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Powder Bed Fusion – Laser Beam of a non-weldable Ni-base superalloy 
CM247LC  

Microstructure control, crack mitigation, heat treatment and creep performance 

AHMED FARDAN JABIR HUSSAIN 

Department of Industrial and Materials Science 
Chalmers University of Technology 

Abstract 
Powder Bed Fusion – Laser Beam (PBF–LB) of Ni-base superalloys is highly attractive 
for components in high temperatures applications, particularly within the aerospace 
and industrial gas turbine sectors. This interest is due to the high degree of design 
freedom which allows complex internal cooling channels that significantly improve the 
component lifetime or enable higher operating temperatures, thereby boosting gas 
turbine efficiency. However, superalloys containing high volume fraction of γ′, like 
CM247LC with 60 to 70 vol.%, exhibit poor PBF–LB processibility, suffering from 
both micro- and macro-cracking, and have poor and anisotropic creep performance. 
The aim of the thesis is to understand the impact of the intricate relationships between 
PBF–LB process parameters, cracking, residual stresses, heat treatment, 
microstructure and creep performance. Using operando synchrotron X-ray radiography, 
the observed micro-cracking is confirmed to occur during solidification. The micro-
cracks are observed at the high angle grain boundaries exhibiting a distinct 
solidification structure consistent with the solidification cracking mechanism. 
Solidification cracking is mitigated either through alloy/powder modification or 
through process parameter optimization with any remnant solidification cracks 
eliminated through hot isostatic pressing (HIP). However, the presence of macro-
cracks, particularly around stress concentrators, is observed after HIP. This macro-
cracking is identified as strain age cracking (SAC) due to the γ′ precipitation. SAC is 
minimized by a tailored HIP using higher pressure before reaching solution treatment 
temperature. Minimizing residual stress by varying PBF–LB process parameters, 
including scan strategies, is effective in minimizing SAC. The solution heat treatment 
developed for cast CM247LC when applied to CM247LC produced via PBF–LB 
indicated limited grain growth and poor creep performance. A re-designed HIP 
combined with a solution heat treatment at higher temperature of 1280 °C 
demonstrates 23% increase in creep rupture life compared to the standard 1250 °C, 
yielding slightly coarser grains, improved grain boundary decoration, and finer uniform 
cuboidal γ′ precipitates. Despite this optimization, the creep performance remained 
inferior to that of the cast alloy. Subsequent tailoring of the PBF–LB process to 
produce a highly columnar and anisotropic microstructure significantly increased the 
creep life along the build direction. In summary, this investigation into the PBF–LB 
of CM247LC demonstrates that the effective mitigation of cracking and improvement 
of creep performance requires tailored PBF–LB processing and post-processing heat 
treatment strategies.  

Keywords: Ni-base superalloy, non-weldable superalloy, powder bed fusion – laser 
beam, scan strategy, residual stresses, strain age cracking, solidification cracking. 
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1. Introduction 

1.1. Background 
Powder Bed Fusion – Laser Beam (PBF–LB) of metals is a prominent metal additive 
manufacturing (AM) technology belonging to the category of powder bed fusion (PBF) 
[1]. Its principal advantage is the freedom of design it offers, enabling the fabrication 
of highly complex geometries often unattainable by conventional manufacturing routes. 
In contrast, subtractive and forming processes, which still dominate the manufacturing 
chain, are restricted by tooling constraints and geometrical limitations. Moreover, the 
layer-by-layer nature of PBF–LB improves material efficiency by reducing waste and 
facilitates rapid design iterations, making the technology highly attractive for high-
performance applications. The maturity of PBF–LB is reflected in its increasing 
adoption across aerospace, energy, and biomedical sectors [2].  

Despite these technical advantages, PBF–LB remains more expensive than many 
conventional manufacturing routes. Consequently, its economic feasibility is therefore 
strongest for complex, small-to-medium batch components, where conventional 
processes are either equally costly or technically unfeasible. In the aerospace and energy 
sectors, PBF–LB has already been applied to critical hot gas path components such as 
turbine vanes and blades  [3,4]. Specifically, the ability to integrate intricate internal 
cooling channels into turbine blades, for example, provides several benefits, including 
extended component lifetime, reduced cooling air consumption, and allows for higher 
operating temperatures, all of which fundamentally enhance overall turbine efficiency 
[5].  

However, the widespread application of PBF–LB is severely constrained by the limited 
processability of certain alloys, particularly γ′-strengthened Ni-base superalloys that 
are typically used for hot gas path components in turbines. These alloys, typically 
produced by investment casting, are valued for their exceptional creep resistance and 
oxidation resistance at elevated temperatures [6]. A prominent example is CM247LC, 
developed by Cannon-Muskegon Corporation [7], a derivative of MAR-M247 developed 
by Martin Metals Corporation [8]. CM247LC is a polycrystalline superalloy (equiaxed 
or directionally solidified) which is widely employed for load-bearing components like 
blades and vanes in gas turbines for energy production [7]. Its superior high 
temperature capability comes from its increased Al content, which improves oxidation 
resistance (by forming protective Al2O3) and creep resistance (due to a high γ′ volume 
fraction of ~60-70%). Despite being manufactured primarily through casting, there is 
an increasing interest in manufacturing CM247LC components via AM methods, such 
as PBF–LB, due to the unique design freedom and repair capabilities they offer.  
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1.2. Problem description 
PBF–LB process involves rapid solidification, steep thermal gradients, and cyclic 
reheating, conditions like those encountered in welding that promote cracking in 
CM247LC and lead to the alloy being classified as non-weldable. The industrial 
deployment of CM247LC (and other high γ′ volume-fraction superalloys) is 
significantly restricted by the three identified challenges:  

• Micro-cracking: Micron-sized cracks observed after the PBF–LB process. 
• Macro-cracking: Larger cracks observed near stress concentrators after post-

processing heat treatment. 
• Fine and anisotropic microstructure resulting in poor high temperature 

mechanical performance, particularly creep resistance. 

1.3. Research questions 
This doctoral thesis investigates the challenges associated with processing of CM247LC 
via PBF–LB. Specifically the research focuses on understanding and mitigating various 
cracking phenomena that limit its processability, followed by tailoring PBF–LB 
processing and post-processing heat treatment to achieve optimal microstructure and 
creep performance. The thesis addresses the following research questions (RQs): 

RQ1: What is the mechanism of micro-cracking during PBF–LB processing of 
CM247LC, and how can it be mitigated?  

RQ2: What is the mechanism of macro-cracking during post-processing heat 
treatment of PBF–LB processed CM247LC, and which factors influence it? 

RQ3: How does PBF–LB processing and heat treatment affect the microstructure 
and creep performance of CM247LC? 

The RQs are addressed in the appended papers as indicated by the Table below.  

 RQ1 RQ2 RQ3 

Paper I    

Paper II    

Paper III    

Paper IV    

Paper V    

Paper VI    

Paper VII    

Paper VIII    
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2.  Ni-base superalloys  

2.1. History and development of Ni-base superalloys 
Ni-base superalloys are an important class of materials developed for use at elevated 
temperatures due to their superior strength, corrosion and/or oxidation resistance [9]. 
Because of these excellent properties, they are often used in demanding applications, 
such as the hot sections of gas turbines for civil aircraft or power generation [10]. The 
efficiency of a gas turbine is directly related to the temperature of the hot gases 
entering it; therefore, increasing this temperature improves efficiency. However, this 
places a heavy demand on the components, requiring them to sustain high mechanical 
loads and surface degradation as gas temperatures can approach 1200 to 1500 °C, a 
range where most alloys, including Ni-base superalloys, cannot operate unaided. 
Therefore, components in the hot sections of a gas turbine, such as turbine blades, 
typically rely on a combination of techniques, including internal cooling and thermal 
barrier coatings, to sustain operation [11]. 

 

Figure 1. Evolution of turbine inlet temperature in industrial gas turbines. Adapted 
from [12–15]. 

The increasing demand for gas turbine operation at high temperatures has driven 
significant improvement in both the alloys and their manufacturing processes as 
illustrated in Figure 1. As the operating temperature increases, the requirement for 
mechanical performance, particularly creep resistance, also increases. Creep refers to 
the time-dependent, inelastic and irrecoverable deformation that occurs for alloys at 
high temperature due to various thermally activated processes [11]. Historically, 
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casting has been the preferred method for manufacturing turbine blades because it 
offers superior creep performance compared to the wrought process. The first major 
advancement in casting led to microstructural tailoring, transitioning from a 
polycrystalline equiaxed (PX) structure to a columnar structure using directional 
solidification (DS) technology. Up until this point, the PX structure consisted of 
multiple grains and grain boundaries which limited the creep performance. The final 
critical improvement in casting came with the single crystal (SX) technology, which 
eliminated all grain boundaries enabling improved creep performance.  

These advancements in casting, combined with the use of thermal barrier coatings, 
have been crucial in achieving higher turbine inlet temperatures and greater engine 
efficiency. The advancement in additive manufacturing and its design freedom is 
particularly attractive for the gas turbine industry, especially due to the capabilities 
of even further improvement in cooling performance within components. Looking 
ahead, the introduction of hydrogen-fueled gas turbines characterized by even higher 
temperatures and more aggressive operating conditions will place higher demands on 
Ni-base superalloy components and drive further innovation in manufacturing 
technologies. This evolving landscape highlights the critical need for high strength 
alloys with improved design suited for hydrogen combustion, a challenge potentially 
solvable by additive manufacturing [13–15].  

2.2. Microstructure and phases 
Ni-base superalloys have complex compositions, often containing ten or more elements, 
which enable their effective use at elevated temperature. Their microstructure consists 
primarily of a disordered γ (gamma) matrix along with secondary phases that 
determine material performance, including the ordered γ′ (gamma prime) precipitates, 
carbides and borides. This section reviews the influence of the alloying elements, the 
resulting microstructure, and the phases with a particular emphasis on PX γ′ 
strengthened Ni-base superalloys. 

The γ matrix consists of a disordered face-centered cubic (FCC) structure. It features 
a broad solubility for secondary alloying elements, including high melting point 
refractory elements. The matrix is composed of Ni along with other elements such as 
Cr, Co, Mo, Ta and W in higher concentrations, all of which contribute to solid solution 
strengthening [9,16].  

The γ′ precipitates are the most important strengthening phase in γ′ strengthened Ni-
base superalloys. They possess an ordered FCC (L12) crystal structure comprised 
mainly of Al in the corner of an FCC lattice with Ni in the face centers. Ti and Ta are 
also present in the γ′ precipitates and aid in increasing the volume fraction of γ′ [11]. 
The γ′ precipitates are coherent precipitates, and their morphology depends on the 
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alloy composition and heat treatment. Typically γ′ precipitates are cuboidal-shaped 
and uniformly dispersed throughout the γ matrix, however they can also be found at 
the grain boundaries as a continuous film [16].  

Besides the γ matrix and γ′ precipitates, other phases like carbides and borides are 
present in small amounts and strengthen grain boundaries, thereby improving creep 
resistance. Firstly, carbides can be subdivided into two types - primary and secondary 
carbides. Primary carbides are of the MC-type where M refers to metallic element and 
C to carbon. MC carbides form during the solidification process and are usually found 
in the inter-dendritic region. They have an FCC crystal structure and lack a preferred 
orientation relationship with the γ matrix. MC carbides act as a source of carbon for 
the alloy during heat treatment and service. The ‘M’ (metallic element) in MC is 
usually a refractory or reactive element; common examples include HfC, TaC, NbC 
and TiC. It is common for multiple metallic elements to substitute for one another 
within the MC carbide [9]. 

The secondary carbides (M23C6 and M6C) form at elevated temperature from the 
degeneration of MC carbides. M23C6 forms at lower temperature (760 to 980 °C), while 
M6C forms at a slightly higher temperature (815 to 980 °C). Both the secondary 
carbides are found at the grain boundaries and hinder grain boundary sliding thereby 
improving creep resistance. Furthermore, due to the higher stability of M6C they are 
beneficial to control grain size during thermomechanical processing. Both secondary 
carbides are comprised of Cr, Mo and W, however M6C is more likely to form when 
the Mo and W concentrations are higher. 

Boron (B) is an important alloying element for PX superalloys and is present to the 
extent of 50 – 500 ppm. It is considered a grain boundary strengthener that improves 
creep performance. B reacts with metallic elements to form various types of borides 
(M2B, M3B2, M5B3) potentially containing Mo, Cr and W [17–19]. Borides are hard 
refractory particles with blocky or half-moon appearance, typically located at grain 
boundaries and act as supply of B to the grain boundary [9].  

Zirconium (Zr), like B is another element which improves the creep performance for 
PX superalloys. Zr limits the agglomeration of M23C6 carbides at grain boundaries and 
limits the formation of void/crack during creep [16]. Additionally, Zr is also known to 
be a ‘getter’ of tramp elements such as sulfur and phosphorous which are melting point 
depressants [11]. However, the role of Zr in improving creep performance has been 
questioned in the literature [20]. 

Topologically close packed (TCP) phases are intermetallic compounds that can form 
due to long-term exposure to high temperatures during service or heat treatment. 
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Common TCP phases are σ (sigma), µ (mu) or Laves and contain elements such as 
Cr, Mo and W. They exhibit a plate-like or needle-like morphology and negatively 
influence creep life and ductility. Consequently, significant effort is dedicated to avoid 
the compositional ranges where TCP phases can form [9,11].  

2.3. Alloy CM247LC  
CM247LC is a modified Ni-base superalloy [6,7], derived from MAR-M247 [8], and 
optimized for DS casting. The compositions of both the alloys are shown in Table 1. 
Notable chemistry modification includes lowering the amount of Ti and Zr, along with 
tight control of Si and S to eliminate grain boundary cracking. Additionally, the C 
content was lowered to improve carbide morphology and stability accompanied by 
good intermediate temperature ductility. Cr, Ti, W and Mo were lowered to minimize 
the detrimental σ (sigma) TCP phase. CM247LC has excellent high temperature 
performance (high creep resistance and oxidation resistance) and is therefore used to 
manufacture turbine blades and vanes in gas turbine engines [6]. The excellent high 
temperature performance is due to the relatively higher Al content compared to that 
of other Ni-base superalloys (such as IN718, Haynes 282®, IN939, IN738LC [21]). High 
Al content enhances creep resistance by increasing the volume fraction and stability of 
γ′ precipitates and improves oxidation resistance by forming a protective Al2O3 scale. 
Both effects are crucial for reliable performance of turbine components at extreme 
temperatures. 

Table 1. Chemical composition (nominal in wt.%) showing selected elements for 
MAR-M247 and CM247LC [6] 

 Cr Co Mo C W Hf Ta Ti Al Zr B Ni 
MAR-
M247  

8.4 10.0 0.7 0.15 10.0 1.5 3.0 1.0 5.5 0.05 0.015 Bal. 

CM247LC  8.1 9.2 0.5 0.07 9.5 1.4 3.2 0.7 5.6 0.015 0.015 Bal. 

The ongoing transition to hydrogen-fueled gas turbines and the pursuit of higher 
thermal efficiency have increased the demand for higher operating temperatures [13–
15]. This shift increases the need for superalloys with exceptional creep and oxidation 
resistance, making CM247LC a key candidate. Traditionally, CM247LC components 
have been produced by investment casting. However, achieving the advanced cooling 
strategies with the increasing demand of operating temperatures now necessitates the 
adoption of additive manufacturing technologies such as PBF–LB. PBF–LB allows 
design freedom, enabling the incorporation of complex internal cooling channels, an 
essential feature for high-performance components such as turbine blades and vanes in 
gas turbines. Nevertheless, several challenges arise during the PBF–LB processing and 
post-processing of CM247LC which is further addressed in Section 4.     
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3.  Powder Bed Fusion – Laser Beam (PBF–LB) 

Conventional manufacturing technologies such as casting, forging, and machining have 
historically been the core methods used to manufacture metallic components. Casting 
involves pouring molten metal into a mold; forging relies on plastic deformation; and 
machining achieves the final shape through the removal of material i.e. subtractive 
manufacturing. However, these traditional processes often lead to significant material 
wastage, longer lead times, and limited design freedom. 

In contrast, additive manufacturing (AM), commonly known as 3D printing, builds 
components in a layer-by-layer fashion, offering several advantages over conventional 
techniques. AM fundamentally unlocks design freedom that was previously 
unattainable, as conventional designs were often limited in complexity by the restricted 
capabilities of cutting tools and jigs/fixtures. Furthermore, while the cost of a 
component typically increases with its complexity in conventional manufacturing 
methods; AM allows complex geometries, internal cooling channels, and lattice 
structures to be manufactured easily without a proportional increase in manufacturing 
costs. This combination of design freedom and the reduced need for dedicated tooling 
is a main driver for AM adoption across numerous sectors. Additionally, AM's 
capabilities for on-demand manufacturing with reduced lead times and its inherent 
repair potential have significantly increased industry interest. 

AM technologies are diverse and can be broadly divided into seven categories [22]. 
Powder Bed Fusion (PBF) is one of these seven, which is capable of consolidating 
metals and polymers. This process generally involves a powder bed where particles are 
fused using a thermal source, such as a laser or an electron beam. Specifically, this 
thesis deals with metal powders consolidated with a laser beam, known as PBF–LB of 
metals. Details regarding PBF–LB, including its working principle, process parameters, 
characteristic defects, and microstructure evolution, will be discussed in the following 
sections. 

3.1. PBF–LB principle 
A typical PBF–LB machine consists of building platform, recoater, powder dispenser, 
powder collector and the laser system (laser and scanner), indicated in Figure 2. The 
process starts with a three-dimensional CAD (computer aided design) file which is 
sliced to two-dimensional slices based on the chosen layer thickness (~20 to 80 µm). 
These two-dimensional slices are then transferred to the PBF–LB machine with each 
slice containing the layer information. The powder from the dispenser is deposited on 
the building platform with the help of a recoater. The laser system then scans and 
melts the powder based on the layer information. The recoater moves back to the start 
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position and the build platform then moves down a designated layer thickness while 
the dispenser moves up. The recoater then deposits the second layer of powder followed 
by the laser system scanning the next layer of the part to be manufactured. This layer-
by-layer process proceeds until the desired component is obtained. The metal powder 
feedstock used for the PBF–LB is typically produced by gas atomization (GA) and 
have a spherical morphology with powder size in the range of 15 to 63 µm. Ni-base 
superalloys are typically produced using Vacuum Inert Gas Atomization (VIGA) 
process due to the presence of oxidation sensitive elements like Al and Ti [23], but are 
also produced using other atomization methods such as plasma atomization (PA) and 
Electrode Induction melting Gas Atomization (EIGA) [23]. A micrograph showing the 
VIGA powder of a typical Ni-base superalloy is shown in the inset of Figure 2. It is to 
be noted that the entire PBF–LB process takes place inside the build chamber with an 
inert atmosphere, typically Ar, to reduce the oxidation during the process. Once the 
build is completed the unmelted powder is removed from the powder bed and can be 
reused after sieving. The part is separated from the building platform using a bandsaw 
or by electrical discharge machining (EDM).  

 
Figure 2. Schematic of the PBF–LB process. 

3.2. PBF–LB process parameters  
The quality of the parts manufactured by PBF–LB process is influenced by the chosen 
process parameters. Most of the structural applications require high density parts with 
good mechanical performance that require careful optimization of the process 
parameters. There are several process parameters that can be varied in PBF–LB. 
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However, the main parameters that are typically considered for process optimization 
include laser power (P), laser scan speed (v), hatch distance (h) and layer thickness 
(t). Figure 3 highlights a schematic of the PBF–LB process where the main process 
parameters are depicted. As the laser scans over a pre-determined path over the powder 
bed, it forms a melt pool that melts and solidifies. The laser power (P) and laser scan 
speed (v) typically determine the shape and size of the melt pool and are represented 
as linear energy density (LED), as shown in Eqn. (1). 

LED ቂJ mmൗ ቃ =  P ሾWሿv ሾmm s⁄ ሿ  ሺ1ሻ 

 
Figure 3. Schematic of the printing process in PBF–LB highlighting the main 
process parameters along with melt pool dimensions. 

Higher LED values lead to deeper and wider melt pools, while lower LED leads to 
shallower and narrower melt pools. Another important parameter to be considered is 
hatch spacing, which refers to the spacing between two adjacent melt tracks. It is 
crucial to have sufficient overlap between the adjacent tracks to avoid the formation 
of lack of fusion porosity. Finally, layer thickness is another important parameter that 
determines the volume of powder that needs to be melted. Typical layer thickness 
values are 20 to 40 µm but larger layer thicknesses up to 80 µm has been explored for 
some materials to increase productivity [24,25]. A combination of parameters known 
as volumetric energy density (VED) is used to represent the main process parameters 
as shown in Eqn. (2). 

VED ቂJ mmଷൗ ቃ =  P ሾWሿv ሾmm s⁄ ሿ. h ሾmmሿ. tሾmmሿ ሺ2ሻ 



Powder Bed Fusion – Laser Beam (PBF–LB) 

 - 10 - 

Apart from the main parameters mentioned above, scan strategy is another crucial 
parameter. Scan strategy refers to the path the laser scan follows in a particular and 
subsequent layers. Figure 4 depicts some of the scan strategies. It is to be noted that 
a bi-directional stripe scan strategy along with rotation angle of 67° (Figure 4d) is 
commonly used in industrial machines. The chosen process parameters along with the 
scan strategy can affect defect formation, residual stresses, microstructure and in turn 
the mechanical performance [26–28]. 

 

Figure 4. Schematic of selected scan strategies in PBF–LB (a) bi-directional scan 
strategy, (b) bidirectional scan strategy with rotation, (c) stripe scan strategy, (d) 
stripe scan strategy with rotation. 

3.3. Defects in PBF–LB processed parts 
Different types of porosity can be found in samples manufactured using the PBF–LB 
process. Some of the commonly process-induced porosities include lack of fusion and 
keyhole. 

Keyhole porosity (Figure 5a) refers to the porosity that is caused by the high energy 
input to the material, which leads to material vaporization and creation of nearly 
spherical pores, typically found in the bottom of the melt pool. This type of porosity 
can be mitigated by lowering the energy input or post-processing HIP. 
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Lack of fusion (LoF) porosity (Figure 5b) refers to the porosity that is caused by the 
improper melting of the powders and can be found either between adjacent melt tracks 
or between layers. This is often caused by either improper horizontal overlaps between 
melt tracks or improper vertical overlap between layers. LoF porosity tends to have 
sharp edges and irregular morphology which can be detrimental for cyclic loading such 
as fatigue. Therefore, it is important for superalloys that are intended to be used in 
critical applications to avoid LoF porosity. This is achieved either through having 
sufficient horizontal or vertical overlaps through optimized hatch spacing or increased 
energy input (VED or LED). Minimizing LoF porosity through HIP is possible, 
however it is challenging to eliminate due to the presence of trapped Ar gas [29,30].  

 

Figure 5. Defects in PBF–LB processed parts. (a) Keyhole porosity, (b) Lack of 
fusion porosity, (c),(d) Micro-crack. All micrographs are from CM247LC processed 
by PBF–LB. 

It is to be noted that processing window of an alloy typically lies between the lack of 
fusion and keyhole mode [31]. This processing window sometimes referred to as 
conduction mode is wide for most of the alloys including some low-γ′ strengthened 
superalloys such as Haynes 282® [32]. However, micro-cracking is observed in some 
medium to high γ′ strengthened superalloys (Figure 5c,d) which limits the processing 
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window [19,33,34]. Further details on micro-cracking mechanism and its mitigation can 
be found in Section 4.1.  

3.4. Microstructure of PBF–LB processed parts in as-built condition 
PBF–LB is a complex process that involves repeated melting and solidification of an 
alloy along with high cooling rates (~105 to 106 K/s) in PBF–LB process [35,36]. 
Coupled with the complex thermal history due to re-melting of adjacent tracks and 
subsequent layers, the process can induce complex phase transformations, 
crystallographic texture and non-equilibrium microstructures in the as-built condition. 
This necessitates post-processing heat treatments for γ′ strengthened Ni-base 
superalloys. The current section will review the important microstructural features in 
γ′ strengthened Ni-base superalloys in the as-built PBF–LB condition.  

When the laser interacts with the metal powder, a melt pool is formed which then 
solidifies. The solidification structure is influenced by the temperature gradient (G) 
and the growth rate (R). It has been established that the combination of high 
temperature gradient and growth rate leads to a cellular-like solidification structure 
comprising of primary dendrites. The direction of the primary dendrites is influenced 
mainly by the shape and size of the melt pool, which, in turn, affects the 
crystallographic texture. A narrow and shallow melt pool promotes the formation of a 
strong <100> crystallographic texture along the build direction, while a wide and deep 
melt pool would have a strong <110> crystallographic texture.  

It is to be noted that the primary dendrites solidify first followed by the interdendritic 
region which leads to a compositional difference between the dendrite core and the 
interdendritic region. Elements such as Hf, Al, Ta, Ti, B, Zr, Mo, Cr, Co and Nb tend 
to segregate to the interdendritic region [37–39]. The segregation to the interdendritic 
regions in Ni-base superalloys leads to the formation of primary carbides (MC carbide) 
[40,41], γ/γ′ eutectic [38] and possibly tetragonal close packed (TCP) phases [41].  

It is to be noted that the formation of γ′ precipitates in as-built microstructure is 
generally limited or avoided due to the high cooling rates associated with the PBF–LB 
process [21,40,42]. However, the local chemistry variation, especially in interdendritic 
region with the presence of higher content of γ′ forming elements (Al+Ti) can lead to 
the formation of γ′ precipitates. These γ′ precipitates are ~10 to 30 nm in size as 
identified by transmission electron microscopy (TEM) or atom probe tomography 
(APT) [43,44]. Some studies have also identified γ′ precipitates from synchrotron X-
ray diffraction (S-XRD) in CM247LC and IN713LC [45]. However, identification of γ′ 
in as-built condition using lab-based XRD is difficult due to the limited 
resolution/energy of the X-rays [46].  
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3.5. Residual stress 
Residual stresses are self-balanced stresses that remain in a material after 
manufacturing without any acting external stresses. Residual stresses can be beneficial 
or detrimental to the performance of a component depending on their nature and 
magnitude.  

Depending on the length scale of the residual stresses, they can be classified into three 
types: 1) Type-I are residual stresses that occur on component level i.e. macro-scale 
and is also known as macro residual stress; 2) Type-II are residual stresses that occur 
on grain or phase level and 3) Type-III are residual stresses that occur at atomic scale 
such as point defects, vacancies or dislocations. Both Type-II and Type-III collectively 
are known as micro residual stress [47,48]. In fact, residual stress at a point is a 
combination of the three types of residual stresses [49]. 

In PBF–LB, high value of residual stresses present in the component is due to the 
localized energy input, constrained shrinkage along with the complex thermal history. 
The high residual stresses often lead to distortion when removing components from the 
build plate and necessitate stress relief heat treatments for complex components. The 
residual stresses in as-built PBF–LB components are influenced by the chosen process 
parameters, scan strategies or size/geometry of the component.  

3.6. Post-process heat treatment 
Several alloys are used in as-built condition due to the superior tensile strength (limited 
ductility) given by the fine microstructures. However, there could be a necessity for 
performing stress relief heat treatments for larger parts attached to the build platform 
to prevent warpage/deformation. Furthermore, solution and ageing heat treatments 
may be required to homogenize and obtain the required strengthening phases. This is 
crucial for Ni-base superalloys strengthened by γ′ to achieve the intended 
microstructure and mechanical performance. 

Hot isostatic pressing (HIP) is an important post-process heat treatment that is 
effective in minimizing defects [50] including micro-cracks [51]. HIP involves heating 
up a component combined with applying high pressures (100 to 200 MPa) with the 
help of inert gas such as Ar. At high temperature the flow stress of the material 
decreases along with increased atomic diffusion. When the applied pressure by the gas 
exceeds the material flow stress, this results in plastic deformation and material flow 
resulting in closure of defects [30]. Due to this effectiveness of HIP in closing defects, 
it is an important part of routine heat treatment for critical components (cast turbine 
blades) made of Ni-base superalloys. Furthermore, HIP can be combined with other 
heat treatments such as solution and ageing heat treatments [30].  
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It is to be noted that there is a need for re-development of heat treatment, particularly 
the first heat (solution) treatment after PBF–LB process, especially for γ′ strengthened 
Ni-base superalloys [52–54].  
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4.  Challenges in PBF–LB of Ni-base superalloys 

4.1. Micro-cracking 
A common and significant challenge reported in PBF–LB processing of superalloys is 
micro-cracking. Both precipitation [55] and solid-solution strengthened [56] superalloys 
have reported occurrence of micro-cracking. These cracks are small and are typically 
on length scale of the melt pool. While various mechanisms have been proposed, the 
majority of reports attribute micro-cracking in PBF–LB processed superalloys 
primarily to solidification cracking [57–59].  

Solidification cracking, sometimes also known as hot tearing or hot cracking, 
appears during the solidification process. They have been identified earlier in casting 
[60] and welding [61]. It is generally accepted that this type of cracking occurs due to 
insufficient liquid feeding into the interdendritic regions during the terminal stages of 
solidification coupled with thermal stresses and shrinkage during solidification [61]. 
The presence of liquid film is due to the larger solidification interval that leads to the 
presence of liquid films in the interdendritic boundaries which makes it susceptible to 
solidification cracking. Therefore, these cracks tend to have a dendritic appearance on 
the crack surface and are typically intergranular [62,63].  

The attempts to minimize micro-cracking have been achieved either through alloy 
modifications or process optimization. Alloy modification involved reduction of 
elements that tend to segregate to interdendritic/grain boundaries such as Hf, B, Zr, 
Si, etc. [38,64–67]. Although tramp elements such as Si can be minimized, other 
elements such as Hf, B and Zr are crucial for high temperature creep performance 
[68,69]. Additionally, incorporating nanoparticles such as TiC [70] have shown to cause 
wider and shallower melt pools along with grain refinement which subsequently 
minimizes micro-cracking. Moreover, certain nanoparticles like Y2O3 [71] can interact 
with the base alloy and trap elements like Zr prone to segregation that effectively 
minimizes solidification cracking.  

Process optimization involving laser parameters (laser power and speed), hatch spacing 
and scan strategy have been demonstrated to influence micro-cracking. One of the 
earliest works [72] on CM247LC produced by PBF–LB indicated that micro-cracking 
is minimized by using lower linear energy density (LED given by Eqn. (1)) . However, 
this increased the risk of lack of fusion that can be circumvented by reducing the hatch 
spacing. The effectiveness of lower LED in minimizing micro-cracking was also 
confirmed by Griffiths et al. [38] and Grange et al. [73]. Lowering the LED results in 
smaller and narrower melt pools, leading to an increased <100> crystallographic 
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texture with finer columnar grains and a reduction in (HAGBs) which are common 
sites for micro-crack formation [38,73].  

Modifying the scan strategy also influences micro-cracking. Traditional scan strategies 
such as ‘island’ or ‘chess’ scan strategy employed by Carter et al. [33] led to bimodal-
type microstructure where micro-cracks occurred more in the overlap region of the 
islands. In contrast, a bi-directional scan strategy by Lam et al. [26] combined with 
scan rotation is effective in minimizing micro-cracking. Consistent with previous 
studies [38,73], this minimization was achieved by promoting a strong <100> 
crystallographic texture thereby minimizing the HAGBs prone to micro-cracking [26].  
Additionally, re-melting strategies developed by Liu et al. [55] also minimized micro-
cracking by promoting the <100> crystallographic texture. However, the positive 
effect of re-melting was attributed not only to the reduction in HAGBs, but also to 
the uniform distribution of thermal gradients and residual stresses, along with 
minimized segregation of elements in the grain boundaries (or interdendritic regions) 
[55]. 

Since process optimization alone cannot eliminate micro-cracks, post-processing heat 
treatment, particularly hot isostatic pressing (HIP), is crucial for closing or healing the 
micro-cracks. However, it is noteworthy that HIP does not close micro-cracks open to 
the surface [33,72].   

Finally, some studies have indicated the presence of other micro-cracking mechanisms 
[58,72,74]. The identified micro-cracks did not show presence of dendritic surface or 
liquid films but instead had smooth surfaces and were intergranular. These were 
identified to be cracks that occurred in solid-state and likely strain age cracking or 
ductility dip cracking [58,74]. It is to be noted that these mechanisms are more 
commonly reported in components after post-processing heat treatment often leading 
to macro-cracking [75].  

4.2. Macro-cracking 
Macro-cracking refers to the millimeter-scale cracks typically formed during post-
processing heat treatments. These cracks are especially observed in moderate to high 
γ′ strengthened Ni-base superalloys due to the rapid γ′ precipitation kinetics that 
impart additional stress along with associated changes in strength and ductility. This 
type of cracking is a contributing factor to making these types of alloys non-weldable 
in addition to the micro-cracking. There are two possible cracking mechanisms, namely 
strain age cracking and ductility dip cracking which will be briefly discussed here. 

Strain age cracking (SAC) is a post-processing heat treatment induced macro-
cracking prevalent in γ′ strengthened Ni-base superalloys. From the welding literature, 
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it is known that this type of cracking indeed can occur during reheating in multi-pass 
welds [76]. However, this is unlikely the case in PBF–LB due to the high cooling rates 
that leads to no or very limited γ′ precipitation [44,77,78]. Therefore, it can be agreed 
that SAC occurs primarily during post-process heat treatments for PBF–LB processed 
γ′ strengthened Ni-base superalloys.  

During post-process heat treatments two phenomena occur a) relief of residual stress 
and b) γ′ precipitation. SAC occurs due to the rapid precipitation kinetics common in 
superalloys with higher γ′ forming elements (Al+Ti). The rapid precipitation kinetics 
causes additional stresses due to the volume change associated with the formation of 
γ′ which superimposed with the residual stresses from PBF–LB process, eventually 
leads to SAC [76]. SAC has been found to be primarily intergranular and both smooth 
and ductile fracture surfaces were observed [76]. It is to be noted that SAC in PBF–
LB processed γ′ strengthened Ni-base superalloys is a combination of γ′ precipitation 
along with residual stress from the PBF–LB process. Therefore, they all must be 
addressed to certain extent to improve resistance to SAC. 

Ductility dip cracking (DDC) is also a post-processing heat treatment induced 
macro-cracking. It has been noted that some of the Ni-base superalloys had a ductility 
drop in the intermediate range (700 – 900 °C) which along with the thermal strains 
can lead to DDC. The mechanism of DDC is reported as creep-rupture like failures 
where grain boundary shearing caused voids and eventually fracture. Like SAC, DDC 
is intergranular in nature and can occur during welding. However, possibility of 
occurring during PBF–LB process is limited due to the rapid cooling rates. DDC have 
been primarily reported for solid-solution strengthened superalloys [76]. However, there 
is a possibility that the drop in ductility in similar temperature range (700 to 900 °C) 
could be attributed to precipitation of γ′ [45]. In fact, some of the reported macro-
cracks in post-process heat treated components manufactured by PBF–LB have 
reported both SAC and DDC mechanisms [75].  

From both SAC and DDC mechanisms, it can be observed that the problem lies in the 
rapid γ′ precipitation kinetics that either lead to additional stress or associated drop 
in ductility. Although for a particular alloy composition it is difficult to influence 
precipitation kinetics, there is further scope for managing the residual stress which is 
an identified potential research gap.   

4.3. Microstructure and mechanical performance 
The mechanical performance of an alloy is influenced by its final microstructure, which, 
in turn, is affected by the manufacturing and post-processing heat treatment. For 
instance, cast superalloys exhibit coarse grains, coarse carbides and γ/γ′ eutectic [9]. 
In contrast, PBF–LB processed Ni-base superalloys feature fine, columnar grains, fine 
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carbides and limited γ/γ′ eutectic [77,79]. The microstructural difference arises from 
the distinct thermal histories associated with the respective manufacturing processes. 
Achieving crack-free components via PBF–LB is critical, but the subsequent goal is 
attaining the required high temperature mechanical performance, particularly creep 
resistance. 

The as-built microstructure comprises fine primary dendrites with varying elemental 
concentration from the dendrite core to the interdendritic region. This difference in 
concentration necessitates a solution heat treatment to homogenize the material before 
aging heat treatment. However, the first heat treatment is preferred to be hot isostatic 
pressing (HIP) to heal defects, such as micro-cracks, which can then be followed by a 
separate solutioning heat treatment [80]. In some cases, the rapid quenching possible 
in certain HIP equipment allows to skip the additional solution heat treatment [30].  

Research has clearly demonstrated that applying heat treatments developed for 
conventionally manufactured (cast or wrought) superalloys to PBF–LB processed 
counterparts results in comparatively poor creep performance [52,68]. This highlights 
the need to develop tailored heat treatments specific to PBF–LB processed superalloys. 
For example, a recent study on Haynes 282® [52] indicated that performing higher 
solution heat treatment (or HIP) at 1250°C resulted in coarser grains when compared 
to the conventional wrought solution heat treatment at 1135 °C. This improved 
recrystallization and grain growth at higher temperature, increased the creep rupture 
life of the PBF–LB processed Haynes 282 by 3-fold compared to the wrought material. 
The benefit of increased solution temperature in achieving recrystallization and grain 
growth is also reported for other medium to high γ′ Ni-base superalloys [51,81–83]. 
While coarser grains obtained through these heat treatments are generally beneficial 
for increasing creep rupture life [84], it has been reported that the creep performance 
may be anisotropic, with the longest creep rupture life observed when the specimen is 
loaded along the build direction [85,86].  

Apart from the grain size, grain boundary elements can also influence creep 
performance. The critical role of boron (B) has been established in [20] where it was 
indicated that removing B led to poor creep performance, while [19] indicated that 
increasing B above the standard levels resulted in improvement of creep performance 
in both, along and transverse to the build direction. This difference is attributed to 
the formation of borides which supply B to the grain boundary, improving grain 
boundary cohesion. These studies indicate that microstructure tailoring either through 
alloy design and post-processing heat treatments can improve creep performance to 
match or approach the conventional counterparts. However, attempts to influence the 
microstructure directly through PBF–LB processing and the subsequent influence on 
creep performance remain limited. 
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5.  Methodology 

5.1. Material 
The CM247LC powder used in this thesis was VIGA powder provided by Höganäs AB 
(Höganäs, Sweden). The powder had a particle size range of 15 to 45 µm which was 
sieved in subsequent prints using a 63 µm sieve. The chemical composition, as provided 
by the supplier, is shown in Table 2.  

Table 2. Chemical composition of the standard CM247LC powder used in Paper I – 
Paper VII 

 Cr Co Mo C W Hf Ta Ti Al Zr B Ni 
wt.% 8.00 9.30 0.50 0.06 9.70 1.30 3.20 0.80 5.60 0.009 0.010 Bal. 

Two powder additives were prepared to modify the base CM247LC composition and 
were studied in Paper I. These were prepared by using the standard CM247LC powder 
as the base and adding either 1 wt.% nano-Y2O3 or 1 wt.% Hf mixed in a slow mixer 
for 4 hours. These additives, sourced from US Research Nanomaterials Inc. (Houston, 
TX, USA), had particle size ranges of 20 to 45 nm for nano- Y2O3, and 30 to 45 μm 
for Hf. However, the remainder of the appended papers utilized the standard CM247LC 
powder without any chemistry modification.  

Paper VIII used powder sourced from another supplier and the composition is shown 
in Table 3.  

Table 3. Chemical composition of the standard CM247LC powder used in Paper 
VIII 

 Cr Co Mo C W Hf Ta Ti Al Zr B Ni 
wt.% 8.25 9.23 0.60 0.07 9.53 1.35 3.01 0.74 5.5 0.013 0.018 Bal. 

5.2. PBF–LB process 
The specimens in Paper I were printed using a miniaturized PBF–LB machine 
(miniSLM) developed at Paul Scherrer Institute (PSI) in Switzerland for using in a 
synchrotron beamline and more information can be found elsewhere [87,88]. This 
machine was used for operando X-ray radiography (imaging) experiments at the 
TOmographic Microscopy and Coherent rAdiology experimenTs (TOMCAT) beamline 
of the Swiss Light Source (SLS) at PSI in Switzerland. 

The specimens in Paper II – Paper VIII were printed using a commercial EOS M290 
machine (Electro Optical Systems GmbH, Krailling, Germany). This machine is 
equipped with Yb-fiber laser having a gaussian intensity distribution and a spot 
diameter at the focal plane of ~85 to 100 µm. The laser was operated in continuous 
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wave mode. The PBF–LB process was carried out in a chamber where the oxygen level 
was maintained below 0.1% with continuous flow of Argon gas to minimize oxidation. 
All the specimens utilized a bi-directional scan strategy, and additional details can be 
found in the appended papers. Table 4 indicates the process parameters used for the 
baseline specimens used in Paper V – Paper VII. This parameter is optimized to have 
the lowest micro-cracking. The specimens were separated from the build platform using 
a bandsaw or EDM before further analysis or heat treatment. 

Table 4. Baseline parameter used in Paper V- Paper VII 

Power Speed Hatch Layer thickness 
(W) (mm/s) (mm) (mm) 
125 1200 0.05 0.03 

5.3. Heat treatment 
The heat treatment consisted of hot isostatic pressing (HIP) that was combined with 
solution heat treatment, performed in a Quintus QIH21 HIP with molybdenum furnace 
at Quintus Technologies AB (Västerås, Sweden). The HIP temperatures were in the 
range of 1250 °C to 1280 °C performed for 4 hours with pre-pressurisation strategy of 
200 MPa (see Section 6.2.2). The specimens then were aged in a TAV H4-S type 
industrial vacuum furnace (TAV Vacuum Furnaces SPA, Caravaggio BG, Italy) which 
was performed at 871 °C for 20 hours.  

5.4. Metallographic preparation 
Specimens for metallographic preparation were extracted parallel or transverse to the 
build direction. Specimens that required sectioning were cut using an abrasive disc on 
a Buehler IsoMet High Speed Pro precision cutter. This was followed by mounting the 
specimens in conductive Struers Polyfast resin (Struers ApS, Ballerup, Denmark). The 
mounted samples were then followed by successive grinding steps using SiC papers 
ranging from 320 to 4000 grit size on a Struers Tegrapol. This was followed by polishing 
using a diamond suspension of 3 µm on a taffeta woven wool surface (MD-Mol by 
Struers) and then a 1 µm polishing. After this, the mounted specimens were suitable 
for defect analysis using optical microscopy. However, an additional polishing step 
using 0.05 µm colloidal silica polishing was done before high-resolution scanning 
electron microscopy or etching.  

Two types of etchants were utilized – 1) immersion/swab etching using Kalling’s 2 (5g 
cupric chloride + 100 ml 37% hydrochloric acid + 100 ml ethanol) or 2) electrolytic 
etching using 10 wt.% phosphoric acid or 10 wt.% oxalic acid at 3 to 5 V for 5 to 10 
seconds. The choice of the etchant was more important for SEM than OM. Kalling’s 2 
etched the interdendritic region or the γ′ precipitates, while the electrolytic etching 
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etched the dendritic core or the γ matrix. A comparison of the microstructures (as-
built and heat-treated) using the two etchants for CM247LC is shown in Figure 6. 

 
Figure 6. Comparison of etched microstructures (a), (c) Etched with Kalling’s 2, 
(b), (d) Electrolytical etching with 10 wt.% oxalic/phosphoric acid. (a), (b) As-built 
microstructure. (c), (d) Heat-treated (HIP+age) microstructure. (a)-(c) Obtained in 
SEM with SE detector. (d) Obtained in SEM with BSE detector. 

5.5. Optical Microscopy  
The metallographically prepared samples before etching were analyzed using optical 
microscopy (OM) performed mostly using a Zeiss Axiovision 7 (Carl Zeiss Microscopy 
GmbH, Oberkochen, Germany). This microscope has a motorized stage which was used 
to obtain stitched micrographs of the entire cross-section to analyze defects (cracks 
and porosity). This microscope was also used for observation of solidification 
microstructures, particularly melt pools after etching. The macro-cracking on cruciform 
was observed using a Zeiss Stereo Discovery.V20 stereo optical microscope (SOM).  

5.6. Scanning Electron Microscopy 
The scanning electron microscopy (SEM) was performed using either a Zeiss Leo 
Gemini 1550 or a Zeiss Gemini 450 (Carl Zeiss Microscopy GmbH, Oberkochen, 
Germany) which were equipped with similar detectors and had a field emission gun 
(FEG) electron source. Metallographically prepared samples, fracture surfaces and 
powders were analyzed using SEM.  
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5.6.1. SEM imaging and chemical analysis 
Imaging was performed using different detectors, namely secondary electron (SE), 
backscattered electron (BSE) and in-lens detector. The SE detector was used to observe 
the etched microstructure or to observe fracture or crack surfaces. The in-lens detector 
was used to observe the microstructure specifically at high magnifications. The BSE 
detector was used to observe chemical contrast in the microstructure, both in etched 
and unetched conditions. The BSE detector was also used to observe microstructures 
due to its sensitivity to crystallographic orientation contrast. The accelerating voltages 
used for imaging ranged from 5 to 10 kV. The current in Zeiss Gemini 450 was typically ≤500 pA, while aperture of 30 µm or 60 µm was used in Zeiss Leo Gemini 1550.  

Energy dispersive spectroscopy (EDS) was performed using either Ultim-Max or X-
Max EDS detector (Oxford Instruments, Abingdon, Oxfordshire, England). EDS 
provided elemental composition of the phases or features observed in SEM which were 
obtained from a point, line scan or a map. EDS acquisition was performed using an 
accelerating voltage of 10 to 20 kV, probe current of 2 to 5 nA and working distance 
of ~8.5 mm.  

5.6.2. Electron backscattered diffraction  
Electron backscattered diffraction (ESBD) was performed using either Nordlys II or 
Oxford Symmetry EBSD detector (Oxford Instruments). EBSD acquisition was 
performed using an accelerating voltage of 20 to 30 kV and probe current of 2 to 10 
nA. The acquired data underwent basic clean-up in Aztec Crystal consisting of 
removing wild spikes and zero solution removal ranging from 8 to 5 nearest neighbors. 
The EBSD maps in inverse pole figure (IPF) representation and pole figures were 
plotted using open source MTEX toolbox (version 5.9.0) [89] in MATLAB®.  

5.6.3. Electron channeling contrast imaging 
Electron channeling contrast imaging (ECCI) is an SEM-based characterization 
performed using the BSE detector that allows to image crystal defects such as 
dislocations, stacking faults and twins. The relationship between the incident electron 
beam and the varying crystal lattice orientation leads to difference in the backscattered 
electron intensity. ECCI is best performed in a grain/region that appears dark, and 
the crystal defect would have a higher BSE intensity. However, controlled ECCI 
(cECCI) uses orientation information from EBSD to go into the two-beam diffraction 
conditions [90].  

ECCI and cECCI micrographs presented in this thesis were obtained using Zeiss 
Gemini 450 with accelerating voltage of 20 to 30 kV, probe current of 2 to 5 nA and 
working distance of 5 to 8 mm. For cECCI, the region of interest was first observed 
with the BSE detector and eucentric height was achieved. Following this the EBSD 
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was performed on the region of interest, and the orientation information was obtained. 
This information is then used in the commercial computer program TOCA v2.3 (Tools 
for Orientation Determination and Crystallographic Analysis, initially developed by S. 
Zaefferer, now acquired and commercially distributed by Zeiss) [90,91]. This software 
is then used to tilt and rotate the specimen to go into the required two-beam condition 
for the cECCI.  

5.7. Atom probe tomography  
The atom probe tomography (APT) measurements were performed using the local 
electrode atom probe LEAP 6000 XR from CAMECA (Madison, Wisconsin, US). The 
instrument was used in laser pulse mode at 50 K specimen temperature, 0.5 to 3% 
evaporation rate and 30 to 35 pJ laser energy. Reconstructions were made in the 
commercial software AP Suite 6.3 (CAMECA). The samples were prepared either 
through electrolytic polishing [92] or through focused ion beam-SEM FEI Versa 3D 
workstation through standard lift-out procedures [93].  

5.8. X-ray diffraction  
Diffraction based techniques such as X-ray diffraction (XRD) are routinely used for 
phase identification and texture determination. The principle of diffraction is based on 
Bragg’s law of diffraction as shown in Eqn. 3. The incident X-rays interact with the 
crystal lattice and undergo constructive interference as shown Figure 7 and a 
diffraction peak is obtained.  nλ = 2d୦୩୪ sin θ ሺ3ሻ 
where n is an integer, λ is the wavelength of the X-ray, d୦୩୪ is the interplanar spacing 
of hkl planes and θ is the Bragg’s angle. 

 
Figure 7. Schematic showing the principle of X-ray diffraction. 
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In this thesis XRD has been used primarily for measuring residual stress on PBF–LB 
processed samples. Table 5 summarizes the XRD equipment used in this thesis. The sinଶ 𝜓 method was used for the evaluation of residual stress [94] assuming quasi-
isotropic elastic material behavior and plane stress (i.e. σ33 = 0) The measurements 
were performed on the lateral surface of the sample along the vertical direction (// to 
BD) and horizontal direction (⟂ to BD) in varying 𝜓 ranges.  Because of the limited 
penetration depth of X-rays, electrolytic etching was performed to obtain a depth 
profile until ≈200 µm in Paper II – Paper IV. However, no electrolytic etching was 
performed in Paper V due to the higher penetration depth of Synchrotron X-rays. The 
energy dispersive nature of the white beam synchrotron X-ray used in Paper V also 
provides residual stress information for higher depths (up to ≈50 to 100 µm). 
Subsequent data analysis was performed for peak fitting and residual stress calculation 
using X-ray diffraction elastic constant (DEC) which can be found in Paper II – Paper 
V. 
Table 5. Summary of XRD equipment used in this thesis 
Paper Equipment Source 
Paper II Seifert X-ray diffractometer Cr X-ray tube 

 
Paper III LIMAX-160 X-ray diffractometer at 

Helmholtz Zentrum Berlin (HZB) 
Liquid Ga MetalJet 
(Energy dispersive) 

Paper IV Stresstech G3 mobile diffractometer Mn X-ray tube 
 

Paper V P61A beamline at Deutsches Elektronen-
Synchrotron (DESY) 

Synchrotron white beam 
(Energy dispersive) 

5.9. Creep testing 
All the creep tests were performed in fully heat-treated conditions consisting of HIP + 
aged as mentioned in Section 5.3. The creep tests were performed at temperature of 
871 °C and 380 MPa and creep strains were measured. In Paper VII, the creep test 
was performed as dead weight creep utilizing a Bofors test frame [95] equipped with a 
purpose-built furnace from Entech (Entech Energiteknik AB, Ängelholm, Sweden). 
The creep strain was noted manually at fixed time increments, and the test was carried 
in accordance with ISO 204:2018. In Paper VIII, an electromechanical creep testing 
system (ZwickRoell KAPPA 050 DS, Ulm, Germany) equipped with the ZwickRoell 
universal 3-zone furnace, following the ISO 204:2009, was used. The creep strain was 
measured using a rod-and-tube extensometer clamped to the test piece’s collar. All 
creep tests were performed until fracture, and the results were compared on a Larson–
Miller Parameter (LMP) plot. LMP is given by (T + 273)*(20 + log10(t))/1000, where 
T is the temperature in °C and t is the creep life in hours. 
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6.  Summary of results  

This thesis is based on the results from the eight appended papers (Paper I – Paper 
VIII) along with some complementary results. The primary objective is to understand 
the effects of PBF–LB processing and post-processing heat treatment on micro-
cracking, macro-cracking and creep performance of CM247LC, supported by 
microstructure and residual stress characterization.  

In Paper I, synchrotron X-ray radiography and SEM analysis were used to establish 
the micro-cracking mechanism. This paper also presents and discusses micro-crack 
mitigation pathways in CM247LC with additions of either Hf or nano-Y2O3.  Paper II 
– Paper IV deals with optimizing PBF–LB process parameters and scan strategies to 
control micro-cracking, microstructure and residual stresses. Complementary results 
on macro-cracking are also presented here for Paper II and Paper III. Paper V 
elucidates the γ′ precipitation and residual stress relief with intermediate heat 
treatment to understand the macro-cracking mechanism. Paper VI presents how post-
process heat treatment, particularly standard and modified HIP (pre-pressurisation) 
strategies influence micro-cracking, macro-cracking and microstructure. Paper VII 
presents how the temperature in HIP using pre-pressurisation strategy influence 
microstructure and creep performance. Paper VIII reveals how the optimized PBF–LB 
process induced anisotropic microstructure improves creep performance.  

6.1. Micro-cracking 
6.1.1. Micro-cracking mechanism 
A primary challenge in the PBF–LB processing of CM247LC is the consistent 
formation of micro-cracks. Through a combination of real-time synchrotron X-ray 
radiography and detailed post-mortem SEM/EBSD observations, the mechanism of 
micro-cracking was identified. Both observations confirmed that micro-cracks occur 
during the final stages of the solidification process, aligning with the mechanism of 
solidification cracking. SEM/EBSD observations indicated that the crack surfaces had 
evidence of dendritic structures from solidification and found at HAGBs with 
misorientation ≥ 15°. Section 6.1.2 will briefly present the different micro-crack 
mitigation strategies.   

6.1.2. Micro-cracking mitigation  
The first route explored the addition of elemental or oxide powders to the CM247LC 
powder to alter the solidification path. Both additions of 1 wt.% Hf or 1 wt.% nano-
Y2O3 were successful in minimizing micro-cracking (Paper I). For the Hf-added sample, 
the partial melting of high-melting point Hf particles increased the availability of liquid 
in the interdendritic regions during the terminal stages of solidification. This enhanced 
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liquid feeding aids in backfilling, thereby minimizing the micro-cracking.  However, 
with the Y2O3-added sample, the radiographs revealed a reduction in melt pool depth. 
This effect leads to a smaller volume of solidifying material and was crucial for reducing 
micro-cracking and provided a direct connection to the beneficial effects later explored 
through PBF–LB process optimization.   

Process optimization proved to be a relatively scalable and effective strategy for 
tailoring melt pool geometry and solidification to minimize micro-cracking. The initial 
work (Paper II) established that linear energy density (LED) is a critical factor in 
controlling micro-cracking, unlike volumetric energy density (VED), which did not 
correlate well with micro-cracking. Low LED (~0.1 J/mm) processing resulted in low 
micro-cracking, while high LED (≥ 0.2 J/mm) led to severe micro-cracking (Figure 8). 
The positive effect of low LED is primarily attributed to a lower fraction of HAGBs, 
the known locations of micro-cracking. To prevent lack of fusion defects when using 
low LED, it is crucial to have smaller hatch spacing (~50 µm). 

 
Figure 8. OM and EBSD map in IPF representation with superimposed HAGBs along 
with schematic of representative melt pool shape and size. 

Beyond energy input, scanning strategies were also found to influence micro-cracking. 
Processing with scan rotation of 67° or 90° successfully minimized the severe anisotropic 
micro-cracking seen in samples with no rotation (0°), as shown in Paper IV. The reason 
for the increased micro-cracking for no rotation is attributed to the long columnar 
grains with HAGBs. Additionally, Paper III and Paper IV indicated that both stripe 
scan and re-melting strategies minimize micro-cracking. In all the samples with low 
micro-cracking, two consistent features observed are: 1) narrow and shallow melt pools 
and 2) columnar grains with <100> crystallographic texture along the build direction. 
Narrow and shallow melt pool is an indication that smaller volume of material is 
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melted, which has lower shrinkage during solidification. And the resulting columnar 
microstructure allows for better liquid feeding in the interdendritic region during 
terminal stages of solidification.  

Critically, none of the PBF–LB processes investigated could eliminate micro-cracking. 
This highlights the necessity of post-processing techniques such as HIP (Paper VI), to 
heal the residual micro-cracks and achieve full material density. However, macro-
cracking occurs during post-processing heat treatment; the mechanism and mitigation 
of macro-cracking is summarized in Section 6.2.    

6.2. Macro-cracking  
6.2.1. Macro-cracking mechanism 
Macro-cracking, which is observed after post-processing heat treatment, is a major 
hindrance for industrial adoption of PBF–LB processing of CM247LC. To better 
understand the temperatures at which these macro-cracks occur and the associated 
microstructural changes, isothermal heat treatments ranging from 650 to 1050 °C for 
1 to 8 hours were performed (Paper V). Emphasis was placed on characterizing the 
evolution of γ′ precipitation for the different heat treatments using SEM and APT, 
with the as-built condition serving as a reference. APT results indicated that the as-
built material contain clusters of Cr-rich and Cr-depleted (Al-rich) regions, which 
suggests early stages of spinodal decomposition [96]. With further heat treatments, the 
Cr-rich and Al-rich regions become further enriched with the respective elements, and 
γ′ precipitates are observed at temperature of ≥ 750 °C. However, the macro-cracks 
formed under this condition is linked to the formation of γ′ precipitates aligning with 
the strain age cracking (SAC) mechanism. SAC is dependent on γ′ precipitation 
kinetics and residual stresses from the PBF–LB process. Since precipitation kinetics 
cannot be influenced without alloy modification, mitigation efforts are focused on 
minimizing residual stress (and thus SAC) through PBF–LB processing or post-
processing heat treatments. 

6.2.1. Macro-cracking mitigation  
Residual stresses were found to be strongly influenced by PBF–LB process parameters, 
including scan strategies. VED influenced the sub-surface residual stress along the 
build direction (Paper II). Interestingly, two samples with completely different 
parameters but same VED exhibited similar maximum residual stresses (~1000 MPa) 
at a depth of 200 µm. While processing with low VED is found to give relatively low 
residual stress (~800 MPa), this was at the expense of higher lack of fusion defects, 
necessitating alternative routes for residual stress minimization. It should be noted 
that the high residual stress values reported in Paper II are attributed to the specific 
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choice of the diffraction plane and diffraction elastic constant, which was corrected in 
the subsequent papers.  

Scan rotation strategies influenced sub-surface residual stresses and macro-cracking in 
a complex manner (Paper IV). The lowest degree of macro-cracking was observed when 
no scan rotation strategy was applied, despite having residual stress levels (~600 to 
700 MPa) similar to the scan rotation samples (67° or 90°) that macro-cracked severely. 
This difference in macro-cracking is attributed to the anisotropic residual stress state 
induced along the scanning direction for the no scan rotation sample [97], which caused 
the macro-cracking to shift away from the stress concentrators and localize on the top 
of the cruciform. Conversely, re-melting strategies were found to be disadvantageous 
(Paper IV), resulting in higher residual stresses (~700 to 800 MPa) and increased 
macro-cracking. Interestingly, varying stripe width provided promising results as the 
sub-surface residual stress decreased with the decrease in stripe width (Paper III). The 
0.2 mm stripe width yielded the lowest residual stress (~650 MPa), and did not undergo 
macro-cracking, when compared with the 5 mm stripe width (~850 MPa) which macro-
cracked (Figure 9). 

These results collectively indicate that the optimal strategy to mitigate SAC is to not 
merely minimize residual stress along a single direction, but rather to utilize scanning 
strategies to influence the residual stress state near critical locations such as stress 
concentrators.  

 

Figure 9. Sub-surface residual stresses measured using lab-XRD after electropolishing 
50 µm along with macro-cracking (indicated by SAC) observation on cruciform after 
HIP for different stripe widths. Note that the instrument used for measurements is an 
energy dispersive diffractometer LIMAX-160 at HZB, Germany. 
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6.2.2. Macro-cracking mitigation by heat treatment 
Hot isostatic pressing (HIP) strategies were investigated as a post-processing step to 
minimize macro-cracking on the baseline samples (Paper VI). Two HIP approaches, 
Standard and Pre-pressurisation, were tested. The Standard strategy ramps both the 
temperature (1250 °C – 1280 °C) and pressure (100 MPa) simultaneously and in pre-
pressurisation strategy the pressure was ramped to targeted pressure (200 MPa) 
followed by the ramp to the targeted temperature (1250 °C – 1280 °C). The schematic 
representation of the HIP strategies is shown in Figure 10 (left). The macro-cracking 
(SAC) observations (Figure 10 (center)) on the mechanical test specimens indicated 
that the pre-pressurisation strategy eliminated macro-cracking. However, macro-
cracking occurred in the cruciform geometry as shown in Figure 10 (right). This 
suggests that while additional pressure aids in minimizing macro-cracking, its 
effectiveness is geometry dependent and does not guarantee elimination in components 
with stress concentrators. Therefore, tailored heat treatments involving holding at a 
lower temperature for obtaining stress relief was investigated.   

 
Figure 10. Schematic showing the temperature and pressure ramp for the different 
HIP strategies along with macro-cracking (indicated by SAC) observations on 
mechanical test specimens (center) and cruciform (right) post-HIP.  

Screening for this potential stress relief window involved heat treatments at 
intermediate temperatures, coupled with macro-crack observations and sub-surface 
residual stress measurements using synchrotron white beam XRD without 
electropolishing (Paper V). The residual stress value reported in Paper V are lower 
than Paper II – Paper IV, because they are obtained from a depth of ~40 µm using the 
(311) diffraction plane. The results indicated no stress relief at 650 °C (~475 MPa) and 
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minimal stress relief at 700 °C (~350 MPa), with longer holding times having no further 
influence at these temperatures. Although holding at 750 °C provided significant stress 
relief, however, this was accompanied by macro-cracking. This ultimately demonstrates 
that significant residual stress relief was not achieved without triggering γ′ 
precipitation and subsequently macro-cracking.  

6.3. Creep performance 
6.3.1. Impact of PBF–LB process 
The influence of PBF–LB process parameters on the resulting heat-treated 
microstructure is shown in Figure 11 (top). To facilitate comparison across varying 
parameters, VED is used as a unifying metric. Among the conditions shown are 
optimized conditions indicated in Figure 11b,d with lowest micro-cracking for 
respective layer thicknesses. Figure 11a, c are non-optimal conditions with higher 
fraction of lack of fusion and micro-cracking, respectively. It is important to note that 
despite using non-optimal PBF–LB conditions, the subsequent HIP treatment 
successfully produced high density samples (> 99.9%).  

 
Figure 11. (Top) EBSD orientation map in IPF representation along the build 
direction for samples with different VED and same heat treatment (HIP + age). 
(Bottom) Creep life and strain at failure for sample tested at 871 °C/380 MPa for the 
same samples in vertical and horizontal direction. Grain size is the average of the 
fitted ellipse major diameter. 
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The results indicate that the microstructure transitions from near-equiaxed to 
columnar microstructure with the increasing VED. The average grain size in terms of 
fitted ellipse major diameter increases from 73 µm to 207 µm with the VED; however, 
the sample with the highest VED has grains that are nearly 1 mm long.  The 
microstructure evolution correlates directly with creep performance, as shown in Figure 
11 (bottom). The creep life and strain at failure increase significantly with VED, 
particularly along the vertical direction. The notable improvement in the creep 
performance is attributed to the columnar grains being aligned along the build 
direction. The best creep life is achieved for the highest VED condition (223 hours), 
while the lowest VED performed the worst (16 hours). Interestingly, the non-optimal 
condition (VED of 92 J/mm3) had twice the creep life when compared to the optimal 
baseline. In general, the vertical specimens (Figure 11b-c) exhibited longer tertiary 
creep stage and presence of creep voids and cracks, reflecting widespread plasticity 
(Paper VII and Paper VIII).  

In contrast, the creep performance of the horizontal specimens was consistently poor 
(creep life: ~10 to 20 hours and strain at failure: <1%). The creep curves and 
quantification of creep damage indicated a limited tertiary creep stage. Further 
characterization revealed that the horizontal creep specimens have limited plasticity, 
confirming they undergo premature facture. The poor creep performance in horizontal 
specimen is attributed to the unfavorable orientation of grain boundaries that 
facilitates easier crack initiation and propagation.  Therefore, further efforts must be 
placed on increasing grain size and achieving interlocking grains to avoid this easy 
crack propagation path.  

6.3.2. Impact of heat treatment  
The choice of HIP temperature is found to impact both the microstructure and the 
resulting creep performance. Initial results (Paper VI) indicated that HIP temperature 
(1250 to 1280°C) and strategy (Standard or Pre-pressurisation) did not significantly 
affect the microstructure (grain size and precipitates). However, a follow-up study 
(Paper VII) comparing the 1250°C and 1280°C HIP using pre-pressurisation strategy 
(+ aged) revealed a slight but notable difference in the creep life for the vertical 
specimens. Specifically, the higher temperature HIP at 1280°C resulted in 23% longer 
creep life in comparison to the 1250°C HIP condition. This improvement in creep 
performance is attributed to a combination of the following microstructural differences 
in the two conditions: 

• Grain size: The 1280°C HIP resulted in a 15% increase in distribution of larger 
grains (fitted ellipse major diameter) in the 100 – 200 µm range, compared to 
the 1250 °C HIP. 
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• γ′ precipitate size/morphology: The 1280 °C HIP condition produced finer, 
cuboidal-shaped γ′ precipitates (average size: 274 nm) indicating superior γ′ 
solutioning. In contrast, the 1250 °C HIP condition had coarser and irregularly 
shaped precipitates (average size: 340 nm), as shown in Figure 12.  

• Grain boundary decoration: Figure 12 illustrates that the 1280 °C HIP lead to 
finer and more distributed borides along grain boundaries compared to the 
blocky borides for the 1250 °C HIP. The increased presence of borides at the 
grain boundaries in the 1280 °C HIP condition is attributed to the improved γ′ 
solutioning. 
 

 

Figure 12. Microstructure of HIP+aged samples for HIP temperatures of 1250 °C 
and 1280 °C using the pre-pressurisation strategy. Build direction is from the bottom 
to top in the micrographs. 
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7.  Conclusions 

RQ1: What is the mechanism of micro-cracking during PBF–LB processing of 
CM247LC, and how can it be mitigated?  

• The micro-cracking observed in PBF–LB processed samples is solidification 
cracking and is usually found at high-angle grain boundaries with misorientation 
> 15°. 

• Additions of either 1 wt.% Hf or 1 wt.% nano-Y2O3 particles reduce micro-
cracking by altering the melt pool depth, solidification pathway, and undergo 
distinct metallurgical reactions. For Hf-added powder, partial melting of Hf 
particles aided in increased segregation to interdendritic region thereby reducing 
micro-cracking. For Y2O3-added powder, formation of (Hf, Ta, Al, Y) oxide and 
reduction in melt pool depth was observed, with the latter attributed to aid in 
minimizing micro-cracking.   

• Processing with shallow and narrow melt pools either by lowering LED, short 
stripe width, or re-melting strategies minimized micro-cracking.  

• The advantage of shallow and narrow melt pool is attributed to the smaller 
melted volume that leads to lower shrinkage during solidification; the resulting 
microstructure had columnar <100> oriented grain structure with lower 
fraction of HAGBs. 

• Process optimization allowed to minimize micro-cracking but does not eliminate 
it. This indicates the necessity of post-processing heat treatment, particularly 
HIP, to heal the residual micro-cracks.   

• HIP heals micro-cracks present in the bulk of the sample, but micro-cracks open 
to the surface cannot be healed. 

 
RQ2: What is the mechanism of macro-cracking during post-processing heat treatment 
of PBF–LB processed CM247LC, and which factors influence it?  

• The macro-cracking observed in PBF–LB processed samples is linked to γ′ 
precipitation aligning with the strain age cracking mechanism. The macro-
cracks were typically observed near stress concentrators. 

• Lowering residual stresses by either processing with lower VED, or short stripe 
width is a potential route to lower macro-cracking. 

• Performing HIP with the higher pressure (200 MPa), particularly applying the 
pre-pressurisation strategy, lowers macro-cracking. However, macro-cracking is 
also observed to be dependent on geometry (size and shape). 
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• Heat treatment at temperatures of 700 °C up to 4 hours resulted in partial stress 
relief without causing macro-cracking. Heat treatments of ≥ 750 °C resulted in 
more effective stress relief but concurrently caused macro-cracking. 

• Only one of the explored strategies involving short stripe width can eliminate 
macro-cracking. However, this is a slower process indicating the need for further 
research to influence residual stress distribution. 

 

RQ3: How does PBF–LB processing and heat treatment affect the microstructure and 
creep performance of CM247LC?  

• The microstructure is heavily dependent on the PBF–LB process parameters. 
Increasing the energy density (VED or LED) is a possible way of transitioning 
from equiaxed to columnar grains.   

• The overall creep performance of PBF–LB processed CM247LC is inferior 
compared to the cast CM247LC from the investigated PBF–LB processing and 
post-processing heat treatments. 

• The creep performance improved along the vertical direction for columnar 
microstructure (grain length up to 1 mm) by using either higher energy input 
or lower layer thickness, approaching the performance of cast CM247LC.  

• The horizontal creep performance is consistently poor and cannot be influenced 
by PBF–LB processing. The poor creep performance of horizontal specimens is 
attributed to the unfavorable orientation of grain boundaries that facilitate 
easier crack formation and propagation leading to anisotropic creep 
performance. 

• HIPing at 1280 °C led to a 23% improvement in creep rupture life along the 
build direction in comparison to the 1250 °C HIP condition. This improvement 
is connected to coarser grains, finer γ′ precipitates and enhanced grain boundary 
decoration with borides, resulting from improved solutioning.   
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8. Future work  

The benefits of admixed hafnium in minimizing micro-cracking were established (Paper 
I). Future work should move beyond admixing to investigate the influence of an 
increased Hf content (1.5 – 2 wt.%) in a pre-alloyed condition. This study is essential 
to understand this effect on heat-treated microstructure and overall performance, 
specifically regarding micro-cracking, macro-cracking susceptibility, and high-
temperature creep response. Additionally, the impact of key grain boundary 
strengthening elements, such as boron (B) and zirconium (Zr), on the microstructure 
and high temperature performance, is of interest. 

Current PBF–LB processing was performed exclusively using a gaussian laser beam 
(~85 to 100 µm spot size). The use of alternate beam shapes (Donut or Top-hat beam 
profiles) and its effect on cracking, residual stresses and high temperature performance 
is an interesting avenue of research.  

All the residual stress characterizations in this thesis focused on the sub-surface 
residual stresses. Further understanding of how different PBF–LB processes affect the 
bulk residual stresses in a complex geometry, for example cruciform or turbine blades, 
is required.  

Alternative AM technologies such as Powder Bed Fusion – Electron Beam are of high 
interest. This is due to the increased flexibility with scanning strategies particularly 
spot melting and the high pre-heating temperatures, can be beneficial to reduce 
cracking and tailor microstructure for improved creep performance. 

Tailored HIP strategy combining residual stress relief and solution heat treatment 
along with the pre-pressurisation strategy is of interest, especially to understand 
macro-cracking behavior. Additionally, the possibility of creating interlocking 
microstructure through heat treatment is interesting to limit the easier crack 
propagation and improve creep performance in the horizontal direction. 

All the creep tests performed in this thesis were at one condition of 871 °C (380 MPa) 
(Paper VII and Paper VIII). Creep tests at different loads and temperatures need to 
be done to have an improved understanding of the creep performance. Furthermore, 
understanding fatigue behavior, particularly thermo-mechanical fatigue for the 
different microstructures (equiaxed and columnar) obtained, is of interest.  
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