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Abstract 

This study focuses in using the electron beam melting additive 

manufacturing process to develop a framework to repair high 

performance gas turbine blades. These are currently fabricated 

using highly engineered super alloys, more specifically Inconel 

738LC. The thesis focusses on the research on the current 

production methods of gas turbine blades, the operating 

environment inside the gas turbine, the most common failure modes 

as well as current methods of blade repair. This investigation 

includes studying the methods of production of metallic powders and 

the alloying effects of different elements in our required powder. A 

brief analysis was made to determine the economic viability for the 

usage of AM technology for mass production, and a proposition has 

been developed for the repair of turbine blades using additive 

manufacturing.  
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2 Chapter 1 - Introduction 

As a promising and relatively new technology, additive 
manufacturing is rapidly developing in recent years with the concept 
of ‘what you want is what you get’. The set out of additive 
manufacturing dates back to the 1980’s, and additive manufacturing 
methods gradually revealed their strength as competitive production 
methods although a wide deployment of the technology in real 
production environment is still limited at this stage. 

2.1 History of Additive Manufacturing  

Early AM equipment and systems were first developed in the 1980s. 
It was first introduced by a company called 3D systems in 1987 who 
developed the Stereolithography technique (SL), which was a 
process that solidifies ultraviolet (UV) light sensitive liquid polymers 
using a laser (Figure 1). In 1990 that Electro Optical Systems (EOS) 
of Germany developed their first Stereos SL system.  

In 1991 three additive manufacturing systems were developed. 
Fused deposition modelling (FDM) by Stratasys, Solid ground 
Curing (SGC) by Cubital and laminated Object manufacturing (LOM) 
by Helisys. FDM produces parts layer by layer by extruding a 
thermoplastic material in filament form (Figure 2). SGC used a UV 
sensitive liquid polymer solidifying full layers in one pass by flooding 
UV light passed through masks created with electrostatic toner on a 
glass plate. LOM bonded and cut sheet material using a digitally 
guided laser. While SGC offered good accuracy and a very high 

Figure 1 - Stereolithography Process [32] 
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fabrication rate it suffers from high acquisition and operation costs 
due to the complexity of the systems, which in turn led to poor 
acceptance in the market. 

 

Figure 2 - Fused Deposition Modelling Process 

 

In 1992 Selective Laser Sintering (SLS) becomes available after it 
was developed by a company called DTM. During SLS, tiny particles 
of plastic, ceramic or glass are fused together by heat from a high-
power laser to form a solid, three-dimensional object (Figure 3 & 4) 
[1]. 

1994 was a good year for additive manufacturing since many AM 
systems were developed simultaneously. Modelmaker from 
Solidscape was introduced as well as some new systems developed 
in Japan and Europe. The German Company EOS developed and 
commercialised their famous machine EOSINT based on Laser 
Sintering technology the same year  

In 1996 Stratasys developed its Genisys system which used an 
extrusion process similar to FDM. Also 3D Systems developed their 
first 3D printer that deposits wax material layer by layer using an 
inkjet printer mechanism.  

Aeromet developed a process called Laser Additive Manufacturing 
(LAM) that used a high power laser to produce parts using powdered 
Titanium alloys. In 1998 Optomec commercialised their Laser 
engineered net shaping (LENS) metal powder system. 
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Some lower cost development of the technology started in 1999 
when 3D Systems introduced faster, and less expensive versions of 
their previous systems. Fockele & Schwarze (F&G) of Germany 
introduced its steel powder based selective laser melting (SLM) 
system.  

 

Figure 3 - Selective Laser Melting Process 2D view 

 

Figures 4  - Selective Laser Melting Process 3D view [2] 
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In April 2000 several new technologies were introduced, Objet 
geometries of Israel announced Quadra, a 3D inkjet printer that 
deposited and hardened photo polymers using 1536 nozzles and a 
UV light source. Precision optical Manufacturing (POM) announced 
direct metal deposition, a laser cladding process that produces and 
repairs parts using metal powders. 

In July 2000 Stratasys introduced Prodigy, a machine that produces 
parts in ABS Plastics using their FDM technique. 

The early 2000s witnessed the development and improvement of 
many AM techniques and the pace was beginning to pick up in the 
acceptance of AM as a viable method of manufacturing. They made 
the first successful attempt to deliver their additive AM machines to 
the industry, and that is the milestone that additive manufacturing 
started to be deployed by industries. 

The next few years leading up till 2006 saw Stratasys, Solidscape 
and 3D Systems release new updated and advanced versions of 
their manufacturing platforms. They have begun to establish 
themselves as market leaders in the production of additive 
manufacturing systems. 

The first commercial introduction of a Swedish company in this 
sector came in the form of Speed Part (now Sintermask GmbH), 
began to ship their system in early 2006. Their machine used 
infrared lamps to project light through a mask to sinter an entire 
layer of powder. The cycle time for each layer was 10 seconds for 
each layer, regardless of the area sintered. 

In January of 2006 Stratasys signed an agreement with Swedish 
manufacturer Arcam to be the sole distributor of Arcam’s Electron 
Beam Melting (EBM) systems in North America and in April 2007 
Arcam launched its larger build volume A2 EBM machine. 

The second quarter of 2008 saw the introduction of a new 
application for AM. A Dutch company known as Shapeways which 
was a part of the Philips Electronics Incubator program launched its 
services to the world. The Company offers customers easy ways to 
convert 3D drawing and designs into parts and products by printing it 
for them. Shapeways also offered ‘creator’ tools that simplified the 
process of designing products by the customer. The May of 2008 
also saw the introduction of Titanium grade 2 material by Arcam for 
the EBM systems. 
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After Shapeways’ success, the world saw companies prop up that 
offered consumers customized printing services. FigurePrints 
produced over 1700 custom parts for World of Warcraft players, and 
jujups.com, a Singaporean company started producing custom 
Christmas ornaments. 

In what was a first for AM, January of 2009 saw 70 individuals from 
all over the world converged at the ASTM International headquarters 
near Philadelphia to establish ASTM committee F42 on additive 
manufacturing technologies. The main objectives for the committee 
were to establish standards for testing, process, materials, file 
formats, design, and terminology involved in Additive manufacturing.  

January of 2010, Stratasys having signed an agreement with HP 
started manufacturing and exclusive line of custom printers under 
the HP branding. And in February, Materialise released its Magics 
support generation software.  

2011 saw the adoption of AM by many industries, one of the first 
industries that adopted it was the in-ear hearing aid manufacturers 
who wanted to produce custom fit hearing aids. And following that 
the much larger dental industry had also begun experimenting with 
AM for producing their products 

The F42 ASTM committee was beginning to showcase their 
impressive work and they were able to publish their standards on 
terminology as well as data transfer in 2009 and 2011 respectively. 
Their release on the design rules for AM is of prime importance for 
the continued adoption of AM for end use production of parts. 

By the early 2010s the terms 3D Printing and Additive manufacturing 
came to be seen as synonyms for all technologies that came under 
the AM umbrella. This was a departure from the earlier technically 
narrower sense of defining and differentiating them, but this 
reshuffling of our understanding came by because all of these 
technologies were essentially adding material in a layer by layer 
fashion within a 3D work envelope under automated control [3].  
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2.2 Impact of additive manufacturing on the society 

During 2013’s state of the union address from U.S. president Barack 
Obama, he mentioned his priority of making America a magnet for 
new jobs in manufacturing, especially high tech jobs and how 
additive manufacturing has the potential to revolutionize the way we 
make everything. He said that “(3D printing) has the potential to 
revolutionize the way we make almost everything”, he also 
commented about the importance of starting networked additive 
manufacturing hubs that connect manufacturing hubs in Europe and 
the USA as well as the rest of the world with the people that buy the 
products, thereby creating products and jobs locally. It is important 
to note that when Obama mentions 3D printing he doesn’t only 
speak about the technology that exists today, but also of the 
methods and techniques that are developing, and new methods 
such as hybrid manufacturing and other advanced methods that 
would allow you to print electrical components into your products [4]. 

North America is considered as the major regional market for 3D 
printing metals. Most of the research activities and new product 
developments have been confined to North America and this is the 
most dominant region as compared to other regions. The 3D printing 
metals market in the Asia-Pacific region remains the fastest-growing 
market, followed by North America and Europe [5]. 
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2.3 Additive Manufacturing Technology and its Current 
State 

According to the ASTM standard (F2792 − 12a) for Additive 
manufacturing, it is defined as ‘A process of joining materials to 
make objects from 3D model data, usually layer upon layer as 
opposed to subtractive manufacturing methodologies’ [6]. Synonyms 
to AM include: additive fabrication, additive processes, additive 
techniques, additive layer manufacturing, layer manufacturing, and 
freeform fabrication. 

There are several adopted approaches for making additive 
manufacturing concepts, such as, laser sintering, plastic melting, 
plastic extrusion, etc. The challenge is that mechanical components 
have their intention to function in harsh environments with long 
lifetime and high reliability. Additive manufacturing has to overcome 
several barriers before their expansion as widely adopted method.  

Additive manufacturing for metal sintering and melting was 
developed in the 1990’s, in 1995 Selective laser melting was 
developed by Fraunhofer Institute in Aachen, and in 1997 Arcam 
was founded and the first Electron Beam Melting production model 
was built in 2002. 

Metal 3D printing has been widely adopted by the aerospace & 
defense industry across major regions. Titanium and its alloys are 
mainly used in aerospace engineering applications such as 
manufacturing of engine components as they offer high strength 
while being lightweight, and provide superior resistance to corrosion. 
Due to bio-compatibility, they are also used in biomedical 
applications such as orthopedic and dental implants as well as 
artificial knee and hip replacement surgeries. 

This thesis focusses on the research and testing of the capabilities 
of the Electron beam melting (EBM) process to produce parts using 
specific superalloys that would eventually be used for turbine blade 
production, and reparation of critical parts in the energy generation 
industry. 

  



12 
 

2.4 Electron Beam Melting Technology 

The electron beam melting process works by first distributing powder 
over the build platform using a rake, then an electron beam is used 
to preheat the powder to the desired sintering temperature (Figure 5). 
This preheating is typically performed over the entire area of the 
start plate. A second preheat selectively heats an area that more 
closely corresponds to the sectional geometry of the layer. After this 
process the contours are then melted, and these steps get repeated 
layer by layer [7]. 

 

Figure 5 - Electron Beam Melting Machine 
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2.5 Turbine blade characteristics and their operating 
environment 

Turbine blades should be able to withstand temperatures as high as 
1,700*C during operation, which is higher than the melting point of 
the superalloys they are made from.  

At high temperatures the creep resistance is reduced, this can be 
controlled by cooling mechanisms such as applying a low thermal 
conductive ceramic layer in the blade and by designing inner cooling 
channels that pump air into the blade and create an envelope of 
cooler air around it.  

Most turbine blades are made of nickel based superalloys which 
offer high creep resistance at elevated temperatures, and also high 
corrosion resistance. 

Because of its operating conditions, single crystal structures in the 
base material are beneficial, this type of structure enables the 
turbine blades to operate at higher working temperatures than multi 
crystalline turbine blades, with high creep resistance at elevated 
temperatures and therefore increasing the thermal efficiency of the 
system [8]. 

2.6 Current production methods 

There are two mainly used production methods for turbine blades: 

Forging - Nickel alloy slugs are covered with a ceramic layer to 
prevent oxidation from extreme heat, then they are heated for 15 
minutes at 980*C, the slugs are then transported into a die and get 
pressed with over 1000 tons of pressing force to pre-form the blade 
and then it is moved into another die where it gets an improved 
shape of the blade. After that the blade gets quenched in water, and 
goes into a deburring operation.  

Then a new ceramic layer is applied and the blade is heated again 
and pressed in a die with around 1800 tons of pressing force into its 
final shape. The blade then goes into a trimmer which shaves off the 
excess metal from the edges. Then a quality inspection using a 
coordinate measuring machine takes place.  
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To create the features in the lower part of the blade, the upper body 
of it is encased on a matrix of tin and bismuth. It then goes in for a 
broaching operation to mill the final and detailed shape of the 
dovetail of the blade. Then the tin and bismuth matrix cast is 
removed and a dot matrix machine punches the serial number of the 
blade.  

The blade then goes again into a quality control check, by dipping 
the blade into a fluorescent penetrant solution, then rinsed and put 
into a black light to detect any flaws or weaknesses in the surface 
(Figure 6) [9]. 

 

Figure 6 – Typical stages of a forged turbine blade [10] 

Investment casting - Pins are inserted into a core to shape the 
inner cooling channels, and then molten wax is injected around it to 
create the airfoil shape of the blade.  

Then the wax model (Figure 7) is shelled by dipping it in slurry of 
alumina silicate to create a ceramic coat, this step is repeated 
several times to give a thickness to this mould. Once the slurry has 
hardened, the wax is melted out to create a void in the shape of the 
blade, and molten metal is poured into it.  

If it is cooled systematically from the base, with the top part 
solidifying the last to control the solidification direction, it is possible 
to create a single crystal structure.  

Then the mould surrounding the blade and is removed using an 
alkaline solution to dissolve it, and the pins removed. The features 
used for casting are removed by a machining process and the end of 
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the holes for air cooling is drilled by using electrical discharge 
machining. 

 

Figure 7 - Wax core of a turbine blade [11] 

2.7 Literature research 

There are different factors which influence blade lifetime as design 
and operation conditions. The severe operation conditions are 
characterized by the following factors: Operation environment (high 
temperature, fuel and air contamination, and solid particles), High 
mechanical stresses (due to centrifugal force, vibratory and flexural 
stresses) and high thermal stresses (due to thermal gradients) [12]. 

Reyhani et al, investigated the effects of different parameters on the 
blade life in high pressure high temperature turbine blades with 
internal convection cooling. They predicted heat transfer and life of 
the blade through numerical methods and validated them 
experimentally, they found that both the results are in agreement 
with each other (Figure 8). Their work has indicated that the 
minimum point of blade life occurs at the point of maximum 
temperature. They also concluded that increasing the thermal barrier 
coating (TBC) by 3 times the nominal thickness improves the life of 
the blade by 9 times [13]. 
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Figure 8 - Graph plotting the life factor of a blade with the power level used [13] 

Nickel based super alloys are widely used in the manufacture of gas 
turbine components that operate at elevated temperatures (700-
900°C) at low to medium stresses. Under these conditions (Figure 9), 
creep is the dominant mode of deformation during service [14]. 

 

Figure 9 - Creep life model [13] 

The Inconel 738LC alloy is strengthened by a precipitation of 
gamma prime phase. The micro structural changes due to blade 
operation at high temperature include irregular growing of gamma 
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prime particles (rafting) and formation of carbides in grain 
boundaries and matrix (Figure 10). This leads to increased creep 
resistance [12]. 

 

Figure 10 - Electron image of Inconel 738 sample [15] 

Average blade life has been calculated to be 2427 cycles (11077 hr), 
the primary failure mechanism in turbine blades is thermal-
mechanical fatigue. Turbine blade materials have creep-rupture 
resistance to minimize creep failure at high speed and temperature 
for extended periods. It is expected that for shorter cycle engines 
there will be more deterioration on the hot section parts, implying 
that the deterioration is thermal cycle dependent rather than time 
dependent [16]. 
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2.8 Inconel turbine blades failure modes 

2.8.1 Causes 

The origin of the degradation damage of the blades can be 
metallurgical or mechanical, and specifically during the operation of 
power generation of the gas turbine, the blades and other 
components that are in the path of the hot gas suffer the service 
induced degradation. There are two or more acting factors 
simultaneously, from Creep, thermal fatigue, thermomechanical 
fatigue, corrosion, erosion, oxidation to foreign object damage [12]. 

2.8.2 Failure mechanism 

Blade failure is defined as the blade being no longer fit for its 
intended purpose but still capable of functioning for a limited time 
until being removed from service [16]. 

The first typical failure mechanism occurs when the blade develops 
coating degradation (Figure 11), this happens mostly because of the 
high operating temperatures of the gas turbine. The second stage of 
failure is when the base alloy gets degraded, and in this stage 
blades are usually hard to repair and in most times must be replaced 
[12]. 

 

Figure 11 - Comparison of unfailed (a) and failed (b) T-1 turbine blades [16] 

Creep can be one of the critical factors determining the integrity of 
components at elevated temperatures (Figure 10). Creep of a 
turbine blade can also cause dimensional changes that either 
reduce its aerodynamic efficiency or lead to elongation that rubs the 
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engine casing, which may induce additional vibration and noise 
(Figure 12). Creep damage may interact with fatigue that leads to 
significant reduction in the service life of the component [17].  

 

Figure 12 - Creep curves for Inconel 738LC [14] 

2.8.3 Systemwide effects 

Marahleh et al, found in their investigations with service exposed 
blades, that creep strain increases with increasing service life of the 
blades, residual life of blades decreases with increasing service life, 
and that turbine blades suffer many microstructural changes during 
their operation that includes serrated grain boundaries, and 
formation of M23C6 (Figure 13) along the grain boundaries [18]. 

 

Figure 13 - Carbide particles in the matrix and grain boundaries of the blade root 
zone 
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Surface damage produces dimensional changes which result in 
operational stress increase and turbine blade efficiency deterioration. 
The degree in deterioration in individual blades differs due to several 
factors such as: Total service time and operation history (number of 
start-ups and shut downs), turbine operational conditions 
(temperature, rotational speed, mode of operation) and 
manufacturing differences (grain size, porosity, alloy composition, 
heat treatment) [12]. 

2.8.4 Prevention 

It was evaluated that crack initiation/propagation is derived from a 
mixed fatigue/creep mechanism. Substrate crack initiation and 
propagation is facilitated due to grain boundary brittleness caused 
by formation of a grain boundary continuous film of carbides (Figure 
14).  

If the cracks penetrate the coating and substrate significantly in 
highly stressed areas (airfoil), it can be concluded that the blade 
lifetime was consumed and it is not possible to apply a repair 
process (recoating, rejuvenation heat treatment) to restore blade 
original characteristics and extend lifetime. To make a possible 
refurbishing and lifetime extending, blades should be replaced from 
service before cracks initiate in the substrate [12]. 

 

Figure 14 - Thermomechanical fatigue cracks in a turbine cooling hole 
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2.9 Review of Non-destructive Testing 

To review the extent of the damage done to a blade after certain 
amount of hours of operation, Non-destructive tests are performed. 
The most common types of NDT tests are: 

2.9.1 XRF Spectrometry for Element Analysis 

X-ray fluorescence spectrometry is characterized by the emission of 
an X-ray excitation onto a sample test specimen. During this process, 
if the incident x-ray has sufficient energy, electrons are ejected from 
inner shells, creating vacancies and instability. As the atom regains 
its stability, electrons from the outer shells are transferred to the 
inner shells and simultaneously irradiate a characteristic x-ray 
whose energy is the difference between the two binding energies of 
the corresponding shells (Figure 15). Each element produces x-rays 
at a unique set of energies because each one has a unique set of 
energy levels. This allows the non-destructive measurement of 
elemental composition of a sample [19]. 

 

Figure 15 - XRF Spectrometry technology [20] 

2.9.2 Radiography Testing 

X-rays are used to produce images of the blade specimen using a 
film that is sensitive to radiation. The blade is placed between the 
radiation source and detector. The thickness and the density of the 
material that the x-rays must penetrate affect the magnitude of 
radiation reaching the detector. This variation in radiation produces 
an image on the detector that depicts the internal features and 
possible internal defects of the test specimen [19]. 
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2.9.3 Penetrant Testing 

The blade is pre-cleaned following which penetrant solution is 
applied to the surface of the component. The liquid is pulled into the 
surface breaking defects by capillary action. Excess penetrant 
material is carefully cleaned from the surface. A developer is applied 
to pull the trapped penetrant back to the surface where it is spread 
out and forms an indication. This indication is relatively easier to 
spot and gives an account of where the defect has occurred (Figure 
16) [19]. 

 

Figure 16 - Penetrant testing steps [21] 

 

For a more detailed inspection and for rigorous quality control 
checks, techniques like Computerized Tomography (CT) are 
incorporated due to the complex inner structures involved. The CT 
cross sectional image facilitates the detection of highly precise 
geometries. This technology enables an exact inspection verdict to 
be reached regarding quality of the specimen. 
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2.10 Conventional Blade Repair 

There are a number of challenges that are faced when inspection of 
turbine blades is carried out before it can be repaired: 

 Turbine blades are rather expensive samples with complex 
inner cooling structures. 

 High inspection accuracy: both the freeform aerofoil surface 
of blades as well as specific features require accurate 
verification. In addition, internal walls thickness is subject to 
tight geometric deviations. 

 Dense material: inspection of dense material requires 
powerful x-ray source that allows x-rays to travel through the 
blade. 

 X-ray scattering: the inspection of dense materials potentially 
leads to x-ray scattering, which may cause inferior image 
quality. 

 Fast inspection: turbine blades are inspected at different 
stages in the prototyping and production process: after 
concluding moulding and specific machining and finishing 
steps. 

 Fast CT reconstruction: in a production environment, it is 
important to quickly obtain inspection results. 

 Larger specimens: turbine blades are somewhat larger in 
size and require an inspection cabinet that offers sufficiently 
space. 

Traditionally, turbine blades or film radiography are verified through 
touch sensors based on Coordinate Measuring Machines [22]. 

2.11 Methods of Blade repair 

2.11.1 Dimensional restoration 

Methods such as Welding, Bending, and machining as well as 
elevated temperature plastic strain restoration techniques are used 
to repair dimensional deformations such as the ones caused by heat 
expansion as well as breakage in service exposed blades and vanes. 
The type of distortion experienced is a result of many factors, such 
as the base alloy material properties, geometry, vane cooling, 
repairs performed, and operational history 
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Vanes and blades are carefully heated up to increase their ductility, 
the vanes are mounted on a specially designed tooling and a load is 
placed on it to so as to plastically strain it to acceptable dimensional 
requirements. 

2.11.2 Coupon Repair 

Sometimes, vanes experience damage in service that requires 
restoration of the airfoil leading edge. When this happens, the most 
effective way to restore the area is by physically removing the 
damaged section and replacing it with a pre-manufactured leading 
edge section, otherwise referred to as a “coupon” (Figure 17) [23]. 

 

Figure 17 - Turbine vane leading edge, before and after coupon repair [23] 

The leading edge coupon repair technique is used to replace 
severely burned, eroded, or impacted leading edges of vanes that 
would otherwise be scrapped or require lengthy repairs. The basic 
concept is to produce a portion of the leading edge airfoil identical to 
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the original airfoil, remove the damaged area of the airfoil from the 
vane segment, and join the new portion to the original vane segment. 

2.11.3 Braze restoration of Cracks  

Brazing in general is used for the repair of hot gas path components. 
It involves the use of materials with a lower melting point than the 
base metal to be repaired, frequently mixed in various ratios with 
powders close to base material composition. The brazing process 
offers a number of major potential benefits, compared to the more 
commonly used weld repair processes. The uniform heating of the 
whole part can lead to a reduced risk of dimensional deviation. The 
braze process features a high repeatability rate. The access to the 
area to be repaired is not limited and the throughput is only limited 
by the furnace size. Moreover, a rejuvenation heat treatment of the 
base material can be incorporated into the brazing heat treatment. 
Brazing can be employed for the repair of nickel as well as Cobalt-
based alloys [23]. 

There are two types of brazing  

1. Overlay brazing- for surface restoration  
2. Narrow gap brazing - to restore small thermal fatigue cracks. 

The narrow gap brazing process itself is performed similarly to the 
overlay brazing process. While in the latter a sluggish braze–base 
material mixture is preferred, the narrow gap brazing process relies 
on the presence of a liquid mixture that gives the opportunity for the 
capillary forces to fill the cavity (Figure 18). 

 

Figure 18 - Overlay brazed Nickel-based Alloy 
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2.12 Similarities between vane and blade repair technology 

The latest methods of blade repair are now being transferred for 
vane repair also as the latest vanes are largely being built in the 
same material as the turbine blades which are the nickel based 
alloys since they are also influenced by high thermal stress. Both 
blades and vanes share the same methods of repair in elevated 
temperature welding and braze repair. 
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Chapter 2 - Motivation for the thesis study 

Due to demand for increasing energy efficiencies, blade designs 
have become increasing more complex with intricate free form 
surfaces and internal cooling channels. 

Today’s blades are made from highly engineered super alloys such 
as Inconel and are coated with the latest generation coating systems 
which employ advanced oxidation resistant coatings combined with 
thermal barrier coatings.  

To accomplish blade lifetime extension, the blade cooling system 
should be improved to prevent failures by reducing the airfoil thermal 
gradients, minimizing the airfoil thermal stresses [12]. 

And therefore advanced technologies enable these blades to 
function efficiently at the extreme hot gas paths of today's gas 
turbines. This significantly increases the difficulty and therefore the 
cost of building these turbine blades and that is why an efficient 
method of blade repair is required.  

The ability to successfully repair these blades to their ideal 
functionality will significantly reduce the lifecycle costs of the gas 
turbine. 

2.13 Aims of the thesis study 

The aim of the thesis study is to initiate the viability study for the 
proposed blade repairing method, develop a proposition for using 
AM to repair gas turbine blades, experimentally study the printed 
Inconel 738 alloys and comparison of the printed part’s 
mechanical/chemical properties with construction materials for 
turbines. One critical factor is the bonding strength of the built 
structure to the substrate material.  

It is known that building supports is always required in some 
geometries especially overhanging areas, to minimize the effect of 
warping deformation. 

From a production perspective, the use of support structures must 
be minimized, since having more supports would require extra 
material, increase the difficulty to recover sintered powder and 
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create unwanted protrusions on their former contact location with the 
final part, which would require extra milling operations. 

The thesis will also briefly assess the economic viability of AM with 
benefit over cost. 

Critical challenge lies in the fact that, the turbine blade needs to 
sustain a high amount of stress (both mechanical and thermal) in the 
repaired area and its border with the base material without suffering 
any type of creep damage or deformation, but the current technology 
was not able to deliver that. 

2.14 Economic viability of using AM 

Additive manufacturing offers the manufacturer a great number of 
benefits such as shorter lead times, reduction in supply chains, 
ability to physically realize previously impossible to manufacture 
parts. But in order to enjoy these benefits, certain trade-offs also 
have to be made in terms of surface quality, post processing times, 
etc.  

Therefore, the best thing to consider the viability of using AM is by 
calculating the cost comparison with AM and conventional methods 
of manufacturing.  

The Primary cost that arises with additive manufacturing comes from 
the machine cost. AM units tend to be quite expensive, especially 
machines that use technology such as EBM or SLM, though current 
trends show that machine costs have come down 51% in the last 15 
years. Other costs that a manufacturer has to take into account are  

1. Material Costs 

2. Labour costs 

3. Build Time costs. 

4. Setup Time costs  

5. Energy consumption costs  

6. Post Processing costs 

7. Software Costs 

8. Other practical costs such as rent etc. 
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Material costs for additive manufacturing using powder bed 
techniques such as SLM and EBM can be very high as they usually 
work with metals such as Ti or Ni super alloys such as Inconel. 

It is quite visible that calculating the costs that are encountered 
during additive manufacturing is a quite complex job. But literature 
does suggest that AM is a suitable method for the production of 
small batches with a centralized manufacturing. This also opens up 
opportunities for massive user customization.  

It is expected that the widespread adoption of additive 
manufacturing will help decreases the costs of the raw material. 
While cost savings can be made by optimizing various parameters 
such as the topology, build orientation, build envelope utilization etc. 
Optimizing these parameters will help reduce energy costs and 
simply using the full build envelope reduces the cost per unit 
significantly [24]. Increasing the number of parts produced per build 
greatly reduces the amount of money spent on building a part 
because the machine operating cost of production for every batch is 
fixed. 

2.15 Scope of the thesis study  

The main purpose of this thesis is to develop a framework for the 
repair of turbine blades using additive technology. For this purpose, 
different characteristics that affect the quality of the build have to be 
studied, but it should be taken into account that additive 
manufacturing takes a significant amount of time during build 
preparation and post processing, especially in the EBM process. 
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3 Chapter 3 - Thesis Proposition  

The goal of this thesis study is to analyse the feasibility and create 
the groundwork for the application of the electron beam melting 
additive manufacturing method to repair gas turbine blades made 
from Nickel-based superalloys. 

 

Figure 18 - CAD Model of a turbine blade 

The electron beam melting additive manufacturing method is 
promising for the repair of damaged Inconel turbine blades since the 
technology allows to produce free form structures from any metallic 
superalloy, it has the advantage that the produced part, or repaired 
section will have a reduced residual stress because of the low 
gradient in the temperature change thanks to the high process 
temperatures during the printing process and the slow cooling 
process. The body of the blade can be used as a substrate for the 
new repaired structure.  
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Figure 19 - CAD Model showing possible damage on the edge of the blade 

The first step should be to mill away the defects/damage and to 
create a flat surface so there can be a suitable substrate to print on 
and recreate the original structure. To achieve maximum accuracy 
and repeatability of the process, the blade should be mounted in a 
fixture, then this fixture should be fixed into a standard position in the 
milling machine, this will help to know the exact location of the part 
and its features. A deburring operation must take place and a 
cleaning operation only in the case coolant was used during milling 
to avoid any type of contamination in the EBM machine chamber. 

 

Figure 20 - Milled surface of the blade 

Then the fixture can be mounted right into the electron beam melting 
machine. By knowing the exact depth of cut of the milling process 
and a fixed known position for the fixture it should be possible to set 
the machine to start building on the milled face. The platform level 
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should be lowered so that the milled face/build plate matches the 
first layer to be built on the machine. Then the Inconel 738LC 
powder should be poured in around the part and compacted. Once 
the EBM process starts, a layer of powder will be poured on top of 
the milled face, the system will start to preheat the build area and 
after reaching the required temperature it will start scanning the 
surface to melt the section of the part in that specific layer. After that, 
the platform will lower by one layer and this whole process is then 
repeated until the part is finished. 

 

Figure 21 - Damaged area rebuilt to a near net shape 

It is necessary to do post processing operations such as a finishing 
milling to achieve the required surface quality and proper tolerances 
of the repaired area. 

 

Figure 22 - Rebuilt turbine blade after post-processing 
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4 Chapter 4 - Material selection 

Superalloys are well suited for gas and jet turbine engine 
applications where they generally operate from 540°C to over 80% 
of their melting temperature. Additionally, they retain their strength at 
these temperatures while providing creep and corrosion resistance. 
It is manufactured by melting and investment casting under vacuum. 

In contrast to wrought superalloys, cast superalloys exhibit improved 
creep and rupture characteristics due to coarser grain sizes and 
alloy segregation. However, the larger grain sizes reduce ductility 
and lower cyclic fatigue life. 

Nickel-based superalloys are widely used in gas turbine blade 
production, since the operating temperatures and aggressive 
atmospheres make them the best suitable material for this 
application. 

The unique set of properties required in these alloys is obtained by 
having a fcc matrix which is hardened by solutes and precipitates. 
The solid solution forming elements (Figure 24) increase the 
strength of the solution by primarily increasing the resistance to the 
movement of dislocations [25]. 

Inconel 738LC has exceptional high temperature strength, corrosion 
and oxidation resistance. This alloy can also be obtained with 
hafnium additions which control grain boundary structure; in turn this 
addition prevents cracking and improves ductility during processing. 

 

Figure 23 - Chemical contents comparison between Inconel 718 and Inconel 738LC 

In nickel based alloys it is known that Molybdenum increases the 
refractory solid solution strength, and chromium is also essential to 
improve corrosion resistance but high chromium content also 
decreases the high temperature strength, this is the reason why 
Inconel 738LC has an elevated temperature strength with still hot 
corrosion resistance. 
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Carbon, Boron and Hafnium are used to enhance alloy tolerance to 
low angle boundaries which manifests by improving the grain 
boundary strength [26]. Aluminium and Titanium enable the 
precipitation of the gamma prime phase during heat treatment which 
strengthens the face centered cubic matrix [27]. 

 

Figure 24 - Atomic size factors of elements for solid solution formation with nickel 

The higher content of Cobalt improves the hot hardness of the alloy 
and its wear resistance [28]. 

If the process of additive manufacturing with electron beam melting 
is able to create single crystal structures, boundary strengtheners 
such as Carbon, Boron, Zirconium and Hafnium can be eliminated 
since there are no boundaries in this type of structure, and by 
eliminating these elements it will help raising the melting 
temperature, which in turn increases the high temperature strength 
[29]. 
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5 Discussion and Conclusion 

The focus of this thesis was to investigate the possibility of using 
Additive Manufacturing technology and specifically Electron Beam 
Melting technology for the purpose of repairing gas turbine blades. 
For this purpose, using literature research the different failure modes 
of gas turbines as well as the conventional methods of blade repair 
have been studied. 

A framework has been proposed that suggests a method that can be 
followed in order to repair gas turbine blades using AM.  

A brief section that discusses the economic viability of using AM 
technologies for production has also be included in this thesis. 

The following tests are suggested in order to validate the 
functionality of the turbine blade once it has been repaired in 
accordance with our method. 

 Stress-Strain Analysis 

 Weight measurement 

 Dimensional accuracy 

 Hardness testing 

 Material surface observation under the optical microscope 

 Comparison between parts produced with different supports 
and their surface finishes  
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To validate the proposed method of repair it would be necessary to 
conduct the following tests in an EBM repaired part and compare the 
results to those of a traditionally repaired and a new part: 

5.1.1 Stress-Strain Analysis 

This type of test is performed with a modern computer driven servo-
hydraulic testing system, where the applied load is measured by a 
load cell and the deformation is found by either an extensometer or 
an electrical resistance strain gage. [30]

 

Figure 29 Stress - strain test 

What we are expecting to find with this experiment is if the stress-
strain curve is similar to the one of the same part manufactured 
and/or repaired by traditional methods, to ensure a correct 
weldability of the added material to the base and if not to analyse 
what could be the benefits/disadvantages of the elasticity of this 
material. 

5.1.1.1 Pull Test to determine bonding strength between layers 

In order to test the strength of the bonds that are created when the 
additive substrate is built upon the surface of the defected part, we 
need to conduct a pull test. 
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The tensile stress setup can also be used to perform a pull test. This 
pull test is to determine the strength in the bonding between the 
surface of the defected part that is being repaired and the substrate 
layer, ie the layer of material that has been added on top of the 
surface by the EBM unit. This pull test can be performed under 
different loads in order to determine the strength of the newly 
repaired parts. The test result will be compared with the results from 
the pull test of a new part to draw conclusions on the bonding 
strength between the surface and substrate layers. 

The test works in such a way that one end of the part (Surface end) 
is kept fixed and the other end (Substrate end) is pulled under 
different loads.  

 

5.1.2 Weight Measurement 

This test is performed by placing the manufactured cube into a 
precision scale, measuring its weight and with the known volume of 
the digital model calculate the density of the part.  

What we expect to find in this test is to see if there are any serious 
internal cavities in the printed part, since these would compromise 
the mechanical properties of it. 
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5.1.3 Dimensional Accuracy 

This test is performed by measuring the distance between the 3 
pairs of parallel faces of the cubes with a digital Vernier calliper. 

 

Figure 30 Dimensional test procedure 

What we expect to find from this test is how accurate the printing 
process is, by checking if there are any elongations or shorter sides, 
and if so to check the build directions of the deformation. 
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5.1.4 Hardness Testing 

The Vickers hardness test is performed by creating an indentation 
with a square base pyramidal diamond tip on a levelled surface of 
the printed part with a specific load for 10 to 15 seconds, and then 
measuring with a microscope the 2 diagonals of the indentation left 
in the surface after the removal of the load and calculating their 
average. The Vickers hardness is the quotient obtained by dividing 
the kgf load by the square mm area of indentation. 

 

 

Figure 31 Vickers test 

  

We expect to find that the repaired material hardness is similar in the 
printed part to the one manufactured by traditional methods. 

5.1.5 Material Surface Observation 

SEM (Scanning electron microscope) analysis is called for to 
analyse the surface of the manufactured part. 

The SEM works in a similar fashion to EBM technology in a way that 
electrons are emitted by a tungsten filament and are accelerated 
through a high voltage (20kV) and focussed using electro-magnetic 
lenses. The beam scans the surface of the manufactured part and 
the electrons that are emitted back by the specimen are collected by 
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a suitably positioned detector. This allows us to get a clear picture of 
the surface of the part. 

An SEM image can be used to decipher the following details about a 
specimen. 

1. The surface topography- Defects such as pores, cracks and 
burrs can be detected 

2. Surface composition 

This information can be used to optimise process parameters of the 
EBM machine in order to get the required quality and finish. 

 

 

Figure 32 SEM Analysis working principle 
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As a final remark we stress the advantages that additive 
manufacturing brings to today’s existing manufacturing system. At 
the dawn of a new industrial revolution, it is important to understand 
what exactly this technology can provide us. We approached this 
thesis with an idea of 3D printing and the opportunities it provides, 
and having done extensive literature reviews and based on our own 
experiences working on the EBM system the following points have 
been reinforced as the potential benefits of using additive 
manufacturing. 

 Freedom for complexity- In processes such as casting and 
moulding, complexity is kept low in order to save on the cost 
of production. With additive manufacturing, complexity 
comes at almost no extra cost, this allows designers to 
explore complex designs that have so far not been possible 
or have been impractical due to their cost. 

 Material efficiency- In additive manufacturing wastage of 
material is reduced considerable and can be almost zero as 
no extra material is used to build a part than is required. This 
is important as all other subtractive manufacturing parts are 
responsible for generating large amounts of scrap. Thus it 
can be seen that additive manufacturing helps to build a 
sustainable environment. 

 Predictable manufacturing- With additive manufacturing it is 
easy to predict the exact moment a part will be ready from a 
build, this allows engineers to efficiently schedule builds and 
helps production planning. 

 Reduction in supply chains- Since a whole functional part 
can be built at one station this allows the drastic reduction in 
the supply chains of products, thereby reducing costs and 
helps to build a leaner system for the production company. It 
also removes the need of assembly and improves overall 
lead time. [31] 

As the current generation of people, we are gifted to know that we 
are a part of a new industrial revolution called Industry 4.0. Additive 
Manufacturing will be the trail blazer for this revolution, In even as 
close as a decade it can be possible that we all have 3D printers at 
our households, printing our everyday items such as tools, machines 
and even food. Therefore we conclude by saying that if this 
technology delivers what it promises, it can help build a creative, 
innovative, sustainable and efficient future for us and others after us. 
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7 Appendix 

7.1.1 Inconel 738LC  

Inconel™ 738 offers a combination of outstanding high-heat creep-
rupture strength and corrosion resistance better than many high-
strength superalloys with lower chromium content. Inconel 738 is a 
nickel-based alloy, vacuum-cast and precipitation-hardened, offering 
exceptional mechanical properties to 1800°F (982°C). IN-738 holds 
up to the hot corrosive environments found in the turbine industry. 

7.1.1.1 Chemical Composition of Inconel 738LC 

 Al 3.2-3.7 
 Al+Ti 6.5-7.2 
 B 0.007-0.012 
 C 0.09-0.13 
 Co 8.0-9.0 
 Cr 15.7-16.3 
 Cu 0.1 max 
 Fe 0.5 max 
 Mg 0.01 max 
 Mn 0.2 max 
 Mo 1.5-2.0 
 Nb 0.6-1.1 
 Ni Bal 
 P 0.015 max 
 S 0.01 max 
 Si 0.3 max 
 Ta 1.5-2.0 
 Ti 3.2-3.7 

7.1.1.2 Machinability of Inconel 738LC 

 Sturdy and short drills, reamers, taps and end mills 
 Positive feeds with no tool dwelling 
 High-speed tools in turning operations 
 Carbide tools for tapping, reaming and drilling 
 Lubricate continuously 
 Chemical emulsions for turning 
 Chlorinated oil for tapping, reaming, drilling and milling 
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 6000 rpm wheel speed for surface grinding, using highly 
sulfurized oil 

 Normal finish grinding techniques 

7.1.1.3 Corrosion resistance of Inconel 738LC 

 Exceeds strong superalloys 
 Resists oxidation to 2000°F (1093°C) 
 Improved sulfidation resistance up  to 1800°F (982°C) 
 Demonstrated resistance atmospheres with hydrogen sulfide 

and sulfur dioxide to 1800°F (982°C 

7.1.2 Mar M 247 

It is specifically designed for directionally solidified blade and vane 
applications. High strength and creep resistance at temperatures 
between 150 to 1500°C make it an excellent material for turbine 
blades, vanes, and disks. 

7.1.2.1 Chemical composition 

 Ni: Balance 
 W: 10 
 Co: 10 
 Cr: 8.4 
 Al: 5.5 
 Ta: 3 
 Ti:1 
 Mo: 0.7 
 B: 0.015 
 C: 0.15 
 Zr: 0.05 
 Hf: 1.5 

7.1.2.2 Machine Specifications 

 Max Build Size: 200mm X 200mm X 380mm  

 Max bean power: 3000 W 

 Cathode Type: Tungsten filament  

 Min beam diameter: 250 micrometre 

 Max EB translation speed: 8000 m/s 

 Vacuum base pressure: 5 X 10-4 mbar (chamber pressure 
before start of the process) 
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 Build atmosphere: 2 X 10-3 mbar (Partial pressure of He) 

 Power Supply: 3 X 400 V, 32 A, 7Kw 

 Size of machine: 1850 X 900 X 2200mm (W X D X H) 

 Weight: 1700 kg  

CAD interface standard: STL 

 

7.1.3 Build procedure 

There are 2 components that are required to be fulfilled in order to 
initiate and complete a build on the A2X unit. The first one being the 
preparation of the .stl file and the second is the setup and start of the 
build on the machine.  

7.1.3.1 File preparation 

1. The model of the component to be printed must be first 
created using CAD software. Once completed it needs to be 
saved in the stl format in order to be used for additive 
manufacturing. 

2. The stl file is now imported into the support generation 
software known as Magics. If multiple parts are to be printed 
in the same build, many different stl files may be imported. 
Using this software, support can be generated for all the 
different components at once, automatically or manually. 

3. Once supports have been generated, the part models and 
support models are both exported from Magics and saved. 

4. The final step is to import both the part model and support 
models into the Arcam Build assembler, which is the 
software used to generate the abf file required by the A2X 
unit to initiate the print. 

5. In the build assembler, the required starting parameters such 
as build plate dimensions and slice thickness can be set and 
the build assembler slices the model into the resulting layers. 
Once slicing is complete the abf file can be generated by 
saving the file and it is now ready to be imported in the A2X 
machine. 
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7.1.4 Machine preparation 

1. The easiest way to begin the print of a component is to go 
through the startup guide that comes with the Arcam EBM 
controller. This ensures that critical operation such as the 
replacing of the filament, cleaning of the top column of the 
machine, filling of powder hoppers etc. are not overlooked 

2. Once the powder hoppers are filled and put back into the 
machine, the powder can be allowed to flow into the build 
table. The build table is then lowered 40mm from the top so 
as to prepare for the arrival of the start plate. 

3. The start plate must be cleaned meticulously and an ‘X’ that 
marks the centre of the plate must be drawn on it. This ‘X’ 
will be used later to position and align the beam. 

4. The build table is lowered another 10 mm (the thickness of 
the start plate) and the start plate is then placed carefully in 
the build table, over the powder. At this point it should be 
made sure that the thermocouple is right below the plate and 
that they are touching. 

5. Once the start plate has been installed properly, the areas 
around the plate must be filled with powder and the plate 
needs to be centered and levelled so that the plate is flat. 

6. The flaps and the heat shield are placed into the machine 
now and the main door can now be closed. 

7.1.5 Build Initiation 

1. Once the door has been closed, the setup has been 
completed and the build can then be initiated on the 
machine’s computer screen 

2. This can be done by navigating to the build setup option on 
the menu. Over here necessary parameters such as build 
plate dimensions must be selected and the .abf file must be 
imported onto the machine software. 

3. The parameters for pre heat, melt and wafer must also be 
selected in the following screen,  

4. Next we proceed to pumping vacuum as well as turning on 
the voltage units. 

5. Once the voltage has reached the target voltage, the beam 
centering and beam alignment can be done. Beam centering 
is done with the help of the ‘X’ mark that had been marked. 
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6. Now the build is ready to start and can be started by pressing 
the Green ‘Play’ button. 

7.1.6 Build completion  

1. Once the build has completed, the machine has to be 
allowed to cool down. The machine can only be ventilated 
once the temperature inside is less than 100 degrees Celsius. 

2. Once the machine is ventilated, the door can be opened. 
Using a clean vacuum cleaner, the powder around the start 
plate can be removed so that it is easier to remove the plate.  

3. The plate can then be removed and along with the sintered 
block of powder around the plate, they can be taken to the 
PRS (Powder recovery System), which is a blaster that is 
used to remove powder from the finished component as well 
as to recycle that powder. 

4. Once the part is free from powder, Supports can be removed 
and the parts surface can be improved by grinding or 
polishing. 

5. Unlike in SLM (Selective laser melting) post heat treatment is 
not required as the operating temperature of the machine is 
already very high, therefore internal stresses do not develop. 

7.1.7 Working with Inconel 718 

Some steps need to be followed when working with Inconel 718. 
These steps are also to be followed when working with Inconel 
738LC. 

1. The working temperature for the machine while running 
Inconel is around 1050 degree centigrade. For titanium it is 
740 degrees centigrade. 

2. The working pressure in the chamber is also lower and in 
order to start the high voltage power unit for the acceleration 
of the beam, a pressure of 5*10-4 mbar has to be reached. 
For Titanium the HV unit can be started even before the 
desired pressure has been reached. 

3. The Heat shield now uses 3 layers of protection rather than 
just 1 for Titanium. This is to protect the walls of the chamber 
and the door. 

4. Extra heat shields are bolted into the machine in the back 
wall and the door of the chamber. 
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5. A Gas Mask has to be worn at all times as Inconel is more 
harmful when breathed in than titanium. 

6. The Thermocouple has to be replaced from a copper wire to 
a steel wire for Inconel. 

7. During the material change procedure, apart from the 
machine itself, the powder recovery system and the vacuum 
cleaner must also be thoroughly cleaned or replaced. This 
includes all the piping and hosing. 


