models are widely used in welding and related AM studies. However due 

to the large computational times involved in these processes there are several obstacles to its 

use in simulating complex geometries with millions of melt-pools in AM.  

Based on the complexity of the models, FEM models can be divided as basic models which 

consider simple heat flux on top of the melt pool, standard models which use temperature-

dependent material models, accurate models which define the shape of the melt-pool and 
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finally very accurate models which have very fine meshes and small time steps for higher 

accuracy [163]. The basic and standard models are good for predicting the residual stresses 

accurately which reduces computational time whereas the accurate and very accurate models 

are time consuming but good for microstructural studies [163]. For residual stress 

measurements, which is the main study of this project, correct heat input could be considered 

rather than detailed melt-pool shape to reduce the computational time involved with accurate 

and very accurate models. 

Transient thermo-mechanical models: 

The transient thermo-mechanical models utilise time increment scheme to model the moving 

melt-pool to simulate AM process. To reduce the computational time thermo-mechanical 

models are usually carried out in two stages, in the first stage the thermal model is performed 

to calculate the nodal temperatures and after the exact nodal temperatures are achieved these 

temperatures are transferred to mechanical models and this is called weakly coupled problem 

[164]. 

For transient FE models the following aspects are to be considered: 

 FE Mesh and element selection 

 Heat Source (see analytical models section above) 

 Material Model and elements activation 

FE Mesh element selection:  

Meshing is important to have accurate results and reduced computational time. The 

straightforward way of reducing the computational time is to use 1D or 2D models. However, 

studies showed that these models could not provide accurate distortion values although a 

huge reduction in computational time is achieved [165-166]. Use of a graded mesh with fine 
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meshing near the melt-pool and coarse mesh at a point away from the melt-pool would 

reduce the computational time [167]. However, a graded mesh is useful for welding whereas 

in AM with millions of melt-pools in entire parts a graded mesh is of little use. To eliminate 

this problem an adaptive mesh was developed where dense element mesh is developed 

following the moving heat source [168-169]. Although, the automatic meshing technique is 

helpful in reducing the computational time, a separate code has to be written for 

implementing this method   as no commercial software is available to use this technique. 

Material Model and element activation: 

Most FEM studies use temperature dependent thermal properties for analysis. Lindgren 

(2001b) has summarised various material models in his review paper. The phase 

transformations can be ignored except for the latent heat in the thermal models. It is difficult 

to obtain all the temperature dependent materials data for thermo-mechanical modelling. In 

order to simplify this, Zhu et al. [170] investigated the effect of material properties on the 

results and found that thermal conductivity has the most significant effect on the temperature 

distribution in thermal models whereas in mechanical modals temperature dependent yield 

stress plays an important role in distortion and residual stress. So, these two temperature-

properties are sufficient for relatively accurate results with other properties being those at 

room temperature.  

To simulate laser deposition with reduced computational time "element birth technique" is 

developed [166] where, all the element in the deposition are de-activated and are activated as 

the deposition progress. A subroutine is required for this approach to activate the elements 

on-by-one and it significantly reduces the computational time.  The other technique is " quiet 

element approach", where all the elements are present during the model but the element 

which are away from the melt-pool are made passive by setting the material properties, with 
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very low thermal conductivity and stiffness, which does not affect the rest of the model. 

Although this model is computationally efficient, Chiumenti et al. [151] suggested that 

fictitious temperature gradients and strains can be accumulated in this approach due to 

improper material data used. 

Other computationally efficient models: 

All the above routes would reduce the computational accuracy but this reduction may not be 

sufficient when dealing with millions of melt-pools. There are several other statistical and 

transient computational methods, which can reduce the complexity of the models. There is 

the local-global method where a small scale local 3D transient model was built to calculate 

these plastic strains which were introduced as the initial strains in a global elastic shell model 

in order to get the global distortions of the whole part [171]. The other method is  sub-

structuring where a complicated non-linear model is used at the heat influence region, while a 

linear model is used in the rest of the region [172]. Although, both these methods are efficient 

they require complex coding and there is no commercial tool present to implement these. 

There are several statistical methods to reduce the computational time, which is out of scope 

for this thesis and the details of these methods can be found elsewhere [137, 164, 172].  

2.5.7.3 Thermo-Mechanical Modelling of AM 

FE modelling of metallic AM is quite limited when compared to welding processes. Most of 

the AM models used Transient thermo-mechanical models. The thermal behaviour during 

DLF of  thin stainless steel wall was modelled successfully by Hofmeiser et al. [109]. During 

the model the temperature of the nodes were set at the melting temperature and the elements 

were set at that temperature for a time period equivalent to the laser dwell time. The model 

computed the final temperature of the substrate as well as the elements and stored the data. 

For subsequent elements, this previous stored data was used as the initial condition. This 
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process was repeated for all events until the geometry was complete [109]. This model is very 

simple and does not use any DLF process parameters like laser power and cooling effects due 

to convection and radiation and does not calculate the geometry of the build or the resulting 

thermal stresses.  

Later work by Labudovic et al. used similar principle of "element birth method" and 

modelled melt-pool dimensions, temperature and stress distribution in one bead width thin 

wall laser deposits. The moving laser beam is simulated using the ANSYS Parametric Design 

Language (APDL) to provide the heat boundary conditions at different positions at different 

times. This model combined with an analytical model was able to successfully predict the 

melt-pool depth as well as the temperature and stress profiles for different laser powers and 

scan speeds. Work by Wu et al. also predicted the temperature profile and residual stresses in 

single bead walled Ti6Al4V deposits at different locations using "element birth method" of 

the build and also resulting microstructures at different locations of the build [1, 121]. Chin et 

al. presented a thermo-mechanical model, which is an improvement to Hofmeiser's model, 

for predicting temperature and thermal-stresses in laser deposited droplet columns [173]. 

Convection and radiation conditions were imposed on the top surface and constant 

temperature on the sides. Latent heat released during solidification was also considered in the 

model. The model suggested that pre-heating of the substrate and choosing optimal 

deposition path would reduce the residual stresses. 

None of the laser cladding models took into account the effects of power attenuation due to 

the powder particles, during the process. Later several authors considered the effects of 

shadowing of the particle cloud, heat absorption of particles, and overlapping of traces on the 

heat flux [150, 154, 174-175] but did not consider the effect of phase transformations i.e., 

melting and solidification and also the heat transfer, fluid motion inside the melt pool. Many 

researchers later considered the hydrodynamics of the liquid metal [152-153, 162, 176] where 
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temperature and fluid velocity inside the melt-pool were computed and measured which 

successfully predicted the final melt-pool shape and resulting deposit height.  

The effect of deposition path on residual stress development was modelled by several authors 

and it was shown that deposition path plays an important role in residual stress development 

[145, 149]. Zhao et al. [141] developed a finite element model for thermal stress evolution, 

and the residual stress distribution in a single-pass multi-layer weld-based rapid prototyping. 

In this study they modelled the residual stresses developed after each deposited layer and also 

studied the residual stresses in the substrate. All these models developed so far were based on 

single pass laser clad (which were either single bead models or thin walls with few layers 

high).  In 2010, Chiumenti et.al [151] characterised the material behaviour by a thermo-

elasto-viscoplastic constitutive model coupled with a metallurgical model. He modelled the 

residual stress formation and predicted the areas prone to crack formation on wire-based laser 

deposits. He predicted that the interface between the deposit and the substrate is more prone 

to cracking.  

All the studies discussed so far were made on single bead thick wall samples which are not 

used in practical AM applications where multi-layer thick walls are deposited. Not much 

work has been done on multi-layers walls due to the complexity of the process as well as 

huge computational time involved. Recent work by Ding [137] on Wire Arc Additive 

Manufacturing (WAAM) addresses this issue where large AM parts were modelled for 

distortion and residual stresses. The model uses a steady-state thermal model, which provide 

fast predictions of temperature distribution for the long WAAM deposited walls and saves 

99% computational time compared to a conventional transient model. The nodal transient 

temperature histories from the thermal results are used as the thermal load in the 3D 

mechanical model. The model results match accurately with the experimental results from 

neutron diffraction.  
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Research gaps in Modelling: 

Limited work is available in the literature for thermo-mechanical modelling of AM parts of 

which very few models in DLF in particular. Most of these models developed are to a small 

scale and hardly can be used for practical applications. Also not much effort has been made 

in validating these models with experimental results. The optimisation of build parameters 

need to be investigated for minimum residual stresses in practical applications. Ding has 

successfully modelled large WAAM parts for practical applications however the validation is 

made on the small parts. Also the effect of post deposition heating and delay between layers 

which has an effect of residual stresses is not considered.  

2.6 Summary of literature: Key findings and areas on investigation 

A detailed literature review of the microstructural and residual stress development due to 

DLF of IN718 has been performed, including thermal-stress modelling of the processes. The 

following points summarises the current state of knowledge 

Geometrical accuracy and build integrity:  

 From the literature, it is found that the build quality and microstructure of DLF 

samples are strongly dependent on the process parameters and the key process 

parameters are identified to be laser power, scan speed, powder flow rate and 

deposition path.  

 Several process windows were developed for builds that give minimum defects, and a 

successful scale up of the builds was also shown. However, the defect distribution in 

the build with various process parameters is not addressed. 

 As DLFed parts experience different thermal histories at different locations of the 

build, the same process parameters may not be suitable for building the entire parts. 
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So, investigations have to be made towards selecting different process parameters at 

different locations of the build.   

Microstructure and Texture: 

 AMed deposits have a very heterogeneous appearance, with variations in grain size 

and grain aspect ratio occurring over relatively small distances due to the fast and 

repeated thermal cycles associated with the process. The microstructure of DLF builds 

of IN718 show a banded grain structure of columnar and equiaxed zones. However, a 

detailed investigation on the melt-pool size and grain distribution was not performed 

as well as the reason for the fine grain zones was not clearly understood. 

 The orientation of the grains in the build is strongly dependent on the direction of the 

moving heat source. The literature review on the DLF technique shows that the 

dendrites tend to orient along the 〈100〉 crystallographic orientation growing 

epitaxially from the substrate. Studies by a few authors showed the presence of a 

〈100〉 fibre texture in DLF samples is due to the alignment of grains towards the 

moving heat source. However, the texture of the individual layers as well the effect of 

laser power and the conditions which promotes the texture in the build has not been 

studied in detail. 

 The effects of substrate orientation as well as the effect of process parameters on the 

texture need to be studied if DLF is considered for repair applications. 

 Microstructural studies of laser deposited IN718 samples showed large Nb 

segregation at the inter-dendritic regions and presence of Laves phase  instead of 

strengthening  γʹ and γʹʹ phases due to the cooling rates associated in the process.  A 

solution + ageing treatment is proposed to dissolve the Laves phases and to precipitate 

the strengthening. However, the precipitate morphology needs to be studied after heat 
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treatment to see the effect of precipitate morphology with a standard heat treatment 

used for cast products. 

 The effect of process parameters on the precipitation has not been studied in detail, 

which is required for designing the post DLF heat treatments. 

Residual Stresses: 

 The Parts produced through DLF are often known to have undesirable complex 

residual stress fields due to very high localised heating and cooling rates. However, to 

date the measurement of these residual stresses has received relatively little attention. 

 The literature is focused on residual stress characterisation of thin walls or blocks, 

however the effect of geometrical scale-up on residual stress is yet to be understood 

 The effect of process variables on the residual stresses have been studied by several 

authors with validation by experimentation, however the effect of post annealing 

scans or delay between layers, which would give significant variations in heating and 

cooling cycles, on the residual stresses is not studied. 

 Most of the studied concentrated on the stresses developed in the build and substrate. 

However, it is also interesting to know how the residual stresses and distortions vary 

with the size of the build w.r.t substrate. 

Thermo-mechanical modelling: 

 There are large numbers of analytical and numerical models which have been 

developed to assess the residual stresses developed in DLF of the deposits but limited 

effort has been made to validate these results experimentally. 

 The models developed are mostly for small builds or single bead thick walls. Very 

limited modelling effort has been made on DLF of real time applications or to validate 

the results experimentally. 
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 Also, limited research has been done aimed at reducing these residual stresses and at 

the same time see the effect of these process conditions on the microstructure of the 

build. 

2.6.1 Potential for further study 

Overall limited amount of data has been published on microstructure evolution, texture and 

residual stresses development during DLF. So far individual research programmes have 

concentrated on only one of the many process variables in DLF i.e. geometrical accuracy, 

microstructure, residual stress, modelling to predict and optimise the stresses and 

microstructure. DLF is highly sensitive to process parameters and the parameters which suit 

best for geometrical accuracy may not be appropriate to optimise microstructure and/or 

residual stresses. There is therefore the need to understand the build process so that 

conditions can be identified that minimise stresses whilst also optimising the microstructure  

Despite the rapid rise in publications, the following areas have not been adequately addressed 

in the literature: 

 Influence of the geometric design freedom of DLF, and its effect on the 

microstructural and texture components of IN718 

 The evolution of texture and grain selection during DLF of IN718. 

 Control of the microstructure, and in particular how to obtain a uniform grain 

structure in DLF builds, through process parameter optimisation 

 The relationship between the microstructure, texture and key deposit parameters. 

 The development of residual stresses in the build as well as the substrate and its 

optimisation though process parameters, via both modelling and experimentation. 

 The development of residual stress models and their validation though experimental 

routes. 
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Therefore, in the current study, the aim of the project considers the most important key 

aspects of these questions as mentioned in the introduction chapter in section 1.4
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Chapter Three 

3 Materials and Experimental Methods 

3.1 Introduction 

This chapter describes the experimental procedures used to produce DLFed IN718 samples in 

this project as well as the characterisation techniques used to assess their structural integrity 

and microstructural development. A description of the DLF (laser blown powder system) 

setup located at the University of Birmingham (UoB) is presented, alongside the process 

parameters utilised in building the samples. The chapter also includes a description of the 

microscopic techniques that were used to characterise the samples, as well as the neutron 

diffraction method that was used to characterise the residual stress development. 

3.2 Materials 

Gas atomised IN718 powder (supplied by Sandvik Osprey, UK) with a size range of 45-106 

µm, was used for all the work in the project. The chemical composition of the powder is 

shown in Table 3-1 

Table 3-1: Chemical composition of the IN718 powder batch (provided by the supplier) 

showing the weight % of the alloying elements. 

 

Elements Ni Cr Fe Nb Mo Ti Al C B O Si 

Wt % 53.34 18.2 18.9 5.1 3.1 0.9 0.29 0.025 ≤0.005 ≤0.004 0.14 
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3.3 Direct Laser Fabrication (DLF) Experimental setup 

DLF IN718 samples were produced using the Quantum laser deposition system at UoB, 

Figure 3-1. The system is fitted with a Wegmann-Baasel CO2 laser (maximum power of 

1750W), Figure 3-1.a. The powder is fed in a controlled manner using a Sulzer Metco 10-C 

model powder feeder, Figure 3-1.b. The working space of the system in (X, Y, Z) co-

ordinates is 300 mm × 300 mm × 350 mm (Figure 3-1.c). The powder hopper is motor-driven 

and the powder is fed into the melt-pool though a 4-nozzle assembly built in-house (Figure 

3-1.d). The samples were deposited in a controlled Argon atmosphere, with oxygen level 

being kept below 50 ppm, and monitored using a silicon crystal sensor. Argon is used as 

carrier gas for powder (at a flow rate of 5.5 l/min), as well as being a shielding gas to protect 

the lens from the particles that rebound from the deposit. The increment in the Z-axis (i.e., the 

spacing between the consecutive layers of deposit) was typically maintained at 0.3 mm for all 

the builds unless otherwise stated. The process of deposition is explained in section 2.5.1.The 

experimental parameters used to manufacture thin walls, thick walls, and solid blocks are 

defined in the following sections.  
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Figure 3-1 : a) DLF system at UoB showing: a) The CO2 laser, b) powder feeder, c) glove 

box with a 3-axis head, and d) a four nozzle assembly showing the powder focus. 

3.4 IN718 Builds 

The DLFed IN718 investigations were performed in several stages, which can be summarised 

in three stages: thin walls, thick walls and solid blocks. 

3.4.1 Stage I: Thin Wall samples 

A study was performed to identify a process window that can produce IN718 builds of sound 

build quality for thin walled builds (20 mm wide (X) × 10 mm high (Z) × 0.7 mm thick(Y)). 

This stage included three separate, yet related, studies. The first study is focused on the 

influence of the process parameters (deposition direction, scan speed and powder flow rate) 

on the process feasibility study and microstructural development. The second study used DoE 

to assess the impact of the process variables on the build geometry. Finally, a third study was 
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performed to assess the influence of laser power, one of the most significant parameters 

identified in the second study, on the grain size and precipitate morphologies.  

Firstly, samples of single bead thickness (~ 1 mm) were deposited when varying the scan 

speed, powder flow rate, and deposition path keeping laser power constant at 390 W. Table 

3-2 shows the series of samples deposited for the preliminary study. These deposits were 

made in both unidirectional and bidirectional deposition paths (as shown in Figure 3-2). 

Table 3-2 : Various deposit parameters with constant power of 390 W. 

Power (W) Scan Speed (mm/min) Powder Flow Rate (g/min) 

390 

200 

18 (samples B1 and B2) 

33 

55 

300 

18 

33 

55 

400 

18 

33 

55 

500 

18 

33 

55 
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Figure 3-2: Deposition modes (movement of the head) in a) Unidirectional (as in B1) and b) 

Bidirectional (as in B2) paths. 

 

Once the preliminary process parameters were identified then the three process parameters 

were varied to obtain a focused process window. However, as varying all the three process 

parameters at the same time requires a large number of experimental trials, in the second 

study a statistical approach was implemented using Design of Experiments (DoE), where few 

deposits were made that can represent the entire set by varying the laser power, scan speed, 

and powder flow rate. A set of experiments was designed by DoE approach, which was 

implemented through DESIGN EXPERT V.7. Three factors and three level (factors and 

levels shown in Table 3-3) full-factorial CCD design matrix was developed.  

Table 3-3: Process factors and corresponding levels in the DoE study 

                Level 

     Factor 

Low Intermediate High 

Laser Power (Watts) 300 375 450 

Scan Speed (mm/min) 300 400 500 

Powder flow rate(g/min)  18 36.5 55 
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It is important to assess the most significant process parameter in the process, and also to 

develop a model which can assess the build geometry (build height and thickness, which is 

most important during repair), when the input process parameters are given. A Quadratic 

equation for deposition height and width was developed in this stage correlating the dominant 

deposition parameters. A two-way analysis of variance (ANOVA) is used for this assessment.  

By studying the microstructure of the above samples, it was found that laser power has a 

strong influence on the grain and dendrite morphology. To further assess the effect of laser 

power, in the final study, thin walls were deposited by increasing the laser power while 

keeping the other process parameters constant (scan speed at 200 mm/min, powder flow rate 

of 18 g/min and bidirectional deposition path). At a very high laser power (910 W), the 

powder flow rate was varied to increase the overall power density further, since further 

increase in the laser power would damage the lens and also the build would contact the 

nozzle making the deposition difficult. Table 3-4 shows the process conditions used, where 

all the deposits were made with a bidirectional deposition path. 

Table 3-4: Parameters with varying laser power and powder flow rate. 

 

Power (W) Scan Speed (mm/min) Powder Flow Rate (g/min) 

390 200 18 

474 200 18 

580 200 18 

693 200 18 

910 200 12  

910 200  8  

910 200  5  (sample B3) 
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3.4.2 Stage II: Thick Wall Samples 

For any practical repair applications, generally multiple wall thickness builds are used. So, in 

this stage (a scale up of thin walls) thick wall samples (35 mm wide (X) × 10.5 mm high (Z) 

× 2.1 mm thick (Y)) were built on a thick walled forged IN718 substrate (38 mm wide (X) × 

2.1 mm thick (Y) × 34 mm tall (Z)) for demonstrating repair applications (as shown in Figure 

3-3.a). The engineering drawing showing the from view, top view and side view of the same 

is shown in Appendix A-I. The deposition was made with the best process parameters chosen 

from the thin wall study with no bonding defects or excessive/low deposition rates (A laser 

power of 390W, scan speed of 300 mm/min and powder flow rate of 18.3 g/min). 

            

Figure 3-3: a) Thick wall build sample and b) different deposition paths used in stage II. 

 

During DLF repair, the main concerns are the development of residual stresses in the build, 

as well as in the substrate. Residual stress characterisation was performed on these builds, 

and as will be discussed a variation in deposition path and scan strategy was employed to 

assess the influence of the deposition path on the residual stress development.  

This study is divided into two parts: First, the influence of deposition path on residual stresses 

developed in the build and substrate was investigated. Several builds, with varying deposition 

paths, were deposited while keeping the other parameters constant. Long, short and mixed 

(b) 

(a) 
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(hatched) deposition paths were used as shown in Figure 3-3.b. In an attempt to reduce the 

porosity in long and short deposition paths, an offset of 0.5 mm was maintained between the 

layers i.e., if layer 1 start at X=0 co-ordinate, then layer 2 would start at X=0.5 mm and layer 

3 would again start at X=0. Similarly an off-set is maintained in the Y direction for long 

deposition path. 

In the second part, the influence of the scan strategy on the residual stresses and 

microstructure was studied. Two deposition strategies were employed, where deposition was 

made with a post laser scan (with a defocused laser beam after each layer of deposition) and 

alternately employing a delay between the layers (where the deposition is delayed by one 

layer deposition time). Three samples were built for each processing condition, which were 

used in residual stress characterisation and microstructural analysis. The detailed list of 

parameters with different deposition paths and scan strategies are given in Table 3-5. 

Table 3-5: Various deposition paths and strategies employed for thick wall samples  

SNo. Deposition path Offset of layer Scan Strategy 

1 Long(L) 
Yes 

No delay  

Delay of ~50 s (1 layer)  

Post laser scan 

2 Short(S)  

Yes 

No delay 

Delay of ~50 s (1 layer)  

3 

Long + Short 

(M) 
No No delay  

 

To avoid characterising the residual stresses in the entire build for each process parameter 

using any experimental characterisation, a finite element model was developed to predict the 

temperature and residual stress distribution generated during DLF. In order to calibrate the 

thermal model, thermocouple measurements were made on the substrate during deposition. In 
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this case, thick walls of size 30 mm wide (X) × 3 mm high (Z) × 4mm thick (Y) were 

deposited on a thick walled substrate of size 32 mm wide (X) × 4 mm high (Z) × 50 mm thick 

(Y),  representing the repair process in the actual parts. The size of the substrate is slightly 

thicker than the actual part (Figure 3-3), to accommodate the thermocouples easily. The 

temperature measurement locations and other details are discussed in section 3.5.  

3.4.3 Stage III: Solid Blocks 

For hybrid manufacturing applications, where large builds are deposited on existing 

structures, this stage addresses this via a further scale-up in the build size. 

Cuboidal blocks 15 mm thick (X) × 15 mm wide (Y) × 10 mm high (Z) were deposited on a 

2mm thick IN718 substrate (machined from a cast IN718 block). The process parameters 

obtained from thin and thick walls did not produce geometrically sound builds for solid 

blocks. Therefore optimisation studies were performed again (using DoE) to obtain builds 

with minimum defects. A full-factorial CCD design was used, as in thin walls, where 

experiments were developed for three process factors (laser power, scan speed, and powder flow 

rate). Each factor is varied over three levels: high, intermediate and low, with low being the 

process parameter in stage I for thin walls.  The process factors and corresponding levels are 

shown in Table 3-6. 

Table 3-6: Process factors and corresponding levels 

                Level 

     Factor 

Low Intermediate High 

Laser Power (Watts) 390 474 558 

Scan Speed (mm/min) 200 300 400 

Powder flow rate( g/min)  18 25.5 33 
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The porosity was measured using quantitative image analysis and was used as a response variable 

to generate a quadratic function, identifying the significant parameters that affect the porosity. A 

square-hatched deposition path was used (as shown in Figure 3-4), with a hatch spacing of 

0.5 mm and a Z increment of 0.3 mm for all the deposits.  

 

Figure 3-4: The hatched type laser deposition path employed for solid blocks, showing the 

infill deposition path in X and Y directions, with a contour scan after each layer. 

 

After obtaining the optimum parameter for deposition from the DoE, the depositions were 

made on a curved substrate (to simulate hybrid manufacturing of a specific component of 

interest) to study the residual stress development as a result of laser deposition. Rectangular 

solid blocks 30 mm wide (X) × 10 mm thick (Y) × 10 mm high (Z) were deposited on a 

curved IN718 substrates 120 mm long (X) × 60 mm wide (Y) × 2.5 mm thick (Z), cut from a 

large IN718 ~ 1m diameter hollow cylinder (Figure 3-5). The engineering drawing showing 

the from view, top view and side view of the same is shown in Appendix A. 
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Figure 3-5: schematic illustration of solid blocks deposited on the curved substrates (with a 

radius of curvature of ~ 495 mm) showing deposits: a) parallel to X-direction, and b) 

perpendicular to X direction. 

 

In order to assess the influence of DLF parameters on the distortion and residual stress 

development, as well as obtain the identify the optimum deposition condition with minimum 

distortion and stresses, various depositions were performed varying the deposition paths 

(Figure 3-6), laser power, and build direction with respect to the substrate (parallel to the X-

axis in Figure 3-5.a and perpendicular to X axis in Figure 3-5.b).  The distortion and residual 

stresses were characterised across the dotted lines in the substrate, shown in the Figure 3-5. 

Table 3-7 shows the list of process parameters that were studied in this stage. 
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Figure 3-6: The various deposition paths that were used in depositing rectangular blocks on 

the curved substrates : a) long, b) short, and c) hatched; d) and e) show how a deposition path 

is laid for short and long deposition paths. 

 

Table 3-7: Process parameters for the deposits on the curved substrates, with a scan speed of 

500 mm/min at the first few layers and 400 mm/min in the rest of the build. Powder flow rate 

was kept at 25.5 g/min.  

 

A further study was performed where the build almost covered the entire substrate. In this 

study, to exaggerate the effect of deposition path, an 80 mm (X) × 20 (Y) mm deposit was 

made covering a large portion of the plate of size 100 mm (X) × 32 mm (Y) × 4 mm (Z). The 

S.No Dimensions (X × Y × Z)mm Deposition path Offset  Laser power 

1 10 × 30 × 10 Long Yes 474 

2 10 × 30 × 10 Short Yes 474 

3 10 × 30 × 10 Hatched No 474 

4 10 × 30 × 10 Hatched No 600 

5 30 × 10 × 10 Hatched No 474 
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deposition was made with a scan spacing of 0.7 mm, with no overlap between successive 

passes. Three different deposition paths: long, short, and mixed (combination of long and 

short) as shown in Figure 3-7, were used in this study. From the previous studies, it was 

understood that the effect of deposition on the substrate will be only for a few layers, since, 

as the deposition progresses, the fluctuation in the temperatures experienced by the substrate 

becomes limited. So, a total of 10 layers of 0.3 mm thick were deposited for this study. To 

correlate the distortion due to deposition with the cooling rates associated with various 

deposition paths, temperature measurements were taken at different locations in the 

substrates. The details of which are given in section 3.5.2 

 

Figure 3-7: The different deposition paths employed for stage III distortion studies. 

 

Finally a further scale up was performed to assess the residual stress distribution in the 

substrate due to scaling-up, to a square block 30 mm wide (X) × 30 mm thick (Y) ×10 mm 

high (Z) was deposited on a curved substrate (Figure 3-8). The engineering drawing showing 

the from view, top view and side view with the exact dimensions is shown in Appendix A. 

The process parameters of 474W laser power, 25.5 g/min powder flow rate, and scan speed of 

500 mm/min in the first 5 layers and 400 mm/min for the rest of the build with a hatched type 

of deposition path were employed, which was the optimum condition that would give 

maximum structural integrity, minimum stress and distortion. 
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Figure 3-8: Solid block of size 30 mm×30 mm×10 mm on a curved IN718substrate. 

3.5 Thermocouple measurements  

3.5.1 Thermocouple measurements for FE model Validation 

In stage II temperature measurements were recorded on the substrate to validate and fit the 

thermal model. A mixed type (long +short ) deposition path was used with the same process 

parameters as used in the stage II deposition.1 mm deep holes at 5 different locations (as 

shown in Figure 3-9) were drilled in the substrate where the thermocouples were inserted. 

The thermocouples were coded as TC1, TC2, TC3, TC4 and TC5 respectively for the 

locations 1 to 5. K-type Chromel / Alumel thermocouples were used with maximum 

operating temperature of 1350 ºC. Temperature changes in the substrate during deposition 

and cooling were monitored. A data logging system (Pico Log) was used to collect the 

information at a frequency of 10 Hz. 
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Figure 3-9: Schematic showing thermocouple locations for thick walls (the white dots 

representing the thermocouple location).  

 

3.5.2 Correlation of distortion with corresponding cooling rates 

To assess the influence of cooling rates on the distortion and the residual stresses in stage III 

builds, thermal cycles were recorded in the substrates with different deposition paths.  8 holes 

(1 mm deep) were drilled on the back of the substrate (Figure 3-10.a) at locations 5, 20, 30, 

40, 60, 70, 80, and 95 mm from the edge of the substrate at the mid width of the substrate. K-

type thermocouples were inserted in the holes for measurements. To remove any residual 

stresses due to hole drilling, a stress relief heat treatment was performed at 955°C for 1 h, 

with ramp up and ramp down rates of 3°C/min. The back of the substrate was scanned before 

and after deposition using a Co-ordinate Measuring Machine (CMM) laser scanner as 

described in section 3.7. The cooling rates were calculated based on the thermal 

measurements at each thermocouple location, as the ratio of difference in the peak and trough 
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temperatures of a temperature peak (ΔT) to the time taken (t) for this change in temperature 

when a laser beam passes the thermocouple location.   

 

Figure 3-10: a) Back side of the substrate showing the location of thermocouples and b) Long 

type of deposition path on the substrate. 

 

3.6 Microstructural Characterisation 

3.6.1 Sample preparation 

Metallurgical samples were sectioned using either a precision cutter fitted with a SiC cutting 

wheel or by wire Electric Discharge Machining (EDM). Depending on the investigation 

being carried out, samples were either sectioned vertically along the build direction (Z), to 

view the X-Z plane, or transversely to the build direction to view the top view (X-Y plane), 

Figure 3-11. Samples were hot mounted in conductive bakelite. For samples in Stages I, II 

(thin and thick walls) the X-Z plane was investigated whereas for solid blocks (stage III) all 

the planes were investigated.  
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Figure 3-11: Diagram (not to scale) illustrating the investigated planes in the builds (red: X-Y 

(top) plane, black: X-Z (side) plane). 

 

All mounted specimens were ground using a coarse grit paper (p240) to produce a flat surface 

and to remove any contamination from the cutting process. Further grinding was carried out 

in steps down to a p2500 finish, followed by polishing with diamond suspensions with a 

particle size of 9 μm followed by 6 μm, to a final polishing using a 0.05 μm colloidal alumina 

suspension. 

Two different etchants were used depending on the features of interest: To reveal the 

solidification microstructure (dendrites and intermetallic phase etc), samples were etched by 

submersion for 5-10 in waterless Kalling’s reagent (5 g CuCl2 + 100 ml HCl + 100 ml 

ethanol [177]), then rinsed with ethanol and dried. To reveal the precipitates and grain 

boundaries, samples were electrolytically etched in a 10% phosphoric acid (H3PO4) solution 

in H2O (by volume).  
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3.6.2 Image analysis 

Image analysis was performed using ImageJ (R) software to quantify the porosity and to 

measure the grain size. 

This procedure was followed to quantify porosity and grain size using ImageJ: 

For porosity measurements, the image was thresholded to produce a binary image isolating 

the relevant features. For grain size measurement, the outline of the grain was highlighted by 

paint and then a threshold of this outline would pick the grains as particles. ‘Particle 

Measurement’ feature in ImageJ was used to take the various measurements from the 

particles to calculate the particle area fraction and particle/grain sizes. For grain size 

measurement, an equivalent ellipse is fitted to the grains and the feret maximum is considered 

as the grain size. The ratio of feret maximum to feret minimum is taken as the aspect ratio of 

the grains. 

3.6.3 Optical Microscopy 

Both etched and un-etched specimens were examined under the Leica
TM

 microscope.  

The following investigations were performed using Optical microscopy: 

Porosity:  Porosity in the deposits was quantified using a set of images taken in the sectioned 

planes of an un-etched sample, covering the entire build. For thin and thick walled builds 

porosity measurements were taken in the X-Z plane (front view), whereas for solid blocks, in 

stage III, the measurements for all the three X-Y, Y-Z ad X-Z planes was taken as the overall 

porosity. The minimum resolvable pore was around 0.5 µm. 

Solidification microstructure: For thin walls, the dendritic morphology, orientation and other 

precipitate features were investigated by taking a series of images on the etched, deposits 

covering the entire build. For solid blocks, macro-images were taken in a large 5 mm × 5mm 
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area, using a Keyence
TM

 microscope, to observe the overall bead morphology. Also, images 

were taken on the single beads to observe the dendrite orientation within the bead. 

3.6.4 Scanning Electron Microscopy (SEM) 

The metallographic samples were further examined using SEM to study the microstructural 

development in the grains and to study the secondary phase. Secondary electrons (SE) and 

back-scattered electrons (BSE) imaging modes were used to generate topographic and 

compositional information about the specimen respectively; SEM was used for the following 

investigations: 

i) Powder characterisation: this was performed to assess the powder size distribution, 

morphology and microstructure. A JEOL 6060 microscope (operated at 20 kV) was used for 

this study. Powder particles were mounted on a conductive tape, and imaged to observe their 

external morphology. 10 images were captured at 100× magnification, allowing for several 

hundred particles to be analysed for particle size distribution using image analysis. Bakelite 

mount and ground powder particles were imaged to observe the grain structure using BSE 

imaging, and the presence of internal pores using SE.  

ii) Grain Size: The grain size of the samples in stage I was measured by capturing and 

stitching several images at 200 × magnifications to obtain a 2 mm × 2 mm area. The images 

were captured using a FEI Sirion FEG-SEM in the BSE mode, operated at 10kV. Around 300 

grains were quantified to analyse the grain size distribution in each sample.  

iii) Secondary phases: A JEOL 7000 SEM, equipped with Oxford Instruments Energy 

Dispersive X-ray spectroscopy (EDX) detector, was used to investigate the chemical 

composition and microstructure of the intermetallic phases for various samples in thin walls, 

thick walls, and solid blocks. The SEM was operated at 10kV for imaging and 20kV for EDX 

analysis. 
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3.6.5 Electron Backscattered Diffraction (EBSD) 

EBSD was carried out on the samples in the three stages to investigate the macro and micro-

texture development. Grain size distribution was also quantified in the builds by using 

channel 5 software. A FEI Sirion SEM was used to generate EBSD maps, showing the 

crystallographic orientation of the individual grains. A large area was mapped by taking 

several EBSD maps, each at 200× magnification, and stitching them together to form an 

overall map of approximately 2 mm 10 mm in size. For these large area maps, to obtain 

macro-texture, a 5 µm step size was used. Further mapping was performed, to obtain micro-

texture, over small areas of dimensions 200 µm × 200 µm with a step size of 2 µm, especially 

at layer interfaces where the fine grain zones were present. The data was analysed using HKL 

Channel 5 Mambo to construct the pole figures. {100} γ pole figures were constructed with 

the growth direction in the centre (parallel to vertical Z direction) to understand the 

orientation of the grains and texture. The pole figures were plotted for individual layers, as 

well as for the entire build. 

3.7 Distortion Measurements  

Measurement by 3D Micro-Coordinate Measurement Technique: 

To measure the degree of deformation during DLF in the curved substrates (in stage III), 

Infinite Focus Real3D, an optical 3D micro coordinate measurement system from Alicona
TM

, 

was used to measure the off-plane distortion. Series of images were captured along the dotted 

lines in Figure 3-5 (along X axis and Y axis). The X, Y, and Z co-ordinates along these lines 

were obtained by processing the series of images by Mex 3D
TM

 software, which gives the co-

ordinate points in an excel file.  
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Measurement by CMM: 

To measure the distortion in stage III (rectangular plates and solid blocks on curved 

substrates) the substrates were scanned before and after deposition using an Impact 1000 

CMM fitted with Kreon laser scanner (Error! Reference source not found.). The CMM is 

quipped with virtual DMIS software. The system has a resolution of 9 µm. The 3D data 

points collected using the scanner were cleaned to reduce the noise in the points, and 

converted to CAD models using Geomagic studio 8 software. These models, before and after 

deposition, were compared to assess the degree of distortion using Geomagic Qualify 8 

software.  

3.8 Residual Stress Characterisation using Neutron Diffraction 

Neutron diffraction experiments were performed to characterise the residual stress 

development in the DLF builds. Measurements were performed using SALSA (the strain 

scanning beam line at the Institut Laue-Langevin, ILL), Grenoble, France [178]  for thick 

walls (in stage II) and STRESS-SPEC, the residual stress and texture diffractometer (FRM II) 

Garching, Germany [179] for the curved substrates in stage III.  The experimental setup at 

SALSA, is shown in Figure 3-12. A monochromatic beam of neutrons having a wavelength 

of 1.64 ˚A was used to measure the γ {311} Bragg reflection giving a nickel peak at ∼98°, 

resulting in a near-cubic diffracting gauge volume. An effective diffracting gauge volume of 

0.5 mm ×0.5 mm ×0.6 mm was used for thick walls (in Table 3-5), whereas 2 mm ×2mm 

×1.8 mm gauge volume was used for solid blocks on curved substrates (in Table 3-7). Lattice 

spacing measurements were made in the three orthogonal directions at various locations of 

the build and the substrate to assess the localised residual stress variation across and along the 

deposits. Elastic strains were calculated using: 
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where dhkl is the measured d spacing for the particular hkl reflection and d
0
 is the stress-free 

d-spacing and εhkl is the elastic strain normal to the hkl plane. 

                          
    ((      )       (     ))

(      )(       )
                                         3-2 

where Ehkl and υhkl are the elastic modulus if 205 MPa and poisons ratio of 0.284 for IN718 

based on the Kroner model and other literature [24, 95-96] Young’s modulus of 205 GPa and 

Poisson’s ratio of 0.284 were used, for the direction normal to the planes for the specific the 

{311} reflection and εx, εy and εz are the strains measured in the three orthogonal directions.  

3.8.1.1 Measurement of d0: 

One of the crucial uncertainties in calculating the residual stresses comes in the determination 

of the lattice spacing for stress-free samples (d
0
) [88]. The value of d

0
 can change due to local 

changes in composition and microstructure as is inevitable in complex alloys. As the 

microstructure of the build and substrate are significantly different, location-specific stress-

free lattice spacing were determined. For d
0
 measurements in thick walled samples or in the 

curved substrates a stress balance method is employed where the stresses in the through 

thickness direction is assumed to be zero and the stress free d
0 

is back calculated. However, 

for residual stress analysis in the solid block (in stage III), 2 mm thick and 10 mm diameter 

discs were sectioned by EDM from the middle of the substrate and these were used as the 

strain free d
0
 coupon. 
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Figure 3-12: (a) Neutron diffraction setup at SALSA, ILL Grenoble for measuring the 

stresses in thick walls (b) schematic of neutron diffraction. 

3.9 Hardness  

Hardness measurements were performed using a Struers
TM 

Vickers hardness testing machine, 

equipped with Ecos work flow software. A hardness contour map was generated for the thin 

walled samples (stage I) where hardness measurements were taken at intervals of 1 mm for 

(a) 

(b) 
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the entire build. For thick wall samples (in stage II), hardness measurements were taken 

across the build substrate interface (5 mm on each side) at a distance of 300 µm between 

successive indentations. All the measurements were performed using a load of 200 g applied 

for 5 s. 

3.10 Heat Treatment 

To study the impact of post-DLF thermal treatment on the microstructural inhomogeneities in 

the builds, a standard homogenisation treatment followed by solution treatment and ageing 

was performed on the thick wall deposits (stage II) according to the industrial standard AMS-

5383D heat treatment method used for cast IN718 [22]. Microstructural and hardness 

measurements were also performed on these samples to compare with the un-heat treated 

samples. The heat treatment was carried out in a vacuum furnace according to the 

temperature-time plot as shown in Figure 3-13.  

 

Figure 3-13: Post DLF heat treatment cycle for IN718 routine used in the current 

investigation based on [22]. 
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Chapter Four 

4 Process Window Development for DLF of IN718 

This chapter is concerned with the DLF process optimisation of IN718 thin walled builds 

(stage I), thick walled builds (stage II), and solid blocks (stage III). Additionally, 

microstructure and size distribution of the as-received powder is presented. 

4.1 Introduction 

Before characterising the samples for the microstructural in-homogeneities, it is important to 

produce geometrically sound builds. Especially during repair, the height and thickness of the 

builds should have the target dimensions, with minimum porosity in the build. 

Based on the literature survey, it was evident that there are several process parameters that 

would affect the deposition geometry and porosity (is section 2.5.2). In this chapter, studies 

were undertaken to identify the process parameters which have a strong influence on the 

deposition geometry. A statistical model was developed to predict the build geometry (i.e. 

height and thickness of the final build for a given set of process parameters). Also, this 

chapter aims at understanding the pore distribution in the build, and aims at reducing the 

porosity of the build to minimum. Prior to DLF processing, an examination was carried out 

on the as-received powder to confirm its size distribution, morphology and chemical 

composition.  

4.2 Powder Characterisation 

The as-received powder was examined to assess the morphology and size distribution of the 

particles using SEM. 
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4.2.1 Morphology and Size Distribution of Powders 

The gas atomised particles of the IN718 powder (supplied by SANDVIK OSPREY) were 

<106 μm, Measurement by image analysis, illustrated in Figure 4-1, showed that the size 

varies between ~2 to ~120 μm with 90% of powders between 40 and 100 μm. 

 

 

Figure 4-1: Powder size distribution of gas atomised IN718powders. 

 

Figure 4-2 shows the gas-atomised IN718 powder particles, typical of those that were used in 

the present study. The powder particles are not geometrically uniform (i.e round), having a 

rough surface finish. It is also observed that very fine satellite powder particles (~< 5 μm) 

were attached to the large powder particles, which would prevent them from being dispersed 

by the argon flow from the nozzles. Further examination of the cross-section of powders 

showed that the as-received powders were not all fully dense. Hollow particles were 

frequently observed, as shown in Figure 4-3.a. The pores in these hollow particles are present 

as a result of entrapped argon or due to shrinkage during atomisation [180]. Thus, the 

entrapped argon could be present in finished DLF structures. The back scattered image of the 
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polished powders showed a dendritic microstructure inside the powder particles (Figure 

4-3.b). 

 

Figure 4-2: SEM micrograph of gas atomised IN718 powder particles, with an insert 

micrograph showing the surface of a large particle.   

 

  

Figure 4-3: BSe micrographs for the cross section of the powder showing a) inherent 

porosity, b) dendrite morphology inside powder particle. 

 

The powder should be ideally spherical in shape, with the powder size > 50 µm because the 

argon carrier gas, which is used to carry the powder to the laser focal point, could blow the 

powder away if the powder is finer than 50 µm [1]. Also studies by Qi et al. showed that 
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powders in the size range of 40-75µm resulted in less porosity in the build than the coarser 

powder, as the chances of gas entrapment is higher in coarser powders than in fine powders 

[22].  

4.3 Parametric Study for Thin Walled builds (stage I) 

A preliminary study was performed on thin walled builds, by varying the scan speed and 

powder flow rate at a constant laser power to understanding the influence of these parameters 

on the build quality, and also to identify the range of parameters in which a structurally sound 

build is feasible. Later, statistical model was developed which can predict the thickness and 

the height of the deposit using Design of Experiments (DoE) approach. The initial parameters 

of this approach were chosen based on the preliminary study.  

Figure 4-4 shows the thin walls built with various process parameters, at a constant laser 

power of 390 W. From the figure, it is obvious that there are various problems encountered 

during the build. At high scan speed and low powder flow rates, the deposit has a wavy 

structure (Figure 4-4.a). With a further increase in scan speed, the deposit starts to fail (Figure 

4-4.b) which is due to reduced capture efficiency of the powder. At high powder flow rates, 

lumps were observed in the first few layers of the deposit. Most of the energy supplied by the 

laser is used in heating the cold substrate, and the remaining energy is in-sufficient to melt 

the larger amounts of powders, forming these lumps in the first few layers (Figure 4-4.c). It 

was also found out that unidirectional laser builds are thinner and smaller than the 

bidirectional deposited sample (Figure 4-5). In bidirectional builds, the laser power is 

continuous and the amount of heat accumulated is more than in unidirectional deposited 

samples, where the laser is switched-off between the layers, causing more powder to melt and 

thus giving more build height and thickness (Figure 4-4.d-e and Figure 4-5). The other 

important observation was the discolouration of the sample surface, which is readily seen on 
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the surface of the build (Figure 4-4.f). The polished samples were analysed for oxygen pick-

up by inert gas fusion method [181]. Table 4-1 shows the amount of oxygen picked up during 

laser deposition at different laser powers both in air and in controlled Ar atmosphere (50 ppm 

in the chamber). It can be seen that with the increase in power, the oxygen pick-up increases. 

However, the amount of oxygen picked-up in this process is in permissible levels.  

 

Figure 4-4: Various problem encountered in the builds: (a) to (f) show thin wall builds with 

different process conditions as shown in the figure where P stands for laser power in watts, S 

is the scan speed in mm/min and PFR is the powder flow rate in g/min.  

 

 

Figure 4-5: Variation of height and thickness of the samples at different scan speeds and 

powder flow rates for Unidirectional and bidirectional builds. 
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Table 4-1: Oxygen pick-up in the build during laser deposition in controlled Ar atmosphere 

and air at two laser powers keeping scan speed at 200 mm/min and powder flow rate at 18.6 

grams/min. 

Power (W) 

Oxygen level in 

the glove box 

(ppm) 

Oxygen content 

in the build 

(ppm) 

Oxygen content 

in the powder 

(ppm) 

Oxygen pickup 

(ppm) 

390 30 80 40 40 

390 built in air  160 40 120 

474 30 110 40 70 

474 built in air 200 40 160 

4.3.1 Effect of build parameters on thickness and height 

From the preliminary studies, it becomes obvious that the thickness and height of the build 

substantially varies with process parameters. During laser deposition, the build height and 

thickness should be controlled in order achieve the desired height, and thus avoid contacting 

the nozzles during deposition, and also should not have thicker/thinner bead size which 

would create a problem during overlap between layers while depositing solid blocks. From 

the literature, it is known that the factors which influence the deposition dimensions of  DLF 

deposits are laser power , scan speed and powder flow rate[8, 108]. In the present study DoE 

was performed to show the effect of these factors i.e., laser power scan speed and powder 

flow rate on the average thickness and height of the build. Additionally, to obtain an 

empirical model that can predict these responses for any combination of the working 

parameters, analysis of variance (ANOVA) approach has been used [182]. A full-factorial 

central composite design (CCD) experiment was conducted with these dominating factors. 

The details of the central composite design methodology can be found in Montgomery's 

Design and Analysis of Experiments [183-184]. Table 4-2 lists the three factors and three 

levels full-factorial CCD design matrix containing 22 running conditions (each factor is 

repeated twice to increase the accuracy of the model).  Thin walled builds (20 mm in length 

and 10.5 mm in height) were deposited with each of the conditions in Table 4-2. The build 

height and thickness were measured and listed correspondingly. A quadratic transfer function 
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correlating the dominating factors and the build width and height, was developed as a result 

of the CCD experiments.  

Table 4-2: Central composite DoE running conditions and the corresponding bead width and 

height measured using a screw gauge (±0.05 mm). 

    Factor 1 Factor 2 Factor 3 
Response 

1 

Response 

2 

S.No Run 
A:Scan 

Speed 

B:Powder 

Flow Rate 

C:Laser 

Power 
Thickness Height 

    mm/min gm/min Watts mm mm 

1 1 300 36.5 300 0.7 11.58 

2 11 500 18 300 0.62 7.2 

3 12 300 55 300 0.85 12.62 

4 8 500 55 300 0.81 12 

5 22 300 18 450 1.6 11.7 

6 5 500 18 450 1.1 10.47 

7 14 300 55 450 2.11 12.8 

8 2 500 36.5 450 1.61 10.87 

9 20 300 36.5 375 1.09 12.54 

10 15 300 36.5 375 1.16 12.58 

11 10 500 36.5 375 0.95 11.33 

12 18 500 36.5 375 0.97 11.84 

13 13 400 18 375 1 10.54 

14 6 400 18 375 0.96 10.84 

15 7 400 55 375 1.07 12.96 

16 17 400 55 375 1.03 12.8 

17 4 400 36.5 300 0.65 10.64 

18 19 400 36.5 300 0.62 11.6 

19 3 400 36.5 450 1.9 11.4 

20 21 400 36.5 450 1.86 11.3 

21 9 400 36.5 375 1.07 12.54 

22 16 400 36.5 375 1.09 12.52 
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4.3.1.1 Thickness 

Figure 4-6.a shows the model fit for the thickness of the sample at different process 

parameters. Values of the R-square and adjusted R-Square, a measure of model fit, showed 

that each of the models described fit reasonably well and these were 96% and 93% 

respectively. In statistical hypothesis testing, the P-value is the probability of obtaining a 

result at least as extreme as the one that was actually observed [185]. The smaller the P-value 

(significant if less than 0.05), the more important is the factor.  Table 4-3 shows the P values 

for each process parameter and the interactions. From these values, it can be seen that all the 

three process parameters are significant for the thickness of the build, out of which laser 

power is the most significant factor. However, the interaction between the process parameters 

is not very significant. From Figure 4-7, it can be seen that the effect of laser power on the 

thickness of the build is more than the scan speed and powder flow rate. It is seen that the 

thickness of the build decreases with scan speed and increases with laser power and to a 

lesser extent with the powder flow rate, which is in good agreement with the literature [9, 

101]. Using a general second order polynomial equation, an empirical model was constructed 

based on the critical parameters, (i.e. laser power, and scan speed, and powder flow rate and their 

interactions). Using  4-1, it is possible to predict the equivalent thickness of the build at any 

value of each process parameter even if it was not one of the pre-selected levels. The value of 

each coefficient under each quality characteristic is displayed in Table 4-4. 
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Figure 4-6: The model fit showing the predicted and actual values for: a) build thickness and 

b) build height. 

 

Table 4-3:  Process parameters and corresponding P-value with significant factors highlighted. 

 Thickness  Height 

Scan speed (A) 0.0141 0.0046 

Powder flow rate (B) 0.0025 < 0.0001 

Laser power (C) < 0.0001 0.0003 

Interaction AB  0.7710 0.8882 

Interaction AC 0.1742 0.7159 

Interaction BC 0.2060 0.0102 

 

 

Figure 4-7: Effect of individual process parameters on the thickness of the build. 

 

                                                          

                                   

                                                                                                                             4-1 

(a) (b) 
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Where, A is the scan speed, B is the powder flow rate and C is the laser power and    to    

are the model coefficients indicated in Table 4-4. 

Table 4-4: Coefficient values corresponding to process parameter. 

 Thickness 

(mm) 

Height 

(mm) 

Constant ( )  2.312419841 -26.63682272 

   0.004741551 0.005196321 

   -0.014399788 0.386972956 

   -0.016924659 0.158875094 

   1.23874E-05 2.25225E-05 

   -1.21333E-05 -1.18E-05 

   7.41742E-05 -0.000636637 

   -2.01667E-06 -1.00167E-05 

   -0.000145605 -0.001263209 

   3.4637E-05 -0.000166696 

4.3.1.2 Height: 

Values of the R-square and adjusted R-Square, for build height are 93% and 88%, 

respectively. The model was fitted reasonably well (Figure 4-6.b). From the P values, it is 

seen that the three process parameters and the interaction between laser power and scan speed 

are significant in the model with powder flow rate and scan speed being the most prominent 

factors. The height of the build increases almost linearly with powder flow rate and decreases 

with scan speed (Figure 4-8). The reason for the decrease in build height with the increase in 

the scan speed can be attributed to the poor powder capture efficiency at high scan speeds. 

The deposition height increases with laser power until a certain laser power and later there is 

a decrease in the build height (Figure 4-8.c). Generally, with the increase in laser power, the 

bead height would increase and as the build progresses, the bead height in each layer 

increases and the overall build would grow higher than the desired height. This causes the 

build to slightly move further to the focal point of laser causing an under-deposit. The other 

significant factor in the model is the interaction between laser power and powder flow rate.  

The deposition height tends to increase linearly with powder flow rate at low laser powers 
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however with an increase in laser power the deposition height tend to be almost constant or 

show a slight decrease (Figure 4-9). With the increase in the laser power, the melt-pool size 

would increase, which causes an increase in capture efficiency of the build. When the powder 

flow rate is increased at this stage it causes an increase in the build height and as discussed 

previously the extra increase in build height causes the build to move away from the laser 

focus. Finally the equivalent height of the build can be measured for any given parameters by 

Equation4-1 and Table 4-4. 

Figure 4-8: Effect of individual process parameters on the height of the build. 

 

 

Figure 4-9: Graph showing the interaction between laser power and powder flow rate at a 

scan speed of 400 mm/min. 

4.3.2 Validation of Statistical Model on Thick Walled builds (Stage II) 

One of the best build parameters from these experiments which showed a good build quality 

(P 390_SS 300_PFR18) was chosen to build 2.4 mm thick walls (0.4 mm for surface finish 

operation) on a 2 mm thick substrate to simulate repair of components (builds shown in 
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Figure 3-3). The height and thickness of the build for long (L), long + short (L+S) and long + 

post-scan (L+P) deposition paths were measured and the average value of three samples was 

plotted against the model as shown in Figure 4-10. The graph shows that the height and 

thickness measured is within 5% of the model prediction (calculated from equation 1-1) 

showing a confidence level of 95% for the models.  

 

Figure 4-10: Comparison of height and thickness of one bead for the thick wall builds with 

the model derived from DoE.  

4.3.3 Porosity 

4.3.3.1 Thin walls (stage I) 

The Porosity was measured by taking series of images across the build in a 5 mm × 5mm 

area. Figure 4-11.a and b show the pores present in thin walls, for unidirectional and 

bidirectional deposited samples at a power of 390W. Spherical pores were observed in the 

build that were spread throughout the sample. Both unidirectional and bidirectional deposits 

displayed a pore density of 0.2 ± 0.1 %. This shows that at a given laser power, 390W in this 

case, the deposition path does not have a strong influence on porosity.  It is known that the 

pores in DLF deposits can be attributed either to the porosity originally present in GA 

powder[22], or created during the process within the melt pool as a result of molten metal 

fluidity or turbulence (due to excessive superheat[22]). The pore size varied from 40–100 

µm, which is bigger than the porosity observed in the powder. Since the pores were spherical 
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(Figure 4-11.c), it can be inferred that the porosity is due to gas entrapment from the process 

as well as from the GA powder [22]. Figure 4-12 shows the variation of porosity with laser 

power. With the increase in laser power the porosity increases. The use of high laser power 

would increase the melt pool temperature, decrease the molten metal viscosity, and increase 

turbulence in the melt pool and thus increase the extent  of gas-entrapment in the build [109]. 

The fluidity would also relate to the inter-pass temperature and time for heat dissipation 

between passes. 

 

Figure 4-11: Porosity in the thin wall samples: a) Unidirectional build, b) bidirectional 

deposited with 390W laser power, 200 mm/min scan speed and, 18 g/min powder flow rate, 

and c) enlarged image of a pore. 

 

 

Figure 4-12: Variation in porosity with laser power at a scan speed of 200 mm/min and a 

powder flow rate of 18 g/min. 
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4.3.3.2 Thick Walls(stage II) 

 All the thick wall builds (described in experimental section 1.3.2) did not show any bonding 

defects. Figure 4-13 shows an optical micrograph of the build in a large 15 × 10 mm area 

(obtained by stitching series of 100 × magnification optical micrographs). The optical 

micrographs did not show any bonding defects except some gas porosity distributed 

sporadically in the build. The porosity was similar to the gas porosity that was observed in 

thin wall deposits and it is around 0.2 0.03%. 

 

Figure 4-13: Optical micrograph of polished thick walled build (P390_SS300_PFR18_L).  

4.4 Solid Blocks (stage III) 

Although the best process parameters that were obtained from thin wall builds could produce 

good thick wall builds, these parameters were not able to produce sound solid blocks. In solid 

blocks, the time taken to deposit 1 layer is much more than the thick walls and the layers 

would cool down before the next layer is deposited, unlike in thick walls where the bottom 

layer is still hot and easy to re-melt. Also, as seen in thin wall, lumps were formed at the 

bottom most layers, as the major part of laser power is used up in heating the substrate rather 

than melting the powder. Optimisation studies were performed to investigate the influence of 

the laser power, scan speed, powder flow rate keeping the hatch spacing to 0.5 mm in order to 

obtain sound builds. Table 4-5 shows the lists of three factors and three levels full-factorial 

CCD design matrix containing 16 running conditions.  Solid blocks (15 mm thick × 15mm 
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wide × 10 mm high) were deposited with each of these conditions. Series of images were 

taken covering the entire build in all the three sides of the build (front view, top view and side 

view) and porosity values were obtained by imageJ. An average value of porosity, of all the 

three sides of the build, is tabulated in Table 4-5. A quadratic transfer function correlates the 

dominating factors and the porosity was developed as a result of the CCD experiments 

(Equation 4-2). However, the porosity varied drastically within the build, so a qualitative 

measurement of the build showing the variation of porosity across and along the build would 

be of more interest than the quantitative measurements. 

Table 4-5: Central composite DoE running conditions and the corresponding porosity. 

S.No 

  

Run 

  

Scan speed 

(A) 

 (mm/min) 

Powder 

flow rate 

(B) 

(gram/min) 

Laser power 

(C) 

     (Watt) 

Porosity 

   (%) 

1 12 200 18 390 2 

2 5 200 18 558 1.5 

3 14 400 18 390 2.1 

4 11 400 18 558 1.27 

5 16 200 33 390 5 

6 13 200 33 558 10 

7 10 400 33 390 2.3 

8 15 400 33 558 2 

9 4 300 25.5 390 2.5 

10 7 300 25.5 558 1.7 

11 9 200 25.5 474 3.5 

12 8 400 25.5 474 1 

13 6 300 18 474 2 

14 2 300 33 474 7 

15 3 300 25.5 474 1.75 

16 1 300 25.5 474 3 
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                                                                                                                                 4-2 

Where A is the scan speed, B is the powder flow rate and C is the laser power. 

The optimisation study from the DoE showed that the set of process parameters which gives 

minimum porosity (<0.1%) was P558_SS400_PFR25.5. In order to understand the variation 

of porosity along and across the build images were taken (2 mm strips) from bottom to top 

and side to side of the front view of the build, along the dotted lines, Figure 4-14. ImageJ was 

used to threshold the pores and defects, and the variation of porosity is plotted.  

 

Figure 4-14: Locations in the solid blocks where the images were captured for porosity 

measurements.  

 

The porosity level in the build with the best process parameters from the model was 0.74%, 

which is much higher than the predicted value. Figure 4-15.a & b show the variation of 

porosity across and along the build. The largest pore size in the bottom layers (i.e., near the 

substrate) was around 500 μm, which is like a cavity or void whereas the maximum pore size 
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is around 100 μm in the rest of the build, which is similar to the gas porosity seen in thin 

walls. Although there was a considerable scatter in the porosity, it was clear that the porosity 

fraction close to the substrate was the lowest (0.003), which suggests that there is good 

bonding between the substrate and the build. The reason for this is attributed to the 

preparatory laser scan without powder. After the first layer, the porosity increased in the 

consecutive layers, possibly due to the large thermal gradient between the cold substrate, 

which acts as a heat sink absorbing the heat from the melt pool. The cold substrate causes  

rapid or premature freezing of the melt pool giving rise to some un-melted particles and poor 

bonding between layers. This problem could be alleviated by decreasing in the powder flow 

rate in the initial layers (Process condition of P558_SS400_PFR18). However, with such low 

powder flow rates, the build fails to reach the projected height leading to failure (Figure 

4-15.a). After a few layers of deposition when the build is away from the cold substrate the 

porosity, due to un-melted particles caused by rapid freezing of the melt pool, decreases. So, 

a combination of process parameters is recommended for a sound overall build with low 

powder flow rates in the first few layers of the build and later an increase in the powder flow 

rate. Figure 4-15.b shows the variation of porosity across the build. Across the build (from 

edge to edge), the porosity was higher at mid-height and width locations compared to the 

edge of the build. Due to the hatched deposition path, the edges of the build usually stay 

hotter than the centre, which promotes bonding at the edges. 
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Figure 4-15: Spatial variation in porosity (a) along the height of the build (b) across the 

length/width of the build. 

 

4.5 Summary 

 

IN718 has shown excellent processability and does not display any crack susceptibility that is 

observed in other Ni-based superalloys. The study is focused on developing a process 

window for IN718 to obtain builds with minimum porosity and high geometrical accuracy. 

An empirical model was successfully developed based on the key process parameters (laser 

(a) 

(b) 
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power, scan speed and powder flow rate) to find the build geometry for a given set of process 

parameters, which was valid on thick wall samples (about 5 layers thick) as well. Although 

the same amount of energy density is supplied, the process conditions with could produce a 

fully consolidated thin walls and thick walls are not valid for solid blocks. This shows that for 

a given material the build integrity is highly dependent on the build geometry which in-turn 

determines the time allowed for the previous layer to cool down before the next layer is 

deposited. The statistical method employed for thin wall builds is no longer valid for thin 

wall builds as the porosity varies at different locations of the build for a given set of process 

parameters. So, a combination of process parameters with high laser power and low powder 

flow rates at the locations where there is larger heat suction (near the substrate) and with 

faster scan speeds and high powder flow rates at locations where a heat built-up is present 

would produce an overall sound build with less deposition time. The current study should be 

taken only as a guide line to choose the initial process conditions and in real life components 

with varying dimensions the process has to be tailored according to the thicknesses at various 

sections of the component and ideally an all-encompassing model should be developed to 

dynamically vary the processing parameters to best suit each slice of the deposit. 
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Chapter Five 

5 Thermal and Thermo-Mechanical Modelling of DLF: Model 

and Validation 

5.1 Introduction 

It is important to know if there are any residual stresses present in the parts, especially when 

the parts are used in load bearing applications, to avoid premature failure in service. DLF 

components are prone to have residual stresses due to non uniform cooling rates associated in 

the process. As it is difficult to characterise the residual stresses in the part experimentally it 

is useful to predict the stresses via modelling. In the present chapter, three dimensional 

transient thermal and thermo-mechanical finite element models (FEM) of DLF are presented, 

to predict the thermal fields and residual stress development in the build, as well as in the 

substrate of thick-walled samples, as seen in stage II, simulating laser repair. Firstly, the 

thermal model was developed and validated with thermocouple measurements performed in 

the substrate. Later the thermo-mechanical model was developed based on the input 

parameters from the thermal model. After the stress distribution was achieved, various 

simulations were run, varying the deposition path and scan strategy in order to obtain the 

optimum scan strategy and deposition path that gives minimum residual stresses. The 

predicted residual stresses were validated using neutron diffraction results (residual stress 

characterisation). Although the model was primarily developed to understand the residual 

stress development in the build, the temperature distribution obtained from the model was 

useful in understanding the grain structure development that was observed experimentally in 

the builds (chapter 6). All the modelling work in the thesis was performed using a 
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commercial finite element code, ABAQUS 6.11 at PRISM
2
 group cluster, at the University of 

Birmingham.  

5.2 Modelling Strategy 

Based on the literature survey (section 2.5.6), DLF builds are prone to residual stress 

formation due to the high temperatures up to melting and above, and the high cooling rates 

involved in the process. It is quite tedious and expensive to run several experimental trials for 

various process conditions and experimentally characterise the residual stresses. As such, a 

thermo-mechanical model would help in understanding the residual stress development in the 

build layer-by-layer, which is difficult to measure though an experimental route. The 

deposition process was modelled using  "element birth technique" [166], where all the 

elements constituting the deposition are activated step-by-step (as explained in the literature 

review chapter).  The process occurs in several steps; in the first step all the elements, which 

constitute the deposit, are deactivated to be activated in later stage of the analysis. As the 

analysis goes on, the deposition elements will be activated one by one, based on the 

deposition path employed. A heat flux is applied on the top of the element simulating the 

laser deposition process. Once the heat flux is applied for a certain amount of time, the heat 

flux is moved on to the next activated element.  

The process of activating the elements one by one is a tedious process in ABAQUS as a step 

needs to be created during each element activation, and there are around 3500 elements for 

depositing a complete thick wall (Figure 3-3), which requires 3500 steps to be created. In 

order to avoid this, a user subroutine was implemented, where the input file for ABAQUS 

was generated through C++ programming. With this subroutine, the elements will be 

activated one by one automatically according to the chosen/prescribed deposition path 

chosen. This numerical technique increases the complexity of the model. However, there will 
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be no wastage of additional computational time for the elements that are not active during 

deposition. 

Once the element is activated, the heat flux is applied on top of the element. Although the 

energy distribution in a cross section of the laser beam may differ, in practice two types of 

approximation are popular. The first is to assume that the laser beam profile is a uniform 

circular spot of radius Rs [149], the other more popular approximation is to use a Gaussian 

distribution of the intensity within the spot [150, 154, 160]. However, to simplify the model 

and to reduce the calculation time, the heat flux was applied uniformly on the top surface of 

each element in the present model. An accurate temperature profile of a laser beam is not 

considered here as the model is primarily developed to understand the residual stresses 

developed (macro-scale), rather than the microstructural developments, which is not in the 

scope of this study. Lindgren reported that the overall distortion and residual stress are 

sensitive to the total heat input, but are not very sensitive to the shape of the heat source 

[163].   

5.3 Thermal and Thermo-Mechanical Model Set-up 

5.3.1 Governing Equations 

5.3.1.1 Thermal model equations: 

Although there are large numbers of variables involved in DLF, heat transfer occurs by three 

main mechanisms; conduction, convection and radiation. In DLF, the sample absorbs energy 

from the laser source, and the energy is lost through melting the material, through 

conduction, convection and radiation. There will also be a heat gain through latent heat 

during solidification of the alloy, Figure 5-1. The simplest form of this can be given in the 

equation below[186]: 
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                                                                5-1 

where Q stored is the stored energy in the material which can be written as  

                                                 .
  

  
/                                                 5-2 

Where ρ is the density of the material (Kg/m
3
), Cp is the specific heat of the material (J/kg. 

K), υs is the volume of the deposit sample (m
3
), T is the temperature (K) and t is the time (s). 

Q supplied is the laser power used as an input on the surface of the deposit, which is the laser 

power (P) multiplied by the efficiency (e) of the laser, and the absorption rate (γ), and 

attenuation of the laser by powder flow rate (β). The actual energy that goes into the melt-

pool is considered as the efficiency of the laser process (η) in the thesis, which will be only a 

fraction of incident energy after all the losses.   

                                                     , where       η= e. γ. β                  5-3 

Q conduction is the energy lost via conduction, which can be written as  

                                      ,       
  

    
  

    
  

                         5-4 

where λ (W/m.K) is the thermal conductivity of the material. The convection and radiation 

can be written as  

                                                       (    )                               5-5 

and   

                                                    (     
 )                               5-6 
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where h is the convection coefficient, A is the heat transfer surface area, T∞ is the ambient 

temperature, ε is the emissivity of the material and ζ is the Stefan-Boltzmann constant (5.67 

× 10 
-8

 W/m
2
.K

4
) and Qlatent is the latent heat of solidification. 

From the above equations, Equation 5-1 can be written as  

    .
  

  
/                 (    )      (     

 )                        5-7 

The laser energy supplied is the heat flux on a certain surface area of the material, which is 

equivalent to the spot size (Г). The supplied energy per element can therefore be written as  

         

         
  which is  

                                                      
   

 ⁄                                                     5-8 

As the laser is applied only on the top surface of each element, the boundary condition for the 

top surface can be given as: 

                 (    )      (     
 )                             5-9 

For all the other surfaces of the element, there will be only heat loss via conduction, 

convection and radiation which can be given as: 

                               (    )      (     
 )                      5-10 

As the initial condition, the temperature is made equivalent to ambient temperature T0 i.e. 

                                     (       )                                                        5-11 

 

Equation 5-7 can be solved by using the above boundary conditions (Equation 5-9 to 5-11) to 

predict the temperature profile. 
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Figure 5-1: Schematic illustration of a melt-pool showing the heat input and losses.  

 

5.3.1.2 Thermo-mechanical model equations 

Materials expand or contract with temperature changes; therefore thermal strain depends on 

the present temperature and the initial temperature, which is independent of stress. The total 

strain ε total in a body can be represented as: 

                                 5-12 

where              are elastic, plastic and thermal strain respectively [187-188]. The elastic 

response by linear elasticity relationship can be given as 

* +    *  +             5-13 

where ζ is the total stress tensor,    is the elastic strain tensor and    is the elasticity tensor 

matrix, which is temperature-dependent. Isotropic yielding occurs when the stress increases 

to beyond the yield stress in all directions as plastic straining occurs. The yielding function 

can be written as 

 ( )     (    )                        5-14 
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Where       the equivalent stress is    is the plastic strain and T is the temperature. The 

thermal strain can be described as  

     (    )                        5-15 

where α is the thermal expansion coefficient of the material.  

The modelling work in this thesis is performed by ABAQUS using a coupled temperature-

displacement method [187]. For the analysis of stresses in ABAQUS, a J2-theory of plasticity 

is used with the specification of equivalent strain increments being determined by tabulated 

flow stress data (listed in Appendix B). The formulation and implementation of the plasticity 

models is out of the scope of this thesis and the theory behind the model can be found in the 

ABAQUS user manual (ABAQUS 6.11 theory manual section 4.3.1) as well as from [189-

190] 

5.3.2 Geometry, mesh, boundary conditions and simplifying assumptions 

5.3.2.1 Thermal model: 

The thermal model was developed and validated using the experimental thermal 

measurements on a thick walled substrate, shown in Figure 3-9. The thick walls of length 

30mm
 
(in X direction), width of 3.8 mm (in Y direction), and a total of 10 layers of size 

0.3mm each were deposited on a substrate of size 32
X
×4

Y
×50

Z
 mm. The problem was treated 

as transient 3D model, and elements of type DC3D8 were used. 

The sizes of the FEM meshes significantly influence the accuracy of the model, as well as the 

computational time; fine mesh would give accurate results, but would take a longer time for 

calculation. A balanced mesh was used in the current model, with finer mesh sizes near the 

build and coarse mesh away from the build. Figure 5-2 shows the mesh for the thick wall. 

The elements in the substrate were made coarse in the Z-direction (1 mm) to reduce the 
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computational time. However, the first 3 rows i.e., 1 mm of the substrate below the deposit 

were made finer (0.125, 0.375 and 0.5 mm) as the change in temperature is large in this 

region.  

During the experimental deposition, there was an overlap of 30% between the adjacent 

passes, but to simplify the model this overlap was not considered. The width and height of 

each element in the build was determined by dividing the actual width and height of the build 

by the number of passes used in laser deposition, whereas the length of the element can be 

determined by measuring the cross section of the bead by optical microscopy. The average 

bead length was around 0.35 mm, which was used as the element length. The deposition was 

divided into 85 elements in the X-direction, 10 elements in the Y-direction and 10 elements 

in the Z-direction. A total of 8500 elements were used for the deposition. The substrate is 

held in position by a clamp (steel clamp of size 10 mm on each side), which was also 

included in the model and a thermal boundary condition is applied on the outermost face of 

the clamp, which was set to ambient temperature of 25°C. 

 

Figure 5-2: Meshing of the thermal model for a thick walled sample (stage II) showing the 

build, substrate and clamping. 
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For the model a long + short deposition path was employed as seen in Figure 3-3.b. Once an 

element was activated, a heat flux was applied on the top surface of the element for a time, dt. 

The time step (dt) was determined by the scan speed (400 mm/min) as shown below. 

                                             
                           

          
                                            5-16 

The heat flux is calculated as below as: 

                                                             
   

 
                                                         5-17 

where, Qflux is the heat flux and A is the top surface area of the element. A is obtained by 

multiplying the element size in X and Y directions. P is the laser power used in the deposition 

(390 Watts) and    is the efficiency of the laser process. 

The total modelling process can be divided into the following steps: 

Step 1: The temperature of all the elements in the substrate and deposit is taken as 25°C and 

all the elements in the deposit are deactivated.  

Step 2: A pre-scan was employed, where a heat flux is applied in element-by-element on the 

top surface of the substrate. The heat flux was applied, based on the deposition path 

employed and the time step was calculated based on Equation 5-17. The heat losses would be 

through conduction for all the elements, the convection and radiation losses are from the 

outermost elements of the substrate. After the pre-scan, the substrate was made to cool down 

for 5s, the waiting time for the powder to run through the nozzles for deposition. 

Step 3: The deposition starts in this step where each element was activated one by one based 

on the deposition path as in step 2. A Heat flux was induced on the top surface of the 

activated element for a time, dt, based on the scan speed. All the elements were activated till 

the deposition is complete.  
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Step 4: The part was allowed to cool down by conduction, convection and radiation to room 

temperature. 

As all this process is made inside a glove box in Argon atmosphere, also with argon as a 

carrier gas (at the rate of 5.5l/min), it is difficult to model the convection losses associated 

with the process. The convection coefficients were previously determined by L.Qian [186] 

for the current system at UoB, while depositing Ti6Al4V walls. The values were determined 

to be ~25 W/m
2
 K during deposition and ~5 W/m

2
K during cooling. The convection 

coefficient values are higher during heating because of the forced convection by the Ar gas 

blown into the melt pool while carrying the powder as well as the Ar gas used in protecting 

the lens from powder spillage.  For radiation losses, the emissivity of IN718 was taken from 

the literature as 0.4 [191]. 

The other factor, which is quite difficult to measure, is the efficiency of the laser itself. The 

fraction of the laser power supplied gets attenuated due to reflection (both by powder and 

substrate) and also by heating of the excess powder, which was not used in the actual deposit 

(only about 6% of the powder that is blown is used in the actual deposit due to the four 

nozzle assembly used in the present system, the value is higher for improved nozzle systems). 

Also, another factor that contributes to the reduction in the efficiency of the process is the 

absorptivity of the material (i.e., only a fraction of incident energy would absorbed by the 

material). From the experimental observation, it showed that the laser beam itself is 100 % 

efficient. The other two factors which cause the energy loss (power attenuation by powder 

and absorbtivity) are very difficult to measure or calibrate individually. Thus in this thesis, 

both these values are calibrated together and termed as the efficiency of the process (η). 

The net heat input needs to be defined accurately as it has a significant influence on the 

temperature distribution. In order to determine the final heat flux after all the above losses, a 
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trial and error method was employed where the efficiency of the process was kept initially at 

0.35, based on the average efficiency of the laser process found in the literature [111, 120-

121, 150, 192], to calculate the temperature histories. This data was compared with the 

measured thermocouple data. The efficiency was adjusted until the temperature 

measurements match the predictions as closely as possible. 

5.3.2.2 Thermo-Mechanical Model: 

The stress model was developed on the thick walled samples of geometry given in Figure 

5-3.a, which is slightly different from the temperature model. The thermo-mechanical model 

also uses 3D elements of type C3D8T and the modelling strategy and assumptions are the 

same as in the thermal model. Figure 5-3.b shows the mesh generated for the model, with the 

red dots showing the thermal boundary condition on the clamp (temperature of 25°C is 

applied at the end of the clamp). The mesh was made finer in the first 1 mm of the substrate 

to increase the accuracy of the results. Various simulations were run by varying the 

deposition path and scan strategy to understand their effect on residual stresses that are 

developed (Table 5-1). The efficiency of the laser obtained from the thermal model was used 

here, and the resulting residual stresses obtained by varying the deposition path and scan 

strategy were validated by neutron diffraction residual stress measurements. 
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Figure 5-3: (a) Geometry of the thick walled deposits used for thermo-mechanical modelling, 

and (b) mesh of thick walled section, showing the clamped surface at the base (dotted in red). 

 

Table 5-1: Deposition paths and scan strategies used in the simulations (laser power: 390W, 

scan speed 300 mm/min and powder flow rate of 18.46 g/min). 

SNo. 

Deposition 

path 
Scan Strategy 

Job_ID 

1 Long 
No delay Test_L 

2 Short 
No delay Test_S 

3 Long+short 
No delay Test_M 

4 Short 
Delay of 50s Test_SD 

5 Short Post scan after 

deposition 
Test_SP 

5.3.3 Model calibration for η and efforts for reduction in computational time 

5.3.3.1 Temperature measurements 

Temperature measurements were taken in the substrate at 5 different locations (Figure 3-9.a) 

using K-type thermocouples. Figure 5-4 shows the measured temperature profile of the 

substrate at 5 different locations during DLF. The temperature profile was taken on a mixed 

type of deposition path, where the deposition was made with altering layers of short and long 

Deposition Direction 

(a) (b) 
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deposition path. The temperature reached during pre-scan was lower than that during the 

actual deposition, because the substrate is initially cold. However, when the first build layer 

was deposited, the heat input resulted in an increase in temperature. As the deposit 

progressed, the laser moved away from the substrate and from the thermocouple locations. 

Thus, a drop in the temperature was observed after the first layer of deposition. The 

maximum temperature, 1.5 mm below the deposit, is around 600°C. This peak temperature 

was obtained when the laser head was exactly above the thermocouple. 

 

Figure 5-4: Temperature on the substrate at five different locations during DLF for deposition 

with a pre-scan and 8 layers (Laser power: 390W, scan speed: 400 mm/min, deposition path: 

short+ long). 

 

5.3.3.2 Model Calibration 

As noted above the efficiency of the laser is an unknown parameter. The simulation was run 

with initial efficiency of 0.35, based on the average efficiency of the laser deposition process, 

and then altered till the calculated values matched the experiential temperature readings. 
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Figure 5-5 shows the model temperature reading for the pre-scan with various efficiency 

values (short path). The thermocouple data matched well with the model data for an 

efficiency of 13%. The reasons for the very low value in the efficiency are the reflectivity 

issues in CO2 laser and the large attenuation of laser power by the powder stream. Studies by 

Pyere et al. observed a value of 0.35 at various scan speeds, powder flow rates and laser 

powers for Nd: YAG deposited Ti–6Al–4V alloy whereas with a CO2 laser the value was 

taken as 0.18 [186]. Studies by Liu et al. showed that the absorption decreased with the laser 

defocus reacting as low as 0.21 for a defocused CO2 laser during DLF of IN718 [192]. The 

other important factor, which affects the efficiency of the laser, is the attenuation due to 

powder flow rate. In the current deposition, only 6 % of the powder that is blown in to the 

system went to the actual build. Work by Qi et al. suggested that by increasing the powder 

flow rate or the laser powder interaction distance (i.e., nozzle standoff distance), the 

attenuation of laser power increases [162]. The total attenuated laser powers were in the 

range of 7%–21% of the original laser power with a 6–12 g/min powder flow rate and a 7–

10mm interaction distance. In summary there is a large power loss during laser material 

processing due to reflection and laser attenuation due to powder. Most of the DLF 

experiments suggest that the fraction of energy utilised, for any material, is only 10-20% of 

the energy supplied [186]. The efficiency of the process is found to be only 20-35% [10, 120, 

145, 193] of that obtained when using a laser as a heat source for different materials and 

processing conditions. Higher efficiency factors of 60% [3, 194], and 80% [78, 151] were 

observed for the electron beam and electric arc beam heat sources, typically with a circular 

Gaussian heat distribution function. 
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Figure 5-5: Thermal reading on location TC1 for simulation run with different efficiencies 

(dotted line showing the actual thermocouple data for pre-scan). 

 

There are various input parameters and several assumptions in the model. Table shows the 

parameters that are inputted to the model 

Table 5-2: Various input parameters used in the model 

S.No Parameter Assumption/Literature/cal

ibrated 

Value 

1 Thermal Conductivity  

(λ:W m
-1 

K
-1

) 

Temperature dependent data 

taken from literature [195] 

In Table 5-3 

2 Specific heat capacity  

(C
p
: JK

-l
Kg

-1
) 

Temperature dependent data 

taken from literature [195] 

In Table 5-3 

3 Density (ρ :Kg/m
3
) Temperature dependent data 

taken from literature [195] 

In Table 5-3 

4 Latent heat during 

solidification 

(Qlatent : J/Kg) 

From literature [195] 210 KJ/Kg 

5 Stefan-Boltzmann 

constant  

 

constant 5.67 × 10 
-8

 W/m
2
.K

4 
 

6 Emissivity (ε ) Taken as constant from 

literature [191]. 

 

0.4 

7 Convection coefficient  

(h: W/m
2
) 

Previously determined by 

L.Qian [186] for the current 

during deposition:  

25W/m
2
 K  
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system at UoB, while 

depositing Ti6Al4V walls.  

during laser switch off :  

5W/m
2
K. 

8 Ambient temperature (T0) Experimentally determined 25°C 

9 Spot Size / heat transfer 

surface area (Г: m
2
).  

Experimentally determined 35 ×10
-5 

m (in Y) × 60 

×10
-5 

m  (in X i.e. along 

laser beam moving 

direction) 

10 Layer height Experimentally determined 30 ×10
-5 

m 

11 Volume of the deposit  

(υs : m
3
) 

Experimentally determined 

by measuring the build 

volume 

Spot Size × layer height  

12 Stress, strain data at 

different strain rates and 

temperatures 

Taken from Literature [196] Graphs plotted in 

Appendix B 

13 Laser power (P: kg·m
2
/s

3
) 

 

Experimentally determined 390W 

14 Scan speed (S: m/min) Experimentally determined  0.3 m/min 

15 Time step (dt: s) Determined by dividing the 

element size in the 

deposition direction with 

scan speed 

variable 

16 Efficiency of laser process 

(η) 

Initially taken as 0.35 and 

calibrated with thermal 

measurements 

0.13 

 

5.3.3.3 Reduction in computational time  

A simple thermal model as above needs 8500 elements to be activated (i.e., 8500 steps to 

complete a 10 layer deposit). By activating one element at a time, the models will take a vast 

amount of computational + CPU time. For example, a simple thermal model would take 32h 

(the time for coupled temperature-displacement was around 6 days for a layer) on a 4-

processor system to do one layer of deposition. In order to reduce the computational time, the 

mesh was coarsened. Figure 5-6.a shows that, if the mesh size of the substrate was doubled, 

the temperature prediction drops by 100°C at 1 mm below the deposit, without a significant 

decrease in computational time (the computational time is reduced to 20h instead of 32h). 

Another approach is to activate multiple elements at a time, which showed a little effect on 
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the temperatures predicted (Figure 5-6.b). The computational time was reduced by 4 folds 

with activation of 4 elements at a time, instead of 1 element (i.e., the CPU time was 8h for 

depositing one layer compared to 32h while activating one element at a time), showing that 

multiple element activation is a good approach to reduce the computational time of the 

model. 

 

 

Figure 5-6: Element and mesh optimisation, showing (a) the variation in temperature with 

mesh size (temperature taken at 1 mm below the deposit) and the (b) variation in temperature 

with multiple element activation (temperature taken at 3 mm below deposit). 

 

5.3.4 Material Properties 

The temperature-dependent thermal and mechanical properties of IN718 were used in this 

model. The thermo-physical properties were taken from the literature [195] and are tabulated 

in Table 5-3. The latent heat of fusion was taken as 210 KJ/Kg [195]. 
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Table 5-3: Temperature dependent density, heat capacity an thermal conductivity of IN718  

(* melting range) [195]. 

Temperature 

(°C) 
Density 
(kgm-3) 

Heat Capacity                  

(C
p
: JK

-l
Kg

-1
) 

Thermal Conductivity                    

(λ: W m
-1 

K
-1

) 

25 8190 435 8.9 
100 8160 455 10.8 
200 8118 479 12.9 
300 8079 497 15.2 
400 8040 515 17.4 
500 8001 527 18.7 
600 7962 558 20.8 
700 7925 568 21.9 
800 7884 680 26.9 
900 7845 640 25.8 
1000 7806 620 26.7 
1100 7767 640 28.3 
1170* 7727 650 29.3 
1336* 7400 720 29.6 
1400 7340 720 29.6 
1500 7250 720 29.6 
1600 7160 0.72 29.6 

 

Temperature-dependent mechanical properties were also required to  analyse the stresses 

during deposition and this data was also taken from literature [196]. The yield stress is the 

key mechanical property in DLF, as it has a significant effect on the residual stresses and 

distortions [137]. Thus, accurate temperature-dependent yield stress data must be used for the 

model. The thermal expansion coefficient of the material with temperature and the stress-

stain curves at different strain rates and temperatures were taken from the experimental and 

modelling results from the work by Grant [196]. The plots of these values are shown in 

Appendix B.  
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5.4 Thermal and Thermo-Mechanical Analysis and Validation  

5.4.1 Thermal Predictions  

The thermal data for the model matched well with the experimental values at all the 

thermocouple locations for multiple element activation, even though the efficiency was 

calibrated at one thermocouple location, using singe element activation model. Figure 5-7.a 

shows the fitted and measured temperatures at different thermocouple location on the 

substrate (Figure 3-9.a) during pre-scan. Figure 5-7.b shows the temperature reading for 

thermocouple No.5, during pre-scan +6 layers of deposition, which fitted well with the 

experimental data.  

 

Figure 5-7: Comparison of thermocouple and predicted data. (a) At all the 5 thermocouple 

locations (TC) for pre-scan and (b) at location TC5 showing pre-scan+6 layers. 
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5.4.2 Thermo-Mechanical Model 

The elasto-plastic model was developed to understand the residual stress development in the 

deposit as well as in the substrate during DLF, which will be useful for repair applications. 

Several models were run, varying the deposition path and strategy to understand their effects 

on the residual stress development, as well as to obtain a parameter that gives minimum 

residual stresses. Finally, the models were validated with experimental residual stress 

measurements using neutron diffraction. 

5.4.3 Results and Validation 

Figure 5-8 shows the Von Mises residual stress distribution in the build and the substrate 

after deposition and cooling down to room temperature. From the figure, it is evident that the 

maximum stress is concentrated at the bottom of the substrate (bold arrows pointing towards 

bottom edges). The reason for this high stress concentration is due to sharp change in the 

geometry at the corner, where fine mesh size is required to predict the correct stresses. 

However, refining the mesh size at that location was a bit difficult for the method employed 

in generating the mesh in this thesis (C++ program to generate the mesh). However, the high 

amount of stress in this location may be ignored as the residual stresses measured 

experimentally showed that the effect of deposit would be there at the vicinity of 10 mm from 

the deposit. However, in the future a better method may be employed for generating the mesh 

and refining the places where a steep change in cross sections are present. 

Other than this, the residual stresses were mainly concentrated at the build-substrate interface 

region (area shown in dotted arrows), where the stress was more concentrated at the corners 

of the interface. The predicted stress at the deposit substrate region was around 260 MPa, 

with a maximum at the corners of ~310 MPa. The stress is also concentrated on top of the 

build region, ~ 1 mm below the free end of the deposit at around 200 MPa.  
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DLF is similar to multi-pass welding, where each layer gets re-heated by the previous layer 

and the resultant stresses are mainly due to the high cooling rates associated with the weld 

bead and due to the repeated heating cycles (heating, cooling and reheating). These variations 

in cooling and heating cycles, at different locations of the build, cause unequal balance of 

elastic and plastic flow in the material which results in residual stresses[137]. 

Figure 5-9 shows the temperature distribution at various layers of deposition, with the top 

portion of Figure 5-9 showing an enlarged view of the melt-pool. During pre-scan, the 

maximum temperature reached by the substrate was around 1300°C, just about the melting 

point of the alloy. The low temperature in this region was due to the initial cold substrate 

which acts as a heat sink. As the deposition progresses, the maximum temperature reached by 

the build increases. The maximum temperature reached by the deposit was ~ 1808, 1929 and 

2000°C for 1
st
, 4

th
 and 14

th
 layers, respectively. As the deposition progresses, and moves 

away from the cold substrate, heat build-up or accumulation of temperature was observed. 

After a few more layers, the heat accumulation in the build saturates and the melt-pool 

temperature almost remains constant at 2000°C (seen in 14
th

 and 19
th

 layers of the deposit).  
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Figure 5-8: FEA model showing the Von Mises stress distribution in the build due to DLF in 

the short deposition direction with process parameters of laser power: 390W, scan speed 300 

mm/min and powder flow rate of 18.46 g/min. 

  

During the deposition of the first layer of the build, the temperature reached by the layer 

below was less than the melting point of the alloy, showing that during deposition of the first 

layer, there is no complete re-melting of the previous layer (substrate in this case). As the 

deposit progresses, in the 4
th

 layer, the layer below i.e., the 3
rd

 layer is partially melted where 

Stress concentration  

at sharp corners 

Stress concentration  

at edge 

Build substrate interface 

Build 

Region

Substrate Region 

Clamped Surface 
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the top portion of this layer reaches the melting point of the alloy. In the 14
th 

and 19
th

 layers 

complete melting of the previous layer was observed. From the figures, it is also seen that the 

edges of the deposit reached a higher temperature than the centre of the deposit, as the edges 

of the build, where the laser head turns results in higher temperatures because of the 

increased dwell-time. 
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Figure 5-9: Model results showing the temperature distribution at various layers of deposition 

during DLF with process parameters of laser power: 390W, scan speed 300 mm/min, powder 

flow rate of 18.46 g/min, and short deposition path (a) during pre-scan (b) 1
st
 layer (c-d) 4

th
 

layer with beam in the middle and edge (e-f) 14
th

 layer when the beam is in the middle and 

edge (g-h) 19
th

 layer when the beam is in the middle and edge (The upper figures show the 

enlarged view of the bead, grey area showing the temperature which is above the melting 

point of IN718 of 1336°C). 

 

Due to the moving heat source, the temperature gradient has two components; one is along 

the deposition/melt-pool moving direction, and the other is along the build direction i.e., the 

direction normal to the melt-pool/parallel to the deposit growth direction. In order to 

understand the residual stress due to these two thermal gradient components the stresses are 

plotted in three components representing the three directions in Figure 5-10.  The three 

components are: 
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S11: Stresses in the longitudinal direction/direction of the moving melt pool (X-direction, ζx). 

S22: Stress in normal direction/through thickness direction (Y-direction, ζy). 

 S33: Stress in the transverse direction/ direction along the deposit growth (Z-direction, ζz). 

The above representation was used in all the models and the direction of these stresses is 

marked in arrows as shown in Figure 5-10. From the figure, it is evident that the ζx is the 

dominant stress of the three stress components, which is due the high cooling rates in the 

direction of movement of the melt-pool. The variation in the cooling rates at different 

directions of the melt-pool leads to anisotropic shrinkage, as well as less restraint to 

shrinkage in the S33 direction, compared to S11 direction leads to higher ζx when compared 

to S33. The stresses in the Y-direction are minimum or negligible (around 20-30 MPa) due to 

the limited material restrain in the through-thickness direction. 

Figure 5-10.a shows the stress distribution in the build in the S11 direction. The FE model 

shows that the top portion of the build has a concentration of tensile residual stresses (~200 

MPa), just below the free surface. The tensile stresses show an approximate parabolic profile, 

and the stresses on the upper most portion of the deposit are very low due to the stress 

balance effect on a free surface[24]. For any component, if there is a concentration of tensile 

residual stresses in the part, there will be a compressive stress somewhere in the part to 

compensate these tensile stresses. In this case, the compressive stress (~-180 MPa) is 

concentrated in the substrate just below the deposit-substrate interface. 

 Figure 5-10.c show the stress distribution in the deposit direction (Z-direction). In this 

direction, the stresses are compressive at the middle with compensating tensile stresses at the 

edges. In the build, the compressive stresses are concentrated near the build-substrate 

interface (~-80 MPa) and the stress on the top of the deposit is zero. In the substrate 
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compressive stress is observed at the centre (~-140 MPa), with compensating tensile stresses 

at the edges (~ 200 MPa). The clamps in the bottom of the substrate act as a dominant heat 

sink in the Z-direction. Conduction is the dominant factor in cooling, resulting in shrinkage of 

the material, compared to convection and radiation. After the deposition is complete, and the 

laser beam is switched off, the material starts to cool down, causing large shrinkage in the 

free edges of the deposit, which has less surrounding material than the centre of the deposit. 

The shrinkage is larger in the centre than at the edges, generating tensile stresses in the edge 

and compression in the centre. 

 

     

Figure 5-10: FEA model results, showing the residual stresses in the three different directions 

of the deposit. (a) S11 (b) S22 (c) S33 (The process parameters are: laser power of 390W, 

scan speed 300 mm/min, powder flow rate of 18.46 g/min and short deposition path). 
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5.4.3.1 Validation: 

Although the model is calibrated and validated by thermal results, to test the capability of the 

model the predicted residual stresses are also validated. In order to validate the residual 

stresses in the model, the stresses were compared with neutron diffraction experiments. 

Residual stresses were characterised at various locations of the deposit along the length 

(dotted line Figure 5-8). An effective diffracting gauge volume of 0.5mm
X
×0.5mm

Y
×0.6mm

Z
 

was used for the measurement, using a monochromatic beam of wavelength 1.64 A° using 

the γ{311} Bragg reflection. The γ-Nickel peak at ∼98° was measured in the three principal 

directions. To calculate the residual stresses from the lattice strains, a Young’s modulus of 

205 GPa and a Poisson’s ratio of 0.284 were used [24]. The strain free d-spacing is an 

important factor in characterising the residual stresses in the material. However, it will be 

inaccurate to use a d
0
 value taken from one particular strain-free location in the substrate or 

the deposit, as they have different microstructures due to different cooling rates in the 

manufacturing routes employed. As we have seen from the model that the stress in the 

through thickness direction is almost negligible (~ 20 MPa max and zero in almost all the 

locations), a stress balance method was employed in characterising the residual stresses 

where the stresses in the through thickness direction is assumed to be zero and the d
0
 values 

are back calculated. That resultant d
0
 values were used to calculate the stresses in the X and 

Z-directions. This method was successfully employed previously in characterising the 

residual stresses in laser fabricated waspaloy by Moat et al. [25]. 

Figure 5-11 shows the FE predictions which show a similar trend to the experimental results 

in both the X and Z directions in the build region. However, the experimentally measured 

compressive stress at the interface in the deposit side were slightly higher (~ 50 MPa), than 

the model's prediction and are lower in the substrate side (~50 MPa). This variation could be 

because of two factors. As neutron diffraction uses a gauge volume of 0.5 × 0.5 ×0.6 mm
3
, 
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the stresses get averaged out across this region, giving a lower value than the actual. The 

second reason for this difference is the use of the stress balance method where the stress in 

the Y direction is assumed to be zero. However, there is a tri-axial state of stress in this 

region and the stress in the Z direction in the model shows around 30 MPa, rather than zero 

as assumed. 

 

Figure 5-11: Residual stresses in all the three directions plotted across the deposit (along the 

dotted lines in Figure 5-8). The points represent the stresses characterised by neutron 

diffraction experiments. 

5.4.4 Discussion 

From Figure 5-11, it is evident that the maximum stress is in the X direction (S11) with 

tensile stresses in the deposit and compressive stresses in the substrate. The tensile stress in 

the deposit is a maximum at the top of the deposit (200 MPa) and gradually decreases 

towards the bottom of the deposit, to almost zero (20 MPa). In the substrate region the S11 

stresses are slightly tensile (50 MPa) at the deposit substrate interface region with the stresses 

dropping steeply to compressive (-180 MPa) within 1.5 mm of the substrate.  
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When a laser beam hits the substrate, it would cause a melt pool and the material would start 

to expand locally due to the heat input. Due to this thermal expansion, the cold material ahead 

and below the laser beam experiences a compressive force resulting in compressive stresses 

ahead and below the laser beam position. This is represented schematically in Figure 5-12 

based on the explanation given by Eshelby [197]. 

 

Figure 5-12: Schematic diagram showing the tensile and compressive stresses generated near 

a melt-pool. 

 

In order to understand the residual stress development during deposition, the predicted stress 

distribution was shown at different stages of the deposit in Figure 5-13. From Figure 5-13.a, 

it is evident that within the fusion zone no stresses are generated. This is because at such high 

temperature near the melting point of the material, it will show little or no resistance to 
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deformation. When the laser heat source moves away from that position the material cools 

down and contracts, which will be restrained by the surrounding material, putting the material 

in tension.  

Figure 5-13.b shows the stress distribution after 1 layer of deposition. We can see that the 

build region has a tensile stress due to rapid cooling. The stresses are mainly concentrated in 

the centre of the build, rather than in the edges as the free edges can expand without any 

constraint. To balance these stresses, compressive stresses are formed on the substrate with a 

similar shape distribution. When the next layer is laid on top of the first layer, the stresses 

would relax due to the heating cycle, but due to the cooling cycle after deposition the stresses 

would re-appear. As the deposition progresses, the region which is under the tensile stress 

moves away from the substrate (Figure 5-13.b - e). Figure 5-14 shows the variation of 

stresses as the deposition progresses. During the pre-scan, the top portion of the substrate has 

a high tensile stress of 471 MPa and the compensating compressive stress of -190 MPa at 

3.25 mm below. In the first layer the tensile stress value is around 480 MPa and the 

compressive stress -230 MPa. As the deposition progresses it is observed that the maximum 

tensile stress value is still at the top of the deposit however the value of this stress is reduced 

to 450, 400, 360, and 330 MPa for the 2
nd

, 3
rd

, 5
th

 and 9
th

 layers respectively. The 

corresponding compressive stresses are -242, -257, -283 and -314 MPa. After the 5
th

 layer of 

deposition, not much change is observed in the maximum stress value.  

The stress distribution can be explained with the temperature distribution in Figure 5-9, 

where during the deposition of the first layer, the substrate is at room temperature so the melt 

pool would cool very quickly and this quick shrinkage restrained by the solid material at the 

bottom giving rise to high stress state. As the deposition progresses the layers below the 

deposit are also hot and would allow expansion of the deposit and after 5 layers of deposition 



Chapter Five                                      Thermal and Thermo-Mechanical analysis of DLF Walls 

169 

 

the effect of the cold substrate diminishes and the deposit temperature reaches a steady state 

and variation in the maximum tensile stress is not seen after 5 layers of deposition. 

After deposition the stresses relax where the maximum tensile stress of the deposit gets 

reduced from 295 MPa to 175 MPa, as the material cools down to room temperature. For any 

material the stress consists of two components; the elastic part and plastic part. When the 

laser beam is switched off, the material cools down. The elastic portion of the stress 

disappears in the regions which are able to expand freely. 

The tensile stresses are parabolic in shape in the top of the build. This is because the material 

is allowed to expand freely in the edges due to the limited constraint and thus have low 

residual stress values and as we move inside the deposit the surrounding material constraints 

make it difficult for the material to contract freely and an increase in stress is observed in 

these regions showing a parabolic stress distribution. A similar kind of stress distribution has 

been previously observed by Moat et al. in DLFed 5 mm thick Waspaloy builds using a 

pulsed diode laser with an input energy density of 10.5 J/mm
2
 and a travel speed of 10.5 

mm/s, where the stresses were characterised using the Contour Method [25]. 
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Figure 5-13: Stress in S11 direction during deposition of (a)pre-scan (b)1
st
 layer (c)4

th
 layer 

(d)14
th

 layer (e)19
th

 layer (f) after cooling down to room temperature.(The process parameters 

are: laser power of 390W, scan speed 300mm/min,  powder flow rate of 18.46 g/min and 

short deposition path). 



Chapter Five                                      Thermal and Thermo-Mechanical analysis of DLF Walls 

171 

 

 

Figure 5-14: Residual stresses in the S11 (ζx) directions plotted across the build (along the 

dotted lines in Figure 5-8) at different layers of the build. 

 

5.4.4.1 Variation in Deposition-Path 

From the previous section, it was shown that the residual stresses were the result of unequal 

balance of elastic and plastic flow, which is caused by the variation in heating and cooling 

cycles experienced by the deposit. Thus, the process parameters that affect these cooling rates 

would have an influence on the residual stresses developed. In this section, the effect of the 

deposition path, an important process parameter which has an effect on the temperature 

history of the deposit, has been studied. For this study, three types of deposition paths were 

studied which are short (S), long (L) and mixed type deposition path (M) (i.e., alternate layers 

of long and short deposition paths), in order to find an optimum deposition path condition 

with minimum residual stresses. The laser head movement for these deposition paths are 

shown in Figure 3-3.b. 
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Figure 5-15 shows the Von Mises stress distribution for all the three deposition paths. From 

the figures, it is evident that the residual stress distribution is similar in all three cases with 

high stress concentration at the top of the deposit and at the interface. However, the short 

deposition path has slightly higher stresses at the deposit-substrate interface. Figure 5-16 

shows the variation of ζx and ζz in the substrate, and in the deposit along the centreline. The 

stress distribution in all three deposition paths is similar; however the long deposition path 

has slightly higher residual stresses (by ~50 MPa) than the short and mixed deposition paths.  

   

                          

Figure 5-15: Von-mises stresses distribution with various deposition paths (a) Short (S) (b) 

Long (L) and  (c) Mixed (M). (The process parameters are: laser power of 390W, scan speed 

300 mm/min, powder flow rate of 18.46 g/min). 
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Figure 5-16: Stress distribution in S11 (ζx) and S33 (ζz) direction for long, short and mixed 

deposition paths at the mid-section of the deposit (dotted region in Figure 5-8). 

 

 

Figure 5-17: Temperature histories experienced by the substrate during various deposition 

paths (model results). 

 

 Figure 5-17 shows the thermal histories experienced by the top of substrate at middle, as 

marked in the black dot in Figure 5-15, for different deposition paths.  At a given point in the 

substrate, for a short deposition path, the temperature gradually increases to the peak 

temperature, (i.e. from 27°C to 1230°C) in 12.4s giving a heating rate of 97°C/s. Whereas for 

a long deposition path, the heating and cooling takes place more quickly (i.e. from 27°C to 
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1338°C) it would take only 2.13s giving a heating rate of 615°C/s. For a given layer of 

deposition, although the maximum and minimum temperatures attained are not as steep as 

that using the short deposition path, the long deposition path experiences 5 heating and 

cooling cycles. This would cause an increase in residual stresses in long deposition path. 

The stress at the interface in S11 direction is higher for the short deposition path by ~50 MPa 

and similar variation in stress is observed in long deposition path in the S33 direction. This is 

because of the direction of the laser beam in the short deposition path and long deposition 

paths are perpendicular to each other and so the residual stresses will be higher in the 

corresponding perpendicular directions. 

5.4.4.2 Variation is scan strategy 

From previous studies, it is evident that when a new layer of material is added the residual 

stresses in the previous layer are reduced due to the annealing effect. However, these stresses 

are generated again during the cooling cycle. In order to understand this effect better, a post 

scan and delay between layer strategies has been employed in this study. For the delay, the 

deposit was allowed to cool down for 50s (the time taken to deposit a layer), so that the 

material is allowed to cool down and the deposit expand before the next layer gets deposited. 

For post-scan strategy, the layer was scanned with a de-focused beam (diameter of 1.5 mm) 

after deposition in order to have a stress relieving effect on the layer. 

To simulate the delay strategy the model is left to cool via conduction, convection and 

radiation for the time taken to deposit one layer after each layer of deposition. In order to 

simulate the post-scan strategy a heat flux with lower laser power is applied on the top of the 

layer following the deposition with a similar deposition path as the layer itself. The power of 

a defocused beam is calculated as below: 

The laser beam intensity profile, I (W/m
2
), of a circular Gaussian beam can be given as:  



Chapter Five                                      Thermal and Thermo-Mechanical analysis of DLF Walls 

175 

 

                                             
  

   
     ,

    
 

  
 -                                              5-18 

Where P is the average laser power, r1 is the laser beam radius and r0 is the distance from the 

centre of the laser beam. In the present section if a point source is considered the term r0 

would become zero. So equation 5-18 can be written as 

                                                        
  

   
                                                     5-19 

If the laser beam is defocused the maximum intensity of the laser beam would be reduced but 

the total area under the Gaussian curve of the focused and defocused beam would be the 

same. So, 

                                 ∫
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                                               5-20 

By equating the integral of equation 5-19 with the values of initial beam radius r1 , Laser 

power P1 (390 W) and final beam radius r2, the approximate laser power for the defocused 

beam P2 was around 182 W.  

The attenuation of laser power due to powder flow would not be present here as there is no 

powder involved in the post-scan process the efficiency of laser was taken as 30% (based on 

the literature [111, 120-121, 150, 192]), instead of 13% as measured with powder in section 

5.3.3.2, during post scan. 

Thermal Profile for various scan strategies: 

Figure 5-18 shows the temperature profile in various layers, resulting from a short deposition 

path with a delay between layers. All layers reach the same maximum temperature of 

1800°C, unlike in the short deposition path direction where heat accumulation is observed as 

the deposition progresses (Figure 5-9). A delay between layers dose not lead to heat 

accumulation in this case and each layer attains a uniform heat distribution. Figure 5-19 



Chapter Five                                      Thermal and Thermo-Mechanical analysis of DLF Walls 

176 

 

shows the temperatures reached by the top portion of the substrate during deposition of the 

three scan strategies. From the figure it is seen that during the short deposition path the layer 

would cool down substantially before the next layer is laid. For post-scan strategy, although 

the maximum and minimum temperatures experienced by the deposit are the same compared 

to short deposition path, the post scan strategy deposit stays at a higher temperature for twice 

the time as in the short deposition path. 
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Figure 5-18: Model results showing the temperature distribution at various layers of 

deposition during DLF with process parameters of laser power: 390W, scan speed 300 

mm/min,  powder flow rate of 18.46 g/min and short with delay deposition path (a) 1
st
 layer  

(b) 4
th

 layer (c)9
th

 layer d) 14
th

 layer and e)19
th

 layer (The upper figures show the enlarged 

view of the bead, grey area showing the temperature which is above the melting point of 

IN718 of 1336°C). 
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Figure 5-19: Temperature histories experienced by the substrate during various scan 

strategies.  

 

Stress Distribution: 

Figure 5-20 shows the Von Mises stress distribution for these strategies. From the figure it is 

evident that the stresses in the top portion of the deposit are clearly higher in delay strategy 

however the stress concentration in the deposit-substrate interface is less than in a deposition 

without a delay.  

To understand the stress distribution better the stresses in S11 and S33 directions were plotted 

along the centre line for all the three strategies in Figure 5-21.a & b. A variation in stresses is 

observed along the centre line for both S11 and S33 directions and the variation of the stress 

level is less in S33 compared to S11 direction. The stresses are higher in delay when 

compared to actual deposition or with post scan. For post-scan strategy the stresses are almost 

zero in the deposit-substrate interface however the residual stresses are slightly higher than 

the short deposition path but lower than short + delay path.  
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Figure 5-20: Von-Mises stresses distribution with various deposition strategies: a) Short (S), 

b) short + delay (SD) and c) short + post scan (SP). (The process parameters are: laser power 

of 390W, scan speed 300 mm/min, powder flow rate of 18.46 g/min). 

 

From the Figure 5-19 it is evident that in the SD deposition path the temperature decreased 

substantially before the next layer is deposited due to the cooling cycle employed. The 

temperature of the layers decreases to around 163°C before the next layer is deposited for SD 

deposition path which is lower than the other two deposition strategies. The cold material 

would therefore have higher residual stresses in SD than the other two deposition strategies. 

For post-scan strategy the residual stresses are expected to reduce due to the annealing effect 

of the post laser scan however such reduction is not observed as the layer would eventually 

cool down for a certain time before the post-scan. Alternatively, In the future a low power 

laser beam may be used following the melt-pool to avoid rapid cooling as observed here.   
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Figure 5-21: Stress distribution for short, short+deay and short+post scan strategies at the 

mid-section of the deposit (dotted region in Figure 5-8) in: a) S11 (ζx) and b) S33 (ζx) 

directions. 
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5.5 Summary 

The thermal and thermo-physical models were successfully developed to understand the 

residual stress distribution during DLF for repair applications. The efficiency of the DLF 

process is very low (13%) due to the power attenuation by the excess powder flow and low 

absorption of CO2 lasers. The maximum stress experienced by the deposit is ~0.3 times the 

tensile yield strength of IN718 (~1100 MPa [24]) which is lower than that required for crack 

formation, but still would require a stress relieving heat treatment after repair.  The stresses 

are higher in the X direction than in the other two directions, as the maximum cooling rate is 

present in the direction of laser beam movement. The stresses are mainly concentrated at the 

deposit substrate interface and at the top portion of the deposit where high cooling rates 

occur. The deposition path has low variation in residual stresses in thin walled deposits where 

as the scan strategy have an influence on residual stresses in the deposit. A short deposition 

path show lowest residual stresses when compared to a delay or post deposit scan strategies, 

but the reduction is not enough to avoid the necessity of post deposition heat treatments. 
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Chapter Six 

6 Microstructure and texture evolution in DLF  

6.1 Introduction 

This chapter addresses the assessment of the microstructural inhomogeneities in DLFed 

IN718. The microstructural inhomogeneities can affect the mechanical properties in IN718; 

including the inhomogeneities in grain size, chemistry, precipitate type (e.g carbides, Laves, 

γʹ, γʹʹ, etc) size and their morphology, and texture. Large columnar grains result in poor 

fatigue properties, but demonstrate good creep properties. During DLF, the repeated thermal 

cycling and the variation in cooling rates, which are controlled by the process parameters, 

could affect the grain size development and the scale and nature of precipitates. Thus, it is 

important to understand the effect of these factors and also to identify the process parameters 

that would result in the desired microstructure.  

The microstructural study has been done initially on thin-walled samples of single bead 

thickness to study the dendrite morphology, grain structure and texture development, 

identifying the effect of the key process parameters (e.g deposition direction, laser power, 

etc). In the second step, the builds were scaled-up to thick wall samples, where the 

microstructure of builds with multiple overlaps was studied; focusing on the microstructure in 

the overlap region between passes (around 2mm thick with 5 overlaps). Later, a complex 

deposition strategy was employed, whereby a delay between the successive layers was 

employed combining with post scanning of the previous layers in an attempt to limit the 

residual stresses and to influence the grain morphology. Additionally, a standard heat 

treatment was performed on these samples to dissolve the Laves phase and to precipitate the 
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strengthening phases. Finally, microstructural studies were performed to quantify the 

inhomogeneities in grain morphology and in precipitates with the change in the build 

thickness. In this study, the 3-dimensional bead morphology was studied in addition to the 

effect of the substrate texture on the build texture development. The microstructural study in 

this chapter aims to give an overall understanding of the microstructural evolution during 

DLF, and the effect of the key process parameters on the microstructure and texture.   

6.2 Effect of Process Parameters on the Grain Structure and Texture: 

Thin-walled builds (stage I) 

6.2.1 Effect of Deposition Path 

To understand the effect of the deposition path on the grain structure and texture, thin-walled 

builds of unidirectional (B1) and bidirectional deposition (B2) paths were studied, while 

keeping the other process parameters constant (laser power 390W, scan speed 200 mm/min 

and powder flow rate of 18 grams/min). Figure 6-1 show optical micrographs for B1 and B2 

builds (X-Z plane as per the notation in Figure 3-2).  

The microstructure of the as-deposited samples showed a layered structure, with a thin 

demarcation of small dendrites at the interface between the layers, as highlighted with 

arrows, Figure 6-1 (taken at the bottom portion of the build 2 layers above the substrate). The 

size of the layers (i.e. the mean track height) was ~500m for B1 compared to 350m in B2. 

Each layer contained aligned inclined dendrites, which were contained within the layers and 

which did not grow across the layers for both builds. The layers were separated by a thin 

layer of fine dendrites (5-10µm in dia.) in both builds, with B1 showing a larger interlayer 

zone than in B2. The dendrite arm spacing (DAS) [198] was relatively fine (~5μm) for both 

the deposits, compared to the typical DAS in cast microstructures (10μm -40μm), which can 
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be attributed to the rapid cooling rate during DLF (10
2
-10

3
 K.s

-1
) [109]. This was also 

previously observed in DLFed IN718 [12, 22]. 

Comparing both builds, significant microstructural differences were observed, especially with 

respect to the dendrite growth morphology. In B1, the dendrites were uni-directionally 

oriented at an angle of ~50-60˚ to the substrate in all the layers (Figure 6-1.a), with the 

inclination tracking the rear of the melt pool, whereas the dendrites were oriented in a zigzag 

fashion in B1, and intersecting at the interface between the layers at an angle of ~90-100˚ 

(Figure 6-1.b). In both cases, the dendrites were oriented along the moving heat source. This 

microstructural inhomogeneity was previously reported in the literature [199-200], and was 

related to the influence of the vertical flux (qx) and horizontal heat flux (qz), as well as the 

dendrite orientation of the previously deposited layers (Figure 6-1.c).  

If qx is due to the moving heat source, and qz due to the heat sink effect by the substrate, then 

qr is the resultant heat flux, which is along the dendrite growth direction. In B1, the laser is 

switched off for 6s between the layers, while the laser head moves back to the starting point. 

Also, the carrier gas was not interrupted, thus causing the build to cool down substantially 

before the next layer is deposited. In B2, the laser beam continuously moved back and forth 

for deposition. This would allow only half the time for cooling, with no forced cooling 

between the layers. Thus, in B1, the layers would be at a lower temperature than B2 before 

the next layer is deposited. From the validated finite element model developed for thick-

walled multi-pass laser deposition in chapter 5, it was predicted that a delay of 50s between 

the layers would reduce the layer temperature by ~ 400°C before the next layer is deposited.  

Due to this larger heat accumulation in B2 than in B1, the dendrites are expected to grow 

more vertically in B2. Moreover, the change in the dendrite orientation across the layers 

would depend on the dendrite orientation in the previous layer. As the dendrites tend to grow 
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perpendicular to the previous layer's dendrites, this makes them oriented more towards the qr 

direction [199].     

 

 

Figure 6-1: Optical micrographs showing the dendrites orientation and layer demarcation in 

(a) B1, (b) B2 and (c) schematic illustrations of the heat flux directions (not to scale). 

 

Further examination of the microstructural inhomogeneity in the grain structures was 

performed using SEM with BSE imaging and EBSD. Figure 6-2.a & b show the SEM 

micrographs of B1 and B2 in the X-Z plane. To combine the grain structure with the 

orientation development, EBSD maps were created, covering 2 layers of the build. Figure 

6-2.c & d are the Inverse pole figure (IPF) coloured EBSD maps plotted on the build for B1 

and B2. 
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Both builds revealed a banded grain structure, with very fine grains, more prominent in B1, at 

the layer interface. Also, in B1 the grains in the uppermost part of the layer are inclined 

almost parallel to the laser beam direction.  

In welding, the grains start to nucleate from the fusion line to the weld centre line i.e. from 

the tail of the melt-pool and grow to the centre due to the maximum thermal gradient in this 

direction.  At the centre of the weld -pool the grain size depends on the weld-pool speed, 

where for welds with low to medium weld speeds, more columnar or stray grains are 

observed than in high weld speeds where equiaxed zones are observed. At low welding 

speeds, the epitaxially grown dendrites curve towards the heat source, so that the maximum 

thermal gradients present at the solid–liquid interface, are maintained as growth proceeds. 

Also, at low speeds the central region of the weld becomes wider and stray grains are 

observed [73] (shown in Figure 2-30). This phenomenon of inclined grains was previously 

observed by Normal et al. in Al alloy welds at a speed of 7 mms
-1

[84], similar to the laser 

scan speed used in this current study. However, neither this type of grain growth, nor the fine 

grain zone is observed in B2 (can be seen clearly in Figure 6-2.c&d). The reason could be 

that in B2, due to the heat accumulation, the fine grain/ stray grain zone would be completely 

re-melted when the next layer is deposited. This can be seen from the layer size where the 

size of each layer is around 500µm for B1 compared to 350µm for B2.   
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Figure 6-2: The grain structure development due to DLF, showing the grain structure in (a) 

B1 with the equiaxed grain region between the layers and (b) in B2 showing the absence of a 

similar region. EBSD-IPF map of (c) B1 and (d) B2, also showing the same features.  
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6.2.1.1 Grain size 

To quantify the microstructural inhomogeneity in terms of the grain size, the grain size 

distribution was measured over an area of 1 mm ×1 mm for both the builds in the X-Z plane, 

Figure 6-3. Columnar grain of different sizes and aspect ratios were observed in both the 

builds. In B1, the columnar grains appeared slightly smaller than in B2.  In B1, the fine grain 

band was observed (Figure 6-2.a) to have an average grain size of ~40μm. Figure 6-3 shows 

the grain size distribution in B1 and B2. From the histograms it is evident that the average 

grain size in B1 is lower than in B2. Also, the grain aspect ratio in B1 is higher than in B2 

(i.e. the grains in B1 are more elongated, Figure 6-3.c &d). Figure 6-3.e & f show the grain 

size distribution in the fine grain zone in B1. The grain size in this region is around 10µm, 

with most of the grains having an aspect ratio < 2.  
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Figure 6-3: Grain Size distribution in B1 and B2 (a and b); Aspect ratio of B1 and B2 (c and 

d); Grain size and aspect ratio of fine grain zone between layers in B1 (e and f). 

 

The higher frequency of larger grains in B2 could be due to the higher heat accumulation as a 

result of the continuous laser heat input. In B1, the laser beam is switched off between layers 

leading to faster cooling rates and fine columnar grain structures. 

6.2.1.2 Texture 

Figure 6-4 shows a schematic representation for dendrite orientation in the B1 and B2 based 

on observation of the grain orientation and dendrite morphology, using EBSD maps and BSE 

imaging of a large area of 1 mm × 5 mm from the bottom to the top for both the builds 

(Figure 6-5). The banded (fine and coarse grains) structure is obvious throughout the build. 

This banded structure was previously observed by Blackwell in DLFed IN718 [201], where it 

was attributed to the high thermal conductivity of Ni-superalloys that leads to rapid cooling 

during DLF, suppressing epitaxial growth. 
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Figure 6-4: A Schematic illustration showing the dendrite orientations in B1 and B2 based on 

the microstructural observation of entire builds (not to scale). The dotted box represents the 

areas from which large EBSD maps were plotted (Figure 6-5). 

 

In B1, the fine grain zone between the layers was very obvious in the first few layers (Figure 

6-5.a), but it then becomes less obvious as the deposition progresses. The fine grain zone 

thickness was around 150-200μm at the base of the build decreasing to 20μm at the top (5mm 

from base). In B2, the fine grain zone is not as obvious as in B1.  In powder DLF, the amount 

of powder that is captured in the actual melt-pool is ~ 10-30 % of the actual powder sprayed 

in to the melt pool [20]. This excess powder would drop on to the deposit and stick in a semi 

solid state. At the lower section of the build (near to the substrate) the build cools down 

substantially due to the heat sink effect of the substrate. When the next layer is deposited, the 

laser energy supplied is used up in heating the cold layer and completely melting these semi 

solid particles which are stuck to the end of the melt-pool. This can be explained by the 

thermal model in chapter 5, where the temperature attained by the substrate during pre-

heating is around 1336 °C which is raised to 1808 °C during the first layer of deposition. As 

the deposition progresses, a heat build-up is observed where the build reaches a temperature 

of 2003°C at the 14th layer of deposition (The temperature distribution and the melting of the 

layers in clearly shown in Figure 5-9). So, this heat build-up is spread across 2 layers as we 
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go up the build, which would help in re-melting and consolidation of previous layers, thus 

melting the excess powders sprayed during the deposition.  

 

Figure 6-6 show the {100} pole figures generated from the EBSD maps for both builds, with 

build direction along the growth direction (Z). The {100} cubic texture appears to have an 

approximate tilt of 30° to the Z-direction. B2 shows a slightly stronger cubic orientation 

(4.5× random) than B1 (3.3× random). During solidification for FCC metals, <100> direction 

is the favourable growth direction along the heat flux [73] as is observed here. The tilt in the 

orientation of the grains is due to the moving heat source, where the grains would tilt towards 

the heat flux direction. Figure 6-6.c & d show the pole figures for the entire (1 mm × 5 mm) 

maps, which show a more random texture. From this, it can be inferred that the builds have a 

random macro texture, with the individual layers showing a weak cubic (micro) texture.   
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Figure 6-5: EBSD maps for Unidirectional (a), bidirectional deposits (b). The dotted boxes 

show the equiaxed grain regions. 
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Figure 6-6: {100} pole figures plotted parallel to the Z direction, on one layer of a) B1 and b) 

B2 depositions, and of the entire map for c) B1 and d) B2 (bottom picture shows the 

schematic of the build with directions). 

 

6.2.2 Effect of Laser Power 

To study the effect of laser power on the microstructure, builds were made with higher laser 

powers than used for B1 and B2 of 474, 580, 693 and 910W, while keeping the other process 

parameters of scan speed (200 mm/min) powder flow rate (18g/min) and bi-directional 

deposition path constant. At 910W, laser power as the build approaches the nozzle, the 

powder flow rate was reduced to 5g/min (builds B3) to avoid contact.  
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Figure 6-7.a shows the dendrite orientations with increase in laser power to 910W in B3, 

where the dendrites are aligned at an angle of ~80˚ to the substrate, suggesting that the 

resultant heat flux is almost vertical. Furthermore, the demarcation between the layers seen in 

the case of low power deposition was not observed, (Figure 6-1.a & b). It is clear that the heat 

input was high enough in B3 for the dendrites to grow epitaxially, rather than by re-

nucleating across the layers. After the losses due to power attenuation and radiation, it is 

known that only a limited fraction of the laser energy (as low as 4%) is consumed in melting 

the powder, whereas ~90% of the laser energy is absorbed by the substrate or the prior layers 

[18]. It is believed that the continuous high power heating increased the melt pool 

temperature as well as completely re-melting the previous layer so that the dendrites grew 

from the previous layers, and hence no demarcation was observed between the layers. 

 

Figure 6-7: a) Optical micrograph showing the dendrite orientations in B3 and (b) a 

schematic illustration of the heat flux directions (not to scale). 

6.2.2.1 Grain Size 

 To investigate the variation in grain morphology and grain size with laser power, SEM 

micrographs were taken for the various laser powers, covering a large area of 2 mm × 2 mm. 

From Figure 6-8, it is evident that with increase in laser power the grains get more columnar, 

with the demarcation between the layers diminishing. At 390W, most of the grains are 60-

80µm in length with an aspect ratio of around 2-3. With increase in laser power to 580W the 
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grains grew longer and more columnar with most of the grains with their feret max (Fmax) in 

the range of 100-200 µm with an aspect ratio of 3-5. At a power of 910W and powder flow 

rate of 12g/min the grains grew more columnar with large areas of the micrograph having the 

Fmax of the grains in the range of 200-400µm and an aspect ratio of 5-10 (Figure 6-9). 

Decrease in the powder flow rate to 5g/min (B3) resulted in the creation of long columnar 

grains (2-3 mm long, with an aspect ratio of ~30) in the plane of sectioning (Figure 6-8.f). 

These columnar grains contain elongated regions which are bright and therefore of higher 

atomic mass suggesting that the powder is completely melted and cooled slowly causing 

segregation in the high atomic mass elements. These large columnar grains were seen 

previously by Moat et al. [10], when using an energy density of 11.75J/mm
2
 in Waspaloy™ 

for a pulsed ND:YAG laser. It is clear that the different deposition strategies and the high 

laser power resulted in considerable microstructural changes in the grain size and 

morphology. It is likely that this would also result in differences in the texture. 
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Figure 6-8: BSE micrographs showing the influence of laser power on the grain morphology 

and size at a constant scan speed of 200 mm/min in bi-directional laser deposits: a) 390W, b) 

474W, c) 580W, d) 693W (all at a powder flow rate of 18 g/min), e) 910W at 12 g/min, and 

f) 910W at 5 g/min (B3). 

 

 

   

Figure 6-9:(a-c) Variation in grain size with laser power at 390, 580, and 910 W (12 g/min) 

and the aspect ratio for the corresponding grain sizes (d-f). 
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6.2.2.2 Texture: 

To compare the texture and grain orientation in high power builds, an EBSD map was created 

from bottom to top of B3 covering a large area of 2 mm × 8 mm for the build in Figure 6-9.f.  

The build initially started with small columnar grains, progressing to very large columnar 

grains. It is important to note that the substrate was a rolled IN718 sheet, with a uniform fine 

grain rolled structure. Following the initial pre-scan, the first grain layers (at the build-

substrate interface) form by nucleation from the existing grains. As reported by Hofmeister et 

al. [109], high laser powers are associated with lower cooling rates. The melt pool 

temperature gradually rises with the increase in the build height due to the reduction of the 

heat sink effect of the substrate. As a result, the grain structure gets coarser with increase in 

the build height. Furthermore, it would be expected that the high melt pool temperature and 

the continuous heat flux during the bi-directional high power deposition would lead to 

complete re-melting of the previous layers, leading to epitaxial growth of the grains. 

Eventually, while depositing the final layer in the build the heat input is discontinued, leading 

to rapid cooling. Due to this a demarcation is observed in the final layer with small columnar 

grains. 

It is known that solidification under varying conditions leads to three different grain 

morphologies, 1) fully columnar, 2) columnar plus equiaxed, and 3) fully equiaxed. Different 

morphologies can be obtained by controlling the thermal gradient (G) and the solidification 

rate (R) from the bottom to the top of the melt pool. There are various process parameters 

(e.g. laser power, travel speed, substrate temperature and beam diameter) that affect the G 

and R-values, which in turn influence the grain morphology of the sample. Process maps 

were developed by Gaumann et al. to predict the transition from equiaxed to columnar 

microstructure, based on Hunt’s model for columnar and equiaxed growth of dendrites [129], 

where a lower G/R ratio would provide columnar growth. Studies by Gauman showed that an 
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increase in laser power would lead to higher G/R value, promoting equiaxed growth. 

However, the nucleation sites (N0), also play an important role for columnar to equiaxed 

transition temperature (CET) where more nucleation sites promote equiaxed grains. With an 

increase in powder flow rate, the number of nucleation sites would increase, thus promoting 

equiaxed grains at lower powers. At lower laser powers, columnar growth would start at the 

bottom of the melt-pool, however due to high powder flow rate, the number of sites increases. 

The higher laser powers give a larger and deeper melt pool, which increases the mean value 

of R. If acting alone, this would have increased the tendency to form equiaxed grains. 

However, the large melt pool also promoted vigorous Marangoni flow. There is also evidence 

of more superheating in the melt-pool which could increase G [130].  

In the current study, at lower laser powers, re-melting of the previous layer is limited by the 

cold substrate, leading to equiaxed partially melted powder particles at the layer interfaces. 

Although a columnar grain structure is observed within the layers at lower laser powers as 

suggested by Gaumann et al., the grains are not completely columnar throughout the build. 

Also, the fine grain zone between layers disappears as the build progresses, due to heat 

accumulation and sufficient energy to partially or fully re-melt the previous layers. This heat 

accumulation in the build was previously measured by Pinketron et al. in thin walled 

waspaloy [130]) although single crystals or large directionally solidified columnar grain 

structures are not achieved. For the condition with low powder flow rate and high laser power 

(as in Figure 6-9.f), the laser power is increased as the powder flow rate is decreased which 

gives fewer nucleation sites (N0), hence encouraging more columnar growth. Also, at such 

high laser powers, complete re-melting of the previous layer would occur and the dendrites 

would grow from the previous layers, rather than nucleating independently. 

The columnar grains in the build tend to tilt towards the resultant heat flux direction, which is 

from the side to the centre of the build, as the sides are cooler than the centre due to 
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convection losses (schematic shown in Figure 6-10.b). Preferential grain growth was 

observed, where the grains, which were not growing along the heat flux direction, are 

suppressed to give way for the grains that have the favourable orientation. This behaviour is 

generally seen during directional solidification [44].  

The other interesting feature that was observed in the builds was that the edge of the build 

had columnar grains that were more vertical than those in the centre, as shown in Figure 

6-10.b. At the edge of the build, where the laser beam path is reversed, the laser would stay 

for a longer time than in the remaining part of the build. This leads to a higher temperature in 

this (edge) location. From the temperature predictions in the thermal model in chapter 5 for 

thick walled builds, Figure 5-9, the edge of the build is predicted to reach a maximum 

temperature of 2309°C compared to other locations of the build at (~ 2003°C). Also, at the 

edges of the build, re-melting is predicted to be present for 2 subsequent layers, whereas in 

the centre re-melting observed only for half of the previous layer. This higher heat 

accumulation and complete re-melting of the previous layers would have caused the grains to 

nucleate from the previous layer rather than independently nucleating, thus giving rise to 

vertical grains at this particular location of the build. 

B3 also showed a strong texture (21× random), where the microstructure resembles a 

directionally-solidified structure, with a preferred orientation, whereby the grains grew 

epitaxially parallel to the {001} planes, as this is the crystallographically favoured orientation 

for FCC alloys [45]. A fibre texture was observed instead of the cubic texture. This can be 

attributed to the moving heat source where back and forth movement of the heat source 

would constantly rotate the grains as well in this heat flux direction giving an overall fibre 

texture. This fibre texture was previously observed in DLF Ni-superalloys by Pinketron and 

Moat et al., even when a pulsed laser was used [15, 107]. 
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Figure 6-10:a) IPF coloured EBSD map showing large columnar grains in B1  b) A schematic 

diagram of the grain/ dendrite orientation of the entire build (not to scale) with the dotted box 

showing the region mapped by EBSD, and c) {100} pole figure plotted parallel to Z (growth 

direction). 
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6.2.3 Summary 

The process parameters have a significant influence on the microstructure. The grains orient 

along the moving heat flux direction, giving banded grain morphology for low laser power. 

With increase in laser power, the grains tend to grow completely as columnar grains as in 

directional solidification; a potential approach to improve the creep properties. Semi-solid 

powder particles were observed at the lower layer of the build, which could potentially cause 

mechanical failure in the build. These un-melted particles could be reduced by using a lower 

powder flow rate during the deposition of the initial layer near the substrate, or by employing 

a deposition path which involves less cooling between layers (bidirectional deposition path in 

this case), or to use higher laser powers in the first few layers. The deposition has an overall 

random texture at low laser powers where deposition path has a very little influence on the 

texture, whereas an increase in laser power led to significant microstructural changes from 

random oriented into strong texture, showing that the development of texture is dependent on 

the laser power.  

 

6.3 Effect of Scan Strategy on Grain Structure: Thick Walled build (Stage 

II) 

To mitigate the grain size and texture inhomogeneities, a scan strategy was employed by pre-

heating each layer of a build, as well as giving a delay between the layers of deposition. 

Figure 6-11 shows the effect of scan strategy on the microstructure of the build. From Figure 

6-11.a, a normal deposition (without any scan strategy), it can seen that the grains are 

contained within each layer, with smaller grains at the bottom of the build, which increase in 

size as the build progress. Also, the demarcation between the layers slowly starts to 

disappear. The grain size was around 70µm, with a maximum grain size of 200µm and the 
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average grain size has increased to 120µm with some grains as big as 800µm. This can be 

seen in the top portion of the EBSD map, where the grains were larger and growing from the 

grains in the previous layers, rather than independently nucleating at each layer. This can be 

explained by the thermal model, Figure 5-9, where at the bottom portion of the build (until 4 

layers of the build), the previous layers would only re-melt at the top portion and as the build 

progress, the previous layers are completely re-melted (due to heat accumulation) and the 

grains would grow epitaxially from the previous grains rather than nucleating independently. 

Figure 6-11.b shows the EBSD map for a deposition path with a delay. The grain size 

distribution was found to be more uniform throughout the build, when compared to a normal 

deposition with a demarcation at each layer interface. The average grain size of the build is 

around 75µm for all the layers with a maximum grain size of around 300µm at the middle of 

the build. This can be explained by the temperature profile obtained from the thermal modal 

(the delay strategy, Figure 5-18). The temperature reached by the layer is around 1804°C 

which remains the same throughout the build. The layer cools down during the delay with no 

heat accumulation in the build. This caused the melt pool to heat only a small top portion of 

the previous layer, which may not provide sufficient energy to re-melt the previous layers, 

making it difficult for the grains to grow epitaxially from previous layers. Rather, the grains 

would nucleate independently at each layer giving a uniform and fine microstructure 

throughout the build.  

 



Chapter Six                                                        Microstructure and Texture Evolution in DLF 

 

203 

 

 

Figure 6-11: EBSD maps (2 mm × 5 mm area from bottom to top)  in the XZ plane of the 

thick walled samples, showing the grain distribution in different scan strategies a) long b) 

long+ delay c) long+ post scan (with other process parameters constant). 

 

  Figure 6-11.c shows the EBSD map for a deposition path with a post scan strategy, where it 

can be seen that there is significant grain growth in the build after 4-5 layers of the build. The 

average grain size of the deposit is around 150µm for the bottom layers, with Fmax of 500µm 

for the bottom five layers. As the build progress, the Fmax was observed to be around 

1400µm. The large grain size could be due to the large amount of heat accumulation during 
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post scanning, where the layer would be heated by a laser beam nearly to its meting 

temperature without any powder that could initiate the grains to grow from the previous 

layers. 

Figure 6-12 shows the pole figures for all the scan strategies. It becomes evident that long 

and long + delay deposition paths have a very weak cube to fibre texture (2.7 × random for 

long and 1.5 × random for long + delay strategy), similar to that observed in the thin walled 

samples. Conversely, the post-scan strategy showed a strong cube texture (10.5 × random) 

with a slight tilt from the centre. The very strong texture in this specimen is due to the 

epitaxial growth of the grains from the previous layer of the same orientation. 

 

Figure 6-12: {100} nickel pole figures plotted as seen from the top of the build for a) long b) 

long+ delay c) long+ post scan strategy for the maps in Figure 6-11.  
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6.4 Microstructural Development in DLFed Solid Blocks (Stage III) 

The grain morphology and texture in the XZ plane (i.e., the plane parallel to the growth 

direction) was studied for thin and thick walls, which reflect the conditions used in repair 

applications. It is also important to study the bead morphology in a three-dimensional build 

profile, to understand the microstructure of the build due to scaling-up to solid blocks, which 

is generally used in actual near net-shape parts or hybrid manufacturing. The grain 

morphology and distribution in all the three planes of the build was investigated.  Then, a 

three dimensional view of a melt pool was constructed schematically based on the EBSD 

maps of the three planes of a single bead. 

Figure 6-13 shows the bead morphology of the build in the XZ plane. The bead morphology 

resembles those commonly observed in multi-pass welds.  Figure 6-13.a shows the layered 

structure where the alternate layers show the front view and side view of the bead (as marked 

as FV and SV in Figure 6-13.a). It was observed that the bead size is slightly larger and non-

uniform at the bottom (close to the substrate), and becoming more uniform at the top layers; 

the differences can be attributed to the rapid cooling rates in the first layers close to the 

substrate. Figure 6-13.b shows the top view of the build with the hatched type morphology, 

which is similar to the used deposition path (Figure 3-4). 
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Figure 6-13: Optical micrographs for the solid block structure showing (a) the XZ plane 

(showing beads from bottom to 5 mm) and (b) the XY plane (taken at a plane 5 mm from the 

substrate) ; schematic showing the locations from which the micrographs were taken. 

6.4.1 Bead Morphology: 

Figure 6-14.a shows the microstructure of a single bead taken from the top layers of the build. 

The bead looks more elliptical than the bottom layers, which are more circular. The variation 

in bead shapes can be observed by comparing Figure 6-14.a, to the SEM micrograph and 

EBSD map taken from the bottom layers of the build (Figure 6-14.c). It was observed that the 

dendrites grew from the bead boundary to the centre, and were mostly contained within the 

single bead boundary (i.e. within the laser pass), unlike in previous studies where the 

dendrites were found to traverse to the next layer [12, 23]. The reason for this contradiction 
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could be the fact that the laser power (the heat input) is lower in this study, than in previous 

work [126]. The dendrite transfer can also be seen in thin walled builds with increase in laser 

power (in section 6.2.2). The dendrites were generally fine, with 5µm arm spacing due to the 

high cooling rates associated with DLF, which is also seen in thin and thick walled samples. 

An EBSD map was constructed on the bead that was taken from the lower layers to 

understand the grain size distribution. It was found that there is a bimodal grain size 

population across the bead which was previously reported by Liu et al. [23]. Generally, a 

single bead can be divided into three regions (Figure 6-14.c): 

Region A: Containing very fine equiaxed grain region in the bead boundary, with a mean 

grain size of ~ 5μm (equivalent diameter, DEq). This region was thicker at the bottom layer, 

than in the top layers. 

Region B: Exhibiting a columnar zone from the boundary to the centre with a mean size of 

~50-100μm and an aspect ratio of 2-5. 

Region C: Coarse equiaxed to elongated grains at the centre, with a mean size of ~10-20μm 

and an aspect ratio of 1-2. 

          

Figure 6-14: Microstructure of DLF IN718 solid block in the XZ plane, showing (a) an 

optical micrograph for the bead morphology showing the dendrites (white bands) protruding 

from the bead boundary to the centre, (b) BSE SEM micrograph of a bead showing columnar 

grains from the bead boundary to centre, and (c) IPF, map of the bead showing the grain 

morphology with different regions marked as A, B and C. 
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The very fine grain zone (Region: A) is similar to the one observed in the bottom layers of 

thin-walled samples, which contain un-melted powder particles. As a Gaussian distribution is 

assumed for the laser beam power in laser deposition, the maximum temperature would be 

expected to be at the centre of the beam, resulting in the maximum thermal gradient being in 

the direction from the edge to the centre of the bead. As a result, the first grains to nucleate 

are the ones along the maximum thermal gradient, growing epitaxially from the bead 

boundary to the centre (Region B). The third region at the centre (Region C) appears to be an 

equiaxed zone which was previously observed at the centre of the weld bead in aluminium 

alloy welds[85].  It is expected that as the dendrites grow from the bead boundary to the 

centre, solutes will be rejected (as in casting), resulting in increased nucleation, and hence 

forming the equiaxed grains zone at the centre [73]. At the front view of the bead, these 

grains could also be a cross section of columnar grains at the centre. In order to confirm this 

and also to simulate the bead morphology, EBSD maps were constructed on the three planes 

of the build. 

Figure 6-15.a shows the EBSD micrographs of the different planes of the build. From the YZ 

view, it can be seen that the deposition has a layered structure with columnar grains growing 

from the substrate, then an equiaxed grain band, followed by a columnar band again. It is 

known that the consecutive layers are perpendicular to each other. Thus, the grains in the 

second layer could be still columnar, but look equiaxed as this layer is seen in a plane 

perpendicular to the laser beam. Based on the EBSD data, a 3D bead-shape model can be 

generated to visualise the grain morphology in the deposited layers, Figure 6-15.b. It can be 

suggested that the bead possibly has an ellipsoidal shape, based on the microstructural 

observations (Figure 6-14 and Figure 6-15.a), which resembles the model suggested by 

Suutala [15] for the beads formed in stainless steel fusion welds produced using similar 

speeds (300  mm/min). However, the top view (i.e. plane XY) of the build suggests that the 
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grains are not completely equiaxed, but have a combination of these and elongated columnar 

structures. 

    

Figure 6-15: (a) Inverse pole figure (IPF) map showing the XY, XZ and YZ planes of the 

build, (b) Schematic showing 3D bead morphology. 

 

Figure 6-16 show the EBSD mapping of the top plane, mapped at mid-height of the build, 

and showing two deposition passes. The grain structure, due to the alternate deposition 

passes, resembles a weld microstructure [202] , displaying a generally random texture with 

very weak {100} cube texture for the two layers. The columnar grains tend to be oriented 

along the maximum thermal gradient, which is along the centreline of the moving heat 

source. The deposition path follows a zigzag pattern, where the two passes are in opposite 

directions. Each pass is ~500μm wide, with an overlap of 300μm. This overlap was 

maintained in order to obtain a porosity free build. It is believed that when the second pass 

intersects the first pass, the columnar grains would melt and form a re-melted zone, which 

has equiaxed grains. 
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Figure 6-16: IPF map of the XY plane (top view) of the build showing the overlap of two 

passes, and the corresponding pole figure for the two layers. 

6.4.2 Grain Size 

Figure 6-17.a shows the grain size distribution of the solid block in a 1 mm × 1 mm 

(measured in the area shown in Figure 6-16). The grain structure shows a bi-modal 

distribution, with 65% of the examined area covered by columnar grains of size of 50-

100µm, and 15% with grains in the size range of 10-20µm with very few grains at the centre 

of the build having grain size above 100µm. Figure 6-17.b shows the maximum and average 

grain size measured in an area of 1 mm × 1 mm area from the top to the bottom of the build. 

The average grain size tends to increase from the bottom to the top of the build. For the top 

layers of the build, the heat sink is the previously deposited hot layer, unlike the bottom 

layers where the heat sink is the cold substrate. As the heat does not get dissipated much in 

the top layers, the grains tend to grow slightly larger than the layers below. There is an 

exception in the first layer, due to the pre-scan employed before deposition (to improve the 

build-substrate bonding) which makes the substrate hot for that moment. In the final layer, 

there is no heat from the laser and the layer cools down very quickly. This is the reason for 

the decrease in the maximum grain size at the uppermost layer. The reason for the very low 

mean grain size (20-30μm) is the very fine grains present at the bead boundary. The mean 
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grain size increases slightly as the build progresses from the bottom to the top. These fine 

grains could be un-melted semi-solid particles as seen in thin and thick-walled builds in the 

previous sections. These fine grains were previously observed by Blackwell [2] on the 

fracture surface of a laser build. Although the build produced a fine grain structure, the grain 

size distribution suggests that the build has non-uniform grain size distribution throughout the 

build due to difference in the cooling rates present at different locations of the build. Due to 

this the grain growth may not be uniform during post deposition heat treatments. 

 

 

Figure 6-17: (a) Grain size distribution in a 1 mm × 1 mm area at the centre of the build, and 

(b) grain size variation from the bottom to the top of the build.   
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6.4.3 Grain Selection and Texture: Influence of substrate texture 

In repair or hybrid manufacturing, it is important to understand the effect of the substrate 

condition (e.g. forged, cast, single crystal) on the build microstructure especially to see if the 

grain orientation in the build would follow the substrate orientation. In order to see this effect 

clearly, the build was deposited on a very large grained cast substrate. Figure 6-18 shows the 

EBSD map of the XZ plane of the build, showing 3 mm of the build from the substrate. The 

EBSD map showed a large grain at the bottom, which is the cast substrate, whereas the build 

itself shows a banded structure, with alternating bands showing the front (represented as X) 

and side (represented as Y) of the melt pool. This is due to the use of hatched type deposition 

path, where each layer is deposited perpendicular to the next layer. The build showed large 

non uniform beads at the bottom as observed in the optical micrograph (Figure 6-13.a). In the 

first few layers, the build is closer to the cold substrate and the melt pool would solidify 

rapidly producing non-uniform beads sizes whereas in the top layer of the build (image taken 

at 6 mm from the substrate, Figure 6-18, Xn) uniform beads are observed. This problem 

could be mitigated by increasing the laser power and scan speed, while decreasing the 

powder flow rate in the initial layers. After a few layers of deposition, when the build is away 

from the cold substrate, the porosity due to un-melted particles caused by limited heating of 

the melt pool would decrease. 
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Figure 6-18: EBSD map from the bottom to the top of the XZ plane of the build. 
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Figure 6-19: Pole figures plotted at different layers of the build as marked in Figure 6-18. 

 



Chapter Six                                                        Microstructure and Texture Evolution in DLF 

 

215 

 

In order to trace the grain selection along the build height, pole figures were plotted at 

different locations of the build, Figure 6-19. Microtexture {100} pole figures were 

constructed from the different locations of EBSD data (marked in Figure 6-18), keeping the 

growth direction (GD) parallel to the deposition direction. Clearly, the substrate is a single 

coarse grain, with a strong orientation, Figure 6-19.a. Interestingly, the first layer (X1) of the 

build has almost the same texture as the base plate (Figure 6-19.b), but slightly weaker (14× 

random) and oriented towards the growth direction, which highlights the influence of the 

substrate grain structure and microtexture on the nucleation of the grain structure in the first 

layer. Generally, for a cubic crystal, <100> is the favourable growth direction during 

solidification [203].  

The second layer (X2) showing the fine grains, which originate from the side of the melt 

pool, show a <100> fibre texture which is 9× random (Figure 6-19.d). In solidification, fibre 

textures are more common, whereby the grains tend to be oriented along the moving heat 

source meanwhile growing parallel to the <100> direction, giving a fibre texture. The fibre 

texture was previously observed by Moat et al. in laser fabricated Waspaloy [15] and by 

several authors in other alloys [3, 10, 204]. However, this fibre texture is seen at the edge of 

the melt pool, whereas as we move to the centre of the melt pool a cube texture is observed 

(as seen in Figure 6-19.a &c, where the texture on the centre of the melt pool is plotted). In 

the edge of the melt pool, the maximum thermal gradient occurs. As the melt pool cools 

down the edges of the melt-pool would try to orient themselves along the heat flux direction. 

Whereas at the centre of the melt-pool the melt-pool remains hot for little long time giving 

the grains sometime to orient themselves in a cube fashion (the favourable growth direction 

for FCC metals) 

As the build progress, the texture is similar to the base material however, it has weakened 

substantially (2 × random at 2 mm from the base plate, Figure 6-19.c & e). Further up in the 
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build, the influence of the substrate texture slowly decreases to a random orientation. The 

layer, which is around 6 mm from the substrate, shows a weak cube texture (Figure 6-19.f), 

showing that the build has a similar orientation to the substrate only for the first few layers, 

and later no obvious influence of the base plate texture can be found.  Figure 6-19.g shows 

that the macro-texture of the entire build is random. The reason for this is that there is a 

disruption in the texture from layer to layer because of the changing heat source direction in 

each pass. In other words, the grain orientation in layer n and n+1 are in opposite directions, 

forming a disruption in the macro-texture. 

6.5 Precipitation in DLF of IN718 

Figure 6-20 shows the optical micrographs of thin walled sample at the bottom, middle and 

side of the build. From the figure it is seen that the bottom and side of the build has a larger 

number of precipitates/dendrites than the middle. On examination with an SEM it is evident 

that the precipitation in the middle and the side of the build is similar, however the dendrites 

are slightly closer and oriented in a particular direction compared to the middle where the 

dendrites are random. The fine dendrites oriented in a certain direction compared to coarse 

random dendrites at the centre, could be due to very fast cooling rates present at the bottom as 

well as the sides of the build. Figure 6-22 shows the hardness contour for the entire build. 

From the figure we can observe that the hardness at the bottom and edge of the samples is 

slightly higher, which could be due to fine dendrites present here.  

From Figure 6-20.a, it was found that the microstructure in the build had a dendritic 

morphology, with primary dendrite arm spacing (DAS) of ~ 5μm, which is comparable to 

other observations of laser deposited Ni-superalloys [199]. The hardness of the build was ~ 

240VHN which is lower than wrought IN 718 (~ 440 VHN for a solution treated and aged 

condition [52]) but slightly better than cast IN718 (180-200VHN for 50µm dendrite arm 
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spacing [205]). From Figure 6-23 it can be seen that the hardness does not vary much with 

the deposition path, but an increase in hardness was observed with increase in laser power up 

to 40VHN.  

       

Figure 6-20: Optical micrograph of B1 sample etched with Kelling’s reagent showing 

different regions of the build: a) bottom b) middle and c) side. 

 

 

Figure 6-21: BSE micrographs showing the dendrite morphology at the a) bottom, and b) 

middle of the builds for the sample in Figure 6-20. 
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Figure 6-22: Hardness contours in the thin-walled samples (B2 sample). 

 

      

Figure 6-23: Hardness development due to DLF, showing: a) hardness traces (from bottom to 

top) in B1 and B2 samples b) Variation in hardness with laser power keeping the other 

process parameters constant (measures at the centre of the build taken from an average of 10 

points). 

 

Figure 6-24 shows high magnification micrographs for the precipitates for 390W (B2) and 

910 W (B3) laser powers. As is evident, DLF generated a unique precipitate structure due to 

the rapid solidification associated in this process. Generally, both B2 and B3 builds showed a 

dendritic microstructure, with considerable segregation within the dendrites as is apparent 

from the contrast levels in the BSE images. White irregularly-shaped precipitates were 

observed in the inter-dendritic regions. Some differences in the precipitates structures were 
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observed between the two builds. The size of the precipitates was ~1-2μm in B2 whereas in 

B3 the precipitates are larger (high power builds), with less diffuse etch response around the 

precipitates, probably due to reduced segregation, in the low power deposits. The precipitates 

were oriented in the growth direction of dendrites (i.e. the solidification direction), and the 

size of these precipitates was around ~20-30μm (Figure 6-24.a), with a few precipitates as 

long as 100μm (Figure 6-24.b). EDS analysis showed that the precipitates are rich in Nb, Mo 

and Ti, which are the principal elements of the Laves phase (Figure 6-25).  

Furthermore, the area around these precipitates was also Nb-rich (segregation), compared to 

the matrix but lower than the precipitate content. The Laves appears to form in the inter-

dendritic regions due to solute rejection during solidification. Laves phase are irregularly-

shaped precipitates which form due to Nb segregation, with the other alloying elements to 

form phases of a typical composition of (Ni, Fe, Cr)2(Mo, Nb, Ti), instead of γ'' (Ni3Nb). Qi 

et al. previously observed precipitates with similar morphology and composition in DLF 

IN718 builds, and this was also confirmed as being the Laves phase [22]. This phase is 

detrimental to the mechanical properties, and would affect the liquation crack sensitivity 

[206], but it can be dissolved into the matrix by certain heat treatments.  
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Figure 6-24: BSE SEM micrographs showing the intermetallic precipitates in (a) B2 (lower 

inset shows the  and Laves phases at higher magnification) and (b) B3 (lower inset shows 

the δ needles at Laves phases and carbides at higher magnification). 

 

Other than Laves, a few faceted precipitates (marked as carbides in Figure 6-24.a & b) were 

observed, which have been observed previously by Qi et al. [22], in laser deposited IN718 

samples. The faceted carbides are generally primary MC-type carbides, with M being Ti, Nb 

and Zr [31]. EDS analysis showed that these carbides are rich in Ti and Nb (Figure 6-25). 

Very small globular precipitates (around 200-300 nm) were also observed, which have a disc 

shaped morphology and could thus be γ' precipitates. Line scan showed that the phase is rich 

in Ti, Nb and Al the principal elements of the γ' (Figure 6-25.b). The precipitates are too 

small to exactly measure the composition and confirm them to be γ’. TEM analysis needs to 

be carried out on these particles in the future to confirm these phases. 

At high laser power, there were needle-like structures protruding from the precipitates, which 

resemble the δ phase morphology [207]. They were also observed by Clark et al. in MIG 

SMD processing of IN718 [208]. In general, precipitation of δ phase occurs following ageing 

for less than 100h at a temperature range of 750°C to 1000°C, with maximum precipitation 
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occurring at 900°C at the grain boundaries. Azadian et al. [207] stated that δ precipitation can 

start at lower temperatures at stacking faults in the γ'' phase. δ phase has been also observed 

emanating from NbC particles, apparently providing the Nb required for its formation [63]. 

Because of the high laser power and the continuous heat input, the deposit layers could 

possibly stay at high temperatures for a considerable time [208], leading to the formation of δ 

needles at the stacking faults and also at the MC-type carbides. These δ needles can be seen 

protruding from the Laves phase, Figure 6-24.b, which could have provided the Nb for their 

formation. These needles were not observed in the low power builds due to the lower heat 

input, which was not enough for these needles to nucleate. Although δ phase is generally 

detrimental for the mechanical properties, proper morphology of these precipitates at grain 

boundaries could improve the creep property of these materials [59].   

 

Figure 6-25: (a) BSE SEM micrograph of sample B2 showing a number of EDS point scans, 

and their respective chemical compositions of the various precipitates (b) EDS of sample B2 

showing the composition of line scans  of γʹ phase. 

 



Chapter Six                                                        Microstructure and Texture Evolution in DLF 

 

222 

 

Figure 6-26 shows the SEM micrograph of the precipitates of solid blocks (stage III), which 

were found to have a similar microstructure, with segregation and Laves as in the thin-walled 

builds (stage I). However, the amount of segregation and the Laves phases are slightly less in 

solid blocks than in thin walls. This is due to the different cooling rates associated with the 

DLF of the solid blocks when compared to thin walls. From the literature, it is known that a 

welding processes with lower heat input and higher cooling rates produces less Laves phase 

[67]. In solid blocks, the laser would take a longer time to deposit the next layer, than in the 

thin walled builds, where the laser would come back immediately to reheat the materials. So, 

in thin walls the build would stay hotter for a longer time giving more Laves phases than in 

the solid blocks. 
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Figure 6-26: The precipitation in DLF solid blocks with inner figures showing carbides and γʹ 

phases. 

 

As Laves phase is detrimental to the mechanical properties, a complete homogenisation 

treatment at 1093 °C was required to dissolve the Laves phase into the matrix [22]. Figure 

6-27 shows the development in hardness across the build for thick wall samples, where the 

hardness of the as-deposited condition was around 270 VHN when compared to the substrate, 

which is from a rolled billet of hardness around 470 VHN. The reduction in the hardness was 

due to Nb segregation and Laves phases (Figure 6-27.b), retaining the alloying elements 
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required for the hardening phases (γʹ and γʹʹ). The hardness in the substrate reduced gradually 

up to 1 mm below the build, due to depletion of precipitates in the HAZ region (as shown in 

the inner figure in the left hand corner in Figure 6-27). 

 

Figure 6-27: Variation in hardness in the deposition and substrate for thick walled samples 

before and after heat treatment. 
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Figure 6-28: (a)Precipitates after solution and ageing heat treatment showing γʹ at the grain 

centre and δ and carbides at the grain boundaries (inner figures showing the enlarged images 

of the precipitates; (b) γʹ (c) carbide and (d) δ needles). 

 

The hardness was restored to 470HV with solution + ageing treatment, where the Laves 

phases were completely dissolved into the matrix. During the ageing treatment the γʹ 

precipitates out in the matrix (Figure 6-28.b). The amount of γʹ is much higher and the size of 

this phase has doubled to 500nm after heat treatment, when compared to as-deposited 

condition (around 200nm). However γʹʹ is not observed under high magnification SEM. The 

solution heat treatment (1093°C) is not enough to dissolve the carbides at the grain 

boundaries, Figure 6-28.c, which could act as favourable sites for the incoherent δ needles, 



Chapter Six                                                        Microstructure and Texture Evolution in DLF 

 

226 

 

Figure 6-28.d, to grow at the boundaries. Further analysis by TEM is required to see if the γʹʹ 

phase is present and also to confirm if the round 500nm precipitates are γʹ.   

Table 6-1: Composition of various phases in laser deposited IN718. 

Predicted 

Phases (Wt %) 
Al Si Ti Cr Fe Ni Nb Mo 

Matrix 0.2 0.1 0.4 18.9 18.6 55.1 3.6 3.1 

δ 0.1 0.3 1.2 14.8 13.9 47.5 18.6 3.6 

Carbide 0.5 0.1 2.34 17.7 14.8 46.3 15.6 2.8 

γʹ 3.3 0.0 31.8 1.8 2.4 40.5 17.8 2.3 

Composition of 

powder 
0.29 0.14 0.9 18.2 18.9 53.3 5.1 3.1 

6.6 Effect of Heat Treatment on grain structure: Study on Thick Wall 

Samples (stage II) 

After homogenisation, solutionising and ageing heat treatments (HSTA), recrystallisation was 

observed in the substrate. However, the build had the same columnar grain structure, Figure 

6-29. The substrate was cut from a forged billet with a very fine microstructure of around 10-

20µm grain size, with columnar grains in the build. As the heat treatment temperature was 

not sufficient for melting the carbides, which are potentially the grain boundary pinning 

phases, no significant changes occurred in the grain morphology after HSTA heat treatment. 

Also the standard heat treatment cycle would precipitate δ phase at the grain boundaries 

instead of γʹʹ phase. The presence of δ phase at the grain boundaries has been reported to be 

beneficial for enhanced ductility and toughness as this fine acicular δ phase at the grain 

boundaries provides an irregular morphology to the grain boundaries and thereby restricts 

grain boundary sliding and improves fracture ductility [22, 64]. However, the δ phase would 

pin the grain boundaries, limiting the extent of recrystallisation in the build. A heat treatment 

cycle has to be designed in the future to completely dissolve the Laves phases to precipitate 

γʹʹ and γʹ phases instead of δ phase. And also to completely dissolving the carbides, which pin 
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the grain growth and avoid recrystallisation to occur giving uniform grain morphology which 

could result in improved mechanical properties.  

     

Figure 6-29:EBSD map showing the grain distribution of the build and the substrate in the (a) 

as deposited condition and (b) after solutionising and ageing heat treatment at 1093°C (with 

process parameters as in Figure 6-11.a). 

6.7 Summary 

  The effect of various DLF parameters, in addition to post processing, on microstructural 

development can be summarised as follows: 

Effect of deposition path: 

 The deposition path showed a significant difference in the dendrite orientation but only a 

slight variation in the grain size. However in unidirectional deposition path the first few 

layers showed more partially melted powder particles than in bidirectional deposition. The 

deposition paths did not show any variation in texture and precipitate morphology.  
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Effect of laser power:  

Unlike the deposition path, the laser power showed a profound influence on the grain size, 

precipitate type and morphology, and texture. The grains grew bigger and more columnar 

with high laser power and showed more fibre texture than the lower power builds where 

small columnar grains with random texture were observed. The laser power also has an 

influence on the precipitate morphology, where increase in laser power increases the size of 

the Laves phases. Also some δ needles are formed at the Laves phases, which slightly 

increased the hardness of the build.  

Effect of scan strategy:  

A variation in scan strategy showed a significant variation in the grain size and morphology. 

A delay in deposition between two layers showed a more uniform small grain pattern than a 

normal build where the grains grew big as the build progressed. Thermal modeling suggested 

that during delay between the layers, the build would cool down substantially and promote 

independent nucleation between layers whereas with no delay a heat build-up is observed and 

the grains tend to nucleate from the previous layers. With a post scan between the layers, the 

grains grew completely columnar and showed a strong texture, as the build would stay hot 

twice as long as in deposition without a post scan which would allow the grains to grow 

bigger. 

Effect of deposit geometry/size: 

The build geometry did not show much variation in the overall grain morphology as both 

deposits showed a layered microstructure however the solid block showed slightly finer 

grains compared to thin and thick walls. Also at a given laser power solid blocks showed non 

uniform bead size at the layers near the substrate. The precipitate type is same in all the three 
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build geometries however the extent of segregation is less in solid blocks compared to thin 

and thick wall builds. 

Heat treatment: 

A standard homogenised STA heat treatment used for cast IN718 was not suitable for DLFed 

builds. The grain morphology did not change with HSTA treatment due to grain boundary 

pinning by carbides. As the homogenisation treatment is carried at 1093 C the carbides at 

grain boundaries, which would only dissolve at around 1280 °C as shown in the DSC curve 

(Figure 2-17) would have inhibited the grain growth. The heat treatment showed a significant 

variation in the precipitation where the Laves phases are completely dissolved and the γʹ 

precipitation is observed. The hardness of the material is regained to 470 VHN due to this. 

Also some δ needles are observed at the grain boundaries along with the carbides.  
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Chapter Seven 

7 Distortion and Residual stress Development due to Hybrid 

Manufacturing using DLF (stage III) 

7.1 Introduction 

This section deals with the distortion and the corresponding residual stresses in curved 

substrates as a result of the deposition of solid blocks in stage III (dimensions of the substrate 

and deposition parameters are given in the experimental section 3.4.3).  

Notation: 

In this section, the distortion and residual stresses in the substrate were characterised along 

the X and Y directions, as represented in Figure 3-5 to Figure 3-8 (i.e. along the long and 

short sides), which will be referred to as X-axis and Y-axis.  

For the build orientation with respect to the substrate, two orientations were studied, namely 

'parallel' and 'perpendicular', with the build's longer axis being parallel and perpendicular to 

the substrate's X axis (as shown in Figure 3-5). 

Three types of deposition paths were studied which are short (S), long (L) and hatched/mixed 

(H) type deposition path, as represented in Figure 3-6. 

The residual stresses are represented as ζx and ζy for true stresses along the X and Y axes 

whereas ζz represents stresses in the build-growth or Z direction. 

The above notions are used in the entire chapter. 
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7.1.1 Distortion 

The distortion in the substrate due to the deposition was assessed for the three parameters; the 

deposition strategy (S, H and L), laser power, and deposition orientation. The distortion was 

measured on the back of the substrate along the mid length of the plate using a CMM.  From 

the results, shown in Figure 7-1 and Figure 7-2, it is evident that the distortion in the substrate 

is mainly concentrated at the region below the deposited block (location of deposition on the 

substrate is shown solid in black lines in, Figure 7-1 ) and extending 5 mm on each side along 

X direction and 15 mm along the Y direction from the deposition. It is understood that the 

effect of build on the substrate would be to a certain distance beyond which the substrate 

would no longer experience the high temperatures as well as the rapid cooling cycles which 

lead to distortion. Most of the work in the literature studied the effect of the build on 

distortion when the build size was almost equal to the substrate. However, work by Zhao et 

al. on single bead thick wall (2 mm) on a 120 mm large and 10 mm thick plate showed that 

the residual stresses are concentrated at around 5 - 10 mm on either side of the build [141]. 

The individual effects of the process parameters on the distortion are summarised below: 

Effect of deposition path: 

Figure 7-1.a shows the influence of the deposition path on the distortion along X axis. The S-

path showed the highest distortion levels, whereas the L-path showed the least distortion. 

Finally, the H-path, with alternate layers of L ad S paths, showed similar distortion levels to 

the L-path.  

In the S-path, the time taken for the laser head to build the subsequent passes is less than for 

the L-path. This leads to higher localised heat accumulation and to higher levels of distortion 

in the short deposition path in the X-direction. Vice-versa, in the Y-axis, the L-path should 

have higher distortion levels. Work by Fessler et al. [143] on DLF of stainless steel (builds of 
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size 100 mm × 15 mm on a 150 mm × 30 mm substrate) measured along Y axis, showed that 

the L-path showed higher distortion than the S-path.  However, along Y-axis the different 

deposition paths showed similar distortion levels, Figure 7-1.b. Along the Y-axis; the 

substrate is around 60 mm, while the length of the deposition is 30 mm.  This shows that the 

size of the substrate and the corresponding deposit length also play an important role in the 

magnitude of distortion.  

 

Figure 7-1: Effect of the deposition path on the distortion on a curved substrate (stage III): a) 

along the X-axis b) along the Y-axis. The vertical lines show the location of the build and the 

dotted curve shows the substrate profile before deposition. 
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Effect of Laser Power: 

Figure 7-2.a shows the influence of the laser power on the distortion. It was found that by 

increasing the laser power by only 20%, the distortion levels increased in the substrate. At 

higher laser powers, the build would reach a higher maximum temperature than is reached for 

lower laser powers. This would result in a more rapid cooling, which is directly related to the 

temperature gradient, leading to larger distortion. It is recommended that lower laser power 

should be used for deposition or alternatively to pre-heat the substrate before deposition to 

raise the minimum temperature to reduce the distortion. 

Effect of Build Orientation w.r.t the Substrate: 

Figure 7-2.b shows the distortion in the deposits oriented parallel and perpendicular to the X-

axis where the parallel deposition showed greater, but more uniform distortion than the 

perpendicular deposition. This shows that the orientation of the deposit also plays a 

significant role due to the variation in the cooling rates associated with the different 

deposition paths and directions.  

From the above results, it is seen that the deposition path as well as the length of the build 

w.r.t the substrate play an important role in controlling the distortion levels. This is mainly 

due to the different thermal fields experienced by the substrate with various deposition paths 

based on the orientation of the build to the substrate. It is not straightforward to predict the 

cooling rates for different deposition paths. An investigation was performed to measure the 

thermal fields and cooling rates experienced by the substrate and the corresponding 

distortion, due to different deposition paths. 
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Figure 7-2: Distortion in the curved substrate along X-axis: a) showing the effect of laser 

power and b) showing the effect of the build orientation to the substrate on the distortion. The 

dotted curve shows the substrate profile before deposition. A hatched type deposition path is 

used. 

7.1.2 Correlation of Distortion with Cooling Rates 

A study was performed to understand the effect of the deposition path on the distortion, and 

correlate it with the corresponding cooling rates experienced by the substrate. For this, 3 

depositions were made covering the entire substrate with three different deposition paths used 

in the previous study, i.e. long and short. A new deposition path, which is a combination of 
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long and short (i.e. a mixed type of deposition path), was also studied. The deposition 

strategy and dimensions of the build are shown in section 3.4.3 and Figure 3-7. The 

temperature measurement locations and other details are discussed in section 3.5. 

Figure 7-3 shows the temperature profile for the three different deposition paths for the 8 

thermocouple locations. The substrate attained a maximum temperature of around 40°C, at 3 

mm from the build substrate interface, for all the deposition paths. However, the temperature 

profile was quite different for each deposition path. For the long deposition path (Figure 

7-3.a), different thermocouple locations experienced varying peak and trough temperatures 

showing that different locations of the substrate experienced different temperatures at a given 

time.  For short deposition path, Figure 7-3.b, all the thermocouples experienced similar peak 

and trough temperatures.  

By performing laser scanning for the builds made using the three different deposition paths, it 

was possible to establish a correlation between the deposition path and the degree of 

distortion in the substrate caused by the thermal fields. In all three cases, the substrates 

become concave due to the action of laser beam, which was previously observed in the 

substrates during DLF [137, 143]. Comparing the distortion in long and short deposition 

paths (Figure 7-4.a &b), it becomes obvious that the amount of distortion is more in the 

longer path. The distortion in the X and Y axes for the long and short deposition paths, 

appears to be uniform in both orthogonal directions in the short deposition path. 

To correlate the distortion with the corresponding cooling rates the distortion of the three 

builds at the thermocouple locations were plotted, Figure 7-5.a. The corresponding cooling 

rates obtained via the thermocouple measurements for the three deposition strategies were 

calculated as shown in Figure 7-5.b. It was found that the short deposition path resulted in the 

least distortion from the centre to the edge in the substrate among the three paths. By 
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correlating the cooling rates with the deposition path, it seemed that the short deposition path, 

which had the most uniform and lowest cooling rate (1˚C/s) distribution along the length of 

the substrate, was associated with the minimum distortion. Interestingly, the long deposition 

path, which led to a relatively uniform, yet higher cooling rate (~3˚C/s), was associated with 

the highest distortion levels obtained at the edge of the substrate. This large deformation at 

the edge of the substrate was previously observed by Ding on large rectangular Ti6AlV plates 

during WAAM process [137]. Although, not much work has been done in correlating the 

cooling rates with distortion in AM, previous studies showed that short inter-pass distance 

would give less distortion. FEM analysis of DLFed AISI 4140 steel on a rectangular plate 

(single layer 5 mm × 15 mm deposit on a 10 mm × 30 mm plate) also predicted least 

distortion in the plate with a short deposition path which was assumed to be due to the 

smaller temperature range than in other deposition strategies [145]. 

From this study it is possible to say that the deposition path influences the distortion, with 

lower and more uniform cooling rates producing less distortion. Deposition path plays a 

major role in the distortion; nonetheless the deposition direction and the length of the deposit 

with respect to substrate play an equal role. To get a uniform deformation the deposition 

should be designed in such a way that it gives a uniform cooling rate throughout the substrate 

during deposition which could be done either by pre-heating the substrate or by using laser 

beam to follow the actual deposition beam to avoid rapid cooling. 
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Figure 7-3: Thermal cycles at different thermocouple locations (see the location in Figure 

3-10) for different deposition paths (stage III): a) long b) short and c) mixed. Thermocouple 1 

and 8 are at the extreme ends of the substrate without deposition on the top. 
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Figure 7-4: Distortion contours of the substrate in a) long b) short and c) mixed deposition 

paths (as represented in stage III). 
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Figure 7-5: The correlation between a) distortion and b) the corresponding cooling rates in 

the substrate along the centre line near the 8 thermocouple locations.  

7.2 Residual stress (stage III) 

The effect of the process parameters (i.e. laser power, deposition direction and build 

orientation) on the residual stresses in the substrate, as well as in the build, are reported in 

this section. Neutron diffraction measurements were performed to characterise the residual 

stresses. The measurements were taken at mid-thickness of the substrate along the X and Y-

axes (dotted lines in Figure 3-8). For characterising the stresses, the uncertainty lies in 

measuring stress-free d0. Due to the small thickness of the substrate, the stress in the through-

thickness (i.e. Z-direction) would be negligible [88]. Previous work showed that the stresses 

due to DLF in a 10 mm thick mild steel plate (modelled numerically and measured 
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experimentally by hole drilling) showed that they are negligible (~20 MPa) in the Z-direction, 

compared to the laser head moving directions (i.e. ζx or ζx stresses ~ 300 MPa) [141]. 

Residual stresses were calculated using the stress balance method, whereby the stress in the 

Z-direction was assumed to be zero [25] and the stress free d0 values are back calculated. 

This d0 value is used to calculate the stresses in the X direction (ζx) and Y direction (ζy). 

Figure 7-6 to Figure 7-8 show the residual stress distribution (both ζx and ζy) along the X and 

Y-axes in the substrate. It is evident that the stress is mainly concentrated below the build, 

and the residual stress (especially the effect of the build on the substrate) is present up to 

±10mm on either side of the build. This is similar to the distortion measurements where the 

distortion was found to be present up to 10 mm on either side of the build. This effect was 

previously observed by Zhao et al. on a single bead thick DLFed wall on a thin substrate 

[141]. For all the builds, the stresses were tensile in the ζx direction, with compressive 

stresses in ζy except at the build-substrate interface just below the build, where the stresses in 

both directions were tensile. This effect can be seen clearly in Figure 7-6.a & b. When a 

material expands in one direction, this should be compensated by contraction in another 

direction. This is the reason for the compressive stresses in ζy, compensating the ζx tensile 

stresses. However, the stresses at the build substrate interface, exactly below the build are 

tensile in both directions. Also, the magnitude of ζx stress is higher than the ζy. When the 

material experiences heating and cooling cycles, there should be enough material to 

compensate the expansion. At the build-substrate interface, the material would experience 

larger cooling rates, which would not have had sufficient time to accommodate these stresses, 

and would remain tensile in all the 3 principal stress directions. The tri-axial tensile stress 

state with higher stress ζx direction was previously observed at the build substrate interface 

by Ding [137] and Zhao et al. [141] during multi-pass welding and DLF, respectively. 
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A sharp change from tensile to compressive stress was observed at the build substrate 

interface in ζx and and vice versa in ζy. When the laser beam passes on the substrate for 

deposition, the build as well as the substrate below would undergo tension along the 

deposition direction leaving a compressive field ahead to compensate this tension. This effect 

can be seen in the modelling chapter, Figure 5-13. This is the reason for the compressive field 

in the substrate immediately next to the deposition which was previously observed in welding 

as well as in DLF [137, 141]. The magnitude of stress in the substrate was ~180 to 250 MPa 

tensile and ~ -150 MPa compressive, which are below the tensile yield level in forged IN718 

(~ 1040 MPa) [24]. The values are comparable with those obtained by Zhao et al. [141] 

during multi-pass welding on thin steel substrates, of around 250-300 MPa. This comparison 

can be made because the study by Rangaswamy et al. [24] showed similar stress profiles 

within 316 stainless steel and IN718, suggesting that the origin of stresses are thermal 

gradients and are independent of the materials used when the temperatures in the substrate do 

not lead to any phase transformations. 

Effect of Process Parameters on Residual Stresses: 

The input laser power has a strong influence on the residual stresses, whereby the tensile 

stresses increased by 50 MPa with a 20% increase in laser power, Figure 7-6. Studies by 

Colegrove et al. on welding of DH36 steel plate showed that techniques with a low heat input 

result in narrower tensile residual stress zone and lower stress magnitude [209]. 

Figure 7-7 shows the variation of ζx due to the deposition path. An S-path showed maximum 

stress of ~181 MPa compared to H or L-paths which showed residual stresses of 150 MPa. 

The ζy S- path generates a stress that is similar to or slightly less than the H or L-paths. This 

shows that the deposition path has an influence on the residual stresses although the variation 

is not very significant. FEM modelling of single layer rectangular AISI 4140 laser deposition 
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covering the entire substrate, showed that the S-path has a significantly lower residual 

stresses (~ 250 MPa) than the L- path [145]. Nonetheless, studies by Rangaswamy et al. [24] 

on square IN718 blocks, deposited on a large plate, did not show any significant effect of 

laser rastering direction on the magnitude of the residual stresses. However, in rectangular 

plates the rastering direction showed some effect even though not large enough to influence 

current processing methods. From this it is evident that the rastering pattern has a strong 

influence on residual stresses only if the build is large enough or covers the entire substrate.  

Figure 7-8 shows the effect of the build orientation on the development of residual stress. The 

stress distribution in the X direction in a parallel oriented build is similar to the stress 

distribution in the Y direction for a perpendicular oriented build. This is because of the way 

in which the builds are orientated with the substrate, perpendicular to each other. However, 

the magnitude of stresses in the parallel build is less than in the perpendicular build, which 

can be explained by the more uniform distortion in this case as seen in Figure 7-2.b. 

From the above results, it is evident that the residual stresses are not only dependent on the 

deposition path, but also on the direction of the build with respect to the substrate due to 

variation in thermal fields and cooling rates with respect to the substrate orientation. While 

depositing a square block, a hatched raster pattern would give uniform stresses in all 

directions given the length of the substrate below is the same in all directions. 
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Figure 7-6: Effect of laser power on residual stress distribution in the substrate: a) ζx stress along X axis, b) ζy stress along X axis,  c) ζx stress 

along Y axis, and d) ζy stress along Y axis. 
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Figure 7-7: Effect of deposition path on residual stress distribution in the substrate: a) ζx stress along X axis, b) ζy stress along X axis,  c) ζx stress 

along Y axis, and d) ζy stress along Y axis. 
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Figure 7-8: Effect of build orientation on residual stress distribution in the substrate: a) ζx stress along X axis, b) ζy stress along X axis,  c) ζx 

stress along Y axis, and d) ζy stress along Y axis. 
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7.3 Final Scale-up of deposition with optimum process conditions 

The deposition was scaled-up to a square block of 30 mm (X) × 30 mm(Y) × 10 mm (Z) 

using the optimum process parameters obtained from chapter 4 on the 2.5 mm thick substrate. 

A hatched type of deposition path was chosen to obtain uniform stress in both directions. 

Figure 7-9 shows the variation is stresses in the substrate (taken at the mid length of the 

substrate) along the X-axis, calculated using the stress balance method (making stress the in 

Z-direction zero). The magnitude of the tensile stresses in the substrate is slightly less than 

that seen in the rectangular blocks. While depositing a square block, the time required for the 

laser to return to do next pass is longer than doing a deposit which is 1/3
rd

 of its size, which 

would reduce the heat accumulation resulting in a lower residual stresses. Although, in a 

hatched deposition path, the laser would travel for same time in X and Y-directions, the 

magnitude ζx and ζy are different which is due to the smaller substrate size in the Y direction 

(60 mm) than in the X direction (120 mm) showing that the size of the substrate has a 

significant influence on the residual stresses in the substrate. 
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Figure 7-9: Stress distribution on the substrate due to DLF of solid block showing the 

variation of stress along the X axis. 

 

Finally, the residual stresses have been characterised in the build in the XZ plane covering the 

build and the substrate. The stress contours were plotted, where the points were measured by 

neutron diffraction with a gauge volume of 2 × 2 × 2 mm at a distance of 2 mm between each 

point. The stress balance method cannot be used here due to a solid block. In order to obtain a 

stress-free d0, 5 mm discs were cut from the build and substrate, and were used as reference 

for characterising the stress in the build and substrate, respectively [88].  

 Figure 7-10 shows the residual stress contours in the X-Z plane of the build. The build 

substrate interface has very high triaxial tensile stress (300 MPa) compared to the build. 

Studies by Ding on wire arc additive manufacturing showed tensile stresses in all the three 

directions at the build substrate interface with a magnitude of 350 MPa after 3 layers of 

deposition [137]. Immediately, compressive stresses are observed in the build compensating 

the tensile stresses at the build substrate interface. Slowly the stresses decrease to zero at the 

middle of the build. The stresses in the build in the ζx and ζy directions i.e. along the laser 

head moving direction are higher than in the ζz direction i.e perpendicular to laser head moving 
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direction or growth direction, which is almost negligible. At the top portion of the build in the 

final layers, again tensile stresses are observed. Previously, contour stress plots were made by 

Moat et al. on thin walled (5 mm thin) IN718 builds using DLF[25]. These stresses were 

measured by the stress balance method by taking the stresses in ζy as zero. The stresses at the 

lower portion of the build showed a similar behaviour of compressive stresses reducing to 

zero as we move up the build. However, at the top portion of the build tensile stresses are 

observed in the ζz with negligible stresses in the ζx, which is opposite to that observed in the 

current study. Also, contour maps of ζz by Ranagasamy et al. [24] on the X-Y plane of a 

square pillar using the contour method showed compressive stresses in the core (-350 MPa) 

balanced by tensile stresses at the surface while depositing 316 steel and IN718 using DLF at 

a laser power of 390W and powder flow rate of 13g/min. High tensile residual stresses are 

expected to be present at the top portion of the build as the final layer of deposition would 

cool at a faster rate as the laser is switched off after that. Similar behaviour of tensile stresses 

at the top portion of the build in ζx with negligible stresses in ζz is observed in chapter 5 for 

thin walled IN718 samples. The variation in the size of the build does not show much 

variation in the magnitude of the residual stresses (thick walls in the current study compared 

to thin walls in chapter 5).  
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Figure 7-10: Contour maps for residual stress distribution in XZ plane of solid block on a thin 

substrate a) schematic showing the area where the stress contours were plotted b-d) residual 

stress contours in ζx, ζy and ζz directions. 
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7.4 Summary 

The key conclusions from the chapter, where the residual stresses during hybrid 

manufacturing application were studied, are summarised as below: 

 The distortion and residual stresses are concentrated in the substrate at around 10 mm 

from the deposit. 

 The stresses are tensile at the build substrate interface, due to high cooling rates 

associated at this location, with compensating compressive stresses in the substrate 

below the build. 

 The longitudinal stresses, i.e. the stresses parallel to the moving heat source in the 

substrate are tensile and the transverse stresses perpendicular to the moving heat 

source are compressive. 

 The deposition path has an influence on the distortion and the corresponding residual 

stresses  

 When correlated with the cooling rates, short deposition paths with lower and uniform 

cooling rates resulted in less distortion and residual stresses. 

 The laser power also played a significant role in distortion and stresses.  

 Increase in the size of the build would result in lower and uniform stress distribution 

in the substrate. 

In summary the maximum residual stresses are around 300 MPa concentrated at the build 

substrate interface. However, these stresses are well below the yield stress of a forged IN718 

which makes the alloy process able without any solidification cracking. Residual stresses 

depend on the deposition path, build orientation and the size of the substrate used. Lower and 

uniform cooling rates would give smaller residual stresses. The deposition path should be 

carefully chosen depending on the size of the substrate. By varying the process parameters 
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the stresses can be reduced, but cannot be completely removed. Post deposition processes like 

HIPping or alternatively using preheated substrates may be considered in the future to 

completely avoid the stresses. In HIP, due to the high temperatures used, stress relaxation 

would occur during due to rearrangement of atoms by diffusion. Although the main 

advantage for the use of HIP treatment in AM would be to close the pores, due to plastic flow 

in the material at high temperature and Isostatic pressures, care should be taken in choosing 

this process. The prolonged high temperatures exposure as well as slow cooling rates 

involved in this process may produce Laves phases instead of the strengthening phases.  
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Chapter Eight 

8 Overall Conclusion and Future Work 

The main findings of the research are concluded in 4 sections: 

8.1 Parametric study 

Parametric studies were performed in chapter 4, to obtain builds with sound build quality and 

high geometrical accuracy to be used for repair as well as hybrid manufacturing application. 

The key conclusions are listed below: 

 A statistically inspired empirical model has been developed which could successfully 

predict the thickness and height of the build. 

 A process window has been identified which results in a porosity level of 0.2 ± 0.1 %   

 The use of a statistical method to obtain sound builds was successful for thin and 

thick wall builds, but not for solid blocks. 

 A combination of process parameters is recommended for a sound overall deposit in 

solid blocks. 

 Higher laser power at the first few layers would improve the build quality, but 

increase in laser power at the lower layers would increase the residual stresses. 

 The laser power has a strong influence on the porosity in the builds where higher gas 

entrapment is observed due to turbulence in the melt-pool with increase in laser 

power. 
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8.2 Development of the transient thermo-mechanical model and validation 

A simple thermo-mechanical model has been developed in chapter 5 to simulate repair 

applications using DLF. The key conclusions drawn from the chapter are listed below: 

 The transient thermal and thermo-mechanical models were successfully developed  

 The maximum stresses were found at the build substrate interface, as well as the top 

portion of the build.  

 The maximum stresses are typically observed along the melt-pool moving direction, 

whereas the minimum stresses are observed in the through -thickness direction.  

 The first layer has high tensile stresses which decrease as the build progresses due to 

the annealing effect of the subsequent laser passes. 

 The deposition path has less significant effect on residual stresses in thin walls. 

However the deposition path showed large variation in distortion when the build is 

deposited on a large plate. 

 A delay and post scan reduces the tensile stresses in the build substrate interface. 

 Although altering the deposition parameters results in changes in the stresses, but it is 

not possible to completely eliminate the stresses. 

8.3 Microstructure and texture evolution in DLF 

The microstructure and texture evolution in DLF for different process parameters and build 

geometries were studied in this chapter. The key conclusions are listed below: 

 The DLFed builds showed a banded microstructure with fine grain zones in-between 

the layer which are identified as partially melted powder particles  

 Deposition path did not show much effect on these partially melted powder particles 

whereas increase in laser power could rectify this problem.    
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 The build has non uniform grain structure with fine grains at the bottom layers and 

grain coarsening is observed during the build progress. 

 Uniform grain size can be obtained in the build by adopting a delay in deposition 

between layers. However, a delay operation would increase the residual stresses in the 

build. 

 Laser power has a strong influence on the grain size and texture where lower laser 

powers resulted in small grains with random texture and high laser powers produced 

builds with long columnar grains with fibre texture. 

 The effect of substrate grain structure on the orientation of the build is observed only 

for the first few layers. 

 The build showed Laves phases instead of strengthening γʹ and γʹʹ phases. Other than 

Laves few Ti and Nb rich carbides are also present. 

 Laser power has a strong influence on the precipitate morphology and type, with an 

increase in laser power long elongated Laves phases are observed with δ needles 

protruding from them. 

  The standard heat treatment routine used for cast IN718 is not good enough to give 

uniform grain size and precipitation. 

8.4 Distortion and Residual stress Development due to Hybrid 

Manufacturing  

This chapter studies the distortion and residual stress development during hybrid 

manufacturing. The effect of process parameters like laser power, deposition path and 

orientation of the build are studied in order to obtain a process parameter which gives 

minimum distortion and residual stresses. The key conclusions of the chapter as listed below: 
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 The distortion and stresses are observed in the substrate until a vicinity of 10 mm 

from the build. 

 The deposition path showed an influence on the distortion of the substrate; which is 

seen prominently when the deposit covers the entire substrate. 

 The short deposition path, where uniform and lower cooling rates are observed in the 

substrate, showed lower distortion than the long deposition paths which experience 

higher cooling rates. 

 The residual stresses have increase with increase in the laser power.  

 The residual stresses are mainly concentrated at the build substrate interface and at the 

top portion of the build; which are tensile in nature. 

 The laser power and deposition path has lowered the residual stresses but did not 

eliminate them completely. 

8.5 Recommendations for DLF of IN718 

IN718 is a suitable alloy for DLF due to its high weldability. However due to the high 

cooling rates associated with the process, there are various associated problems which 

include non-uniform microstructure and residual stresses. The following procedures for the 

process are recommended to produce sound builds: 

For single bead thin walls or thick walls, a single set of process parameter can be used for the 

entire build to obtain sound quality deposits. However for thick walls, with a large deposition 

area in a single layer, a variation in the process parameters is required as the build progresses. 

At the bottom layers of the build faster deposition speeds, low powder flow rate and higher 

laser power would give less porosity. However a high laser power would increase the residual 

stresses in the build substrate interface and consequently low powder flow rates or faster scan 
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speeds are recommended in this region. As low powder flow rate would affect the deposition 

rate (amount of deposition per unit time), after few layers when there is enough heat 

accumulation in the build, the powder flow rate can be increased to allow higher deposition 

rates. A thermal imaging camera with a feedback control system is recommended in the 

future to change the process parameters on the fly.  

IN718 builds give rise to a non-uniform microstructure which can be mitigated by varying the 

process parameters. Of all the process parameters laser power showed the most influence on 

the grain size and texture. For epitaxial growth, suitable for creep applications, high laser 

power combined with a low powder flow rate is suitable while for fine grain sizes lower laser 

powers are recommended. Due to the non-uniform cooling rates associated with the process a 

non-uniform grain size distribution is observed in the builds which can be rectified by having 

a delay between each layer. However a delay between layers would increase the residual 

stresses in the build and although a post deposition scan can reduce these residual stresses 

this results in epitaxial growth.  

Due to the fine dendritic microstructure with small laves phases observed in builds the 

deposited parts show better properties than a conventionally cast microstructure. If the part 

has to match any cast application then lower laser powers with a post deposition stress relief 

heat treatment are recommended to produce a fine microstructure. However if the part has to 

match a wrought application for fatigue performance then a low laser power with a complete 

solution heat treatment and age (SHTA) is advised due to the presence of the detrimental 

laves phases present in the as deposited condition. For creep applications high laser powers 

are recommended followed by a SHTA treatment. Also, to match wrought properties, a HIP 

treatment is required to close any gas pores resulting from the deposition, along with the 

SHTA treatment. The builds showed residual stresses of ~ 300 MPa and a stress relief heat 

treatment is recommended for deposition with any process given parameters. For deposits 
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with a small cross section area (thin and thick walls) the deposition path does not show any 

variation in residual stresses however a large cross sectional areas deposition path shows a 

huge variation in residual stresses. A thermal model or a temperature monitor is 

recommended to identify a path with uniform cooling rates when depositing large complex 

parts. Also, The stresses are mainly concentrated at the build substrate interface, due to very 

high cooling rates associated in this region, which may also lead to cracking in this region. To 

avoid this problem a pre-heated substrate is recommended to reduce the cooling rates. Also 

where possible the use of minimum amount of heat input would reduce the residual stresses. 

8.6 Proposed Future Work 

Based on the research conducted in this thesis DLF of IN718 has produced geometrically 

sound builds however, the microstructure and residual stresses in the build are not 

comparable with base material. Below are the potential issues that need to be solved for 

considering DLFed IN718 for practical industrial applications: 

 The thesis was mainly focused on the microstructure, texture and residual stresses, 

however detailed mechanical testing needs to be carried out for various process 

parameters and with the microstructure in order to consider this process for practical 

applications. 

 Even with the best process parameters chosen, the build still contains some entrapped 

pores, A critical assessment of the influence of these pores on properties should be 

undertaken including the influence of HIPping. 

 TEM may be considered in the future to confirm the nature and distribution of 

precipitates present in the build and also design a heat treatment cycle for the DLF 

builds for a uniform microstructure and precipitation of strengthening phases. 
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 The thermo-mechanical transient model in this work has predicted the residual 

stresses, but is very slow to use for any complex and large geometries. A hybrid 

model may be considered in the future with a combination of steady state and 

transient approach to reduce computational time. 

  A detailed microstructural model needs to be considered which could predict the 

microstructure with various process parameters as well as build geometries.  

 Current mitigation methods employed for reducing the residual stresses has reduced 

but did not eliminate them. Alternative ways of pre-heating the substrate may be 

considered in the future that could reduce the high cooling rates.  

 In the future, a feedback control system needs to be developed, with a thermal 

imaging camera, which would help in creating the thermal mass balance and thus 

achieving uniform microstructure and build quality. 

 The major cost involved in the process is from the expensive powder. To reduce the 

cost of the final part alternative powder manufacturing routes may be employed which 

include manufacturing powder from machining swarf. 
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Appendix A: Engineering Drawings for Various Deposits 

In this appendix the engineering drawings for various depositions in experimental section are 

drawn showing the exact locations of the build on the substrate as well as the locations at 

which the distortion as well as the stress measurements were taken. 

 

Figure A-I: Schematic showing thin wall in Figure 3-3.a build showing the dimensions. 



                                                                     Appendices 

276 

 

 

Figure A-II: schematic illustration of solid blocks deposited on the curved substrates (as 

shown in Figure 3-5.a), with dotted lines showing the location where the distortion and 

residual stress measurements were made. 

 

Figure A-III: Schematic illustration of solid blocks deposited on the curved substrates (as 

shown in Figure 3-5.b), with dotted lines showing the location where the distortion and 

residual stress measurements were made. 
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Figure A-IV: Schematic illustration of solid blocks deposited on the curved substrates (as 

shown in Figure 3-8), with dotted lines showing the location where the distortion and residual 

stress measurements were made. 
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Appendix B: Temperature dependent Thermo-Physical 

properties for IN718 

The thermal expansion co-efficient of IN718, Figure B.I, as well as the high temperature 

stress strain values at different strain rates was taken from the literature and plotted in the 

Figure B.II.  

 

Figure B.I: Thermal expansion coefficient of IN718 as a function of temperature[196]. 
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Figure B.II: Stress-strain curves at different strain rates and temperatures (Graphs plotted 

from data [196]).            

 

 

 

 

 

 

 

 

 

 

 


