
243

Chapter 10
Aircraft Engine Fan Blade Design: Impact 
Tolerance Prediction of Partially Filled 3D 
Printed Aluminum, Titanium, 
and PEEK-Filled Waste Metal Dusts

Shade Rouxzeta  Van Der Merwe, Daniel Ogochukwu Okanigbe , 
Dawood Ahmed Desai, and Glen Campbell Snedden

10.1 � Introduction

The gross domestic product (GDP) contribution of the air transport sector in South 
Africa (SA), comprising airlines and its supply chain, is estimated at US $5.2 billion 
(GDP). An additional US $4.3 billion, or US $9.4 billion, of the nation’s GDP is 
supported by international visitor spending [1]. In order to maintain competitive-
ness in the global tourism industry, further technological developments in aircraft 
operation are motivated by this support, which helps to increase SA’s GDP growth. 
And as a result of this need for further technological development in operational 
aircraft, opportunities are formed for the discovery of new materials, unique design 
concepts, and the production of engineering components [2, 3].

Cheap structural ceramics, such as the Mullite Rich Tailings (MRT) from density 
separation of copper smelter dust [4, 5], will undoubtedly find a position to play a 
significant part in the consequent technological developments in the aerospace 
industry [6] by taking use of these prospects. The use of ceramic matrix composites 
in the hot section of engines has recently gained increased support from aircraft 
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engine manufacturers, in line with this school of thought [7, 8]. Mullite ceramics are 
capable of operating at temperatures of up to 1600  °C and have a high thermal 
shock, claim Zhao et al. [9], Lee, Zhu and Lima [10], and Suleimanov et al. [11]. 
These characteristics make this structural material more appealing for aerospace 
applications than standard materials; in particular, because it reduces weight, needs 
less cooling air, and as a result helps to lower fuel consumption and increase aircraft 
performance [10, 12].

However, Padture [13] asserts that it is doubtful to fully utilize the capabilities of 
MRT to simply replace metallic or polymer components in existing propulsion sys-
tems, such as the aircraft engine fan blade (Fig. 10.1), with mullite ceramics (e.g., 
MRT). The processing and production of components using these novel composites 
[14] will also continue to be difficult [15], but they offer a fertile ground for innova-
tion, thus they must be included in the endeavor [16]. For example, using impact 
tolerance of partially filled 3D printed turbine component as a function of varied 
infill densities, will need to be developed in order to account for the excessive cost 
of extensive component-level testing under realistic engine conditions [17–19]. 
Additionally, reliable physics [20–22] and mechanisms-based models [23] that 
describe the behavior of the constituent MRT [13, 24, 25], the composites [26–28], 
and the component at temporal scales [29].

In order to coordinate the operations of the composites, i.e., of reinforcement 
(MRT) and matrix (metal or polymer), while embracing and utilizing the growing 
complexity at temporal scales, it will be necessary to design aircraft components 
with distributed systems. Noting that achieving necessary qualities inside compos-
ites that cannot be satisfied by existing materials will be necessary for the expedited 
development of new MRT reinforcing.

Fig. 10.1  Picture of the Boeing 747’s engine with its fan blades. (Source: Google image)
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The process must be put through an integrated design-modeling-experiment-
manufacturing strategy, which should span composites-3D printed components-
system hierarchy, in order to test these desired qualities. A strategy that, for 
accelerated development, should embrace integrated computational materials 
engineering and the materials genome initiative principles. By doing this, the MRT’s 
full potential can be realized.

Furthermore, a thorough understanding of material cost savings associated with 
3Dprinting aircraft components is necessary to fully realize MRT‘s potential for 
creating composites for aerospace applications. During the manufacturing of air-
craft components using composite materials, materials’ cost savings can be realized 
by optimizing 3D process parameters (especially infill density) to get the best per-
centage material content [30–32].

There is no need to fill the interior of 3D printed components, according to 
Moradi, Meiabadi, and Kaplan [33], because the optimized specimen has better 
mechanical properties, a lighter part weight, a faster build time, and lower produc-
tion costs than the filled specimen. Consequently, fuel consumption was decreased 
as a result of the lighter components made under these circumstances.

It is crucial to research the possibilities of using MRT as reinforcement in the 
development of aerospace materials for the production of 3D printed engineering 
components. More specifically, how this waste can further improve material cost 
savings and produce higher mechanical qualities like impact tolerance. This idea is 
supported by the proposed study, which tries to optimize the infill density of 3D 
printed turbine blades and choose the best construction capable of withstanding the 
highest expected loads with the least amount of material and production time.

10.2 � The Problem Statement

The degree to which specific process parameters like time and material are managed 
can determine whether the impact tolerance of 3D printed components is acceptable 
or unwanted. The best conditions, approach, and/or requirements have not yet been 
discovered to produce the best impact tolerance of partially filled 3D printed com-
ponents from a combination of all the characteristics. The goal of maximizing profit 
in the aerospace industry is defeated since, in order to obtain optimum tensile 
strength of a 3Dprinted turbopump component, an infill is frequently 100% filled. 
This implies greater expenses (i.e., in terms of time and material) and heavier 
components.

Sub-problem 1  What are the main factors affecting the 3D printing process?

This will specify the components of the 3D printing procedure necessary to 
generate results of material advantages to be assessed for optimization. When 
changed, these components, also known as influential parameters, have a significant 
impact on the output and define the functionality and output of the 3D print process.
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Sub-problem 2  What are the optimization objectives?

This forces the researcher to establish design goals in the form of objectives, the 
anticipated outcomes of the 3D printing process, and which elements of these out-
puts should be maximized and which elements should be minimized. In order to 
achieve the overall goal of increasing the impact tolerance of partially filled 3D 
print components, this will help determine what outcomes need to be traded off in 
exchange for gains on other sides, what properties should increase and what proper-
ties must decrease, what beneficial aspects need to be strengthened and what harm-
ful aspects need to be weakened.

Sub-problem 3  What strategy will be used to model the problem and improve the 
model simulation’s outcomes?

Sub-problem 4  Which set of ideal parameters best addresses the research 
problem’s numerous objectives?

This study’s optimization deliverable is a multiobjective problem with multiple 
potential solutions rather than a single ideal one. In order to achieve the optimal 
combination or sets of combinations, we must now solve the problem of defining 
the amount of weights and impact coefficients to be assigned to the various sub-
objectives, designating them in order of importance while limiting those with 
unclear possibilities.

10.3 � Research Hypotheses

For this study, the following tentative assumptions have been implemented to serve 
as the foundation for addressing the key questions which this research presents.

Hypothesis 1  The following elements comprise the parameters for this optimization 
problem that affect the anticipated result of the 3D print:

	(a)	 3D print attributes

–– Speed
–– Size
–– Accuracy
–– Durability
–– Material

	(b)	 Factors defining material behavior

–– Temperature
–– Pressure
–– Strain rate
–– Material content (% infill)

S. R. Van Der Merwe et al.



247

	(c)	 Mechanical component tolerance

–– Size
–– Shape
–– Volume

Hypothesis 2  The results of an impact tolerance test on a partially filled 3D 
component are induced tensional residual stresses, material hardening, and uniaxial 
yield stress as a result of brittle deformation, therefore optimization goals must be 
specified for all three results. These consist of:

•	 Tensional residual stress maximization
•	 Reduced material hardening
•	 Reduced uniaxial yield stress as a result of brittle deformation

Hypothesis 3  Impact tolerance of a 3D print can be modeled as short, intense 
pressure pulses from an outside item that collide and transmit energy to the material. 
The primary factors governing the transfer of energy can be quantitatively modeled 
and evaluated using finite element material modeling. In addition to ABAQUS, the 
parametric optimization software tool Isight can find the best combinations that will 
cause the 3D printing process to deliver the desired response(s).

Hypothesis 4  It is anticipated that the optimization process will produce more than 
one feasible solution. In this scenario, the designated sub-objectives can be iterated 
with respect to the various responses they produce, with weights and scaling factors 
arranged in order of importance and impact. Using a decision-making matrix, a set 
or sets of multiple combinations of the best solutions can then be obtained.

10.4 � Research Objectives

10.4.1 � Main Objectives

The main objectives of the proposed research study are to predict the impact 
tolerance of a 3D printed turbine component that is partially filled and to identify 
the subsequent best infill.

10.4.2 � Sub-Objectives

The primary goal of this study will be accomplished by simulation and experimental 
model validation. The following set of supporting goals will help to attain this 
main goal:
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	1.	 The creation of a numerical turbine model using finite element analysis (FEA).
	2.	 Examine the impact tolerance of the turbine developed at various infill levels 

(i.e., 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 70%, 75%, 80%, 85%), 
as well as the impact on the deformation pattern (Plastic or brittle).

	3.	 To experimentally check the consistency of the FEA model as well as to validate 
it analytically using the moment of inertia methodology.

	4.	 Last but not least, suggest the ideal infill for a 3D printed turbine component that 
will conserve both time and material.

10.5 � The Assumptions

To optimize the infill density of the 3D printed turbine blade and choose the best 
structure able to handle the highest expected loads with the least amount of material 
and manufacturing time, finite element analysis will be used. The study and resolu-
tion of the issue will be conducted under the following set of presumptions in order 
to do this:

	 1.	 The foreign object strikes the turbine blade at an angle that is normal to its 
surface.

	 2.	 The entire procedure conserves energy.
	 3.	 Each disk’s blades are permanently fastened to the disk and have the same 

characteristics.
	 4.	 Radial displacement and torsion are disregarded because it is presumed that the 

blade angle motion is minimal.
	 5.	 The ith fan blade’s motion consists of out-of-plane motion in the axial direction 

of the rotor and in-plane motion along the circumferential direction of the disk.
	 6.	 Homogeneous and isotropic mechanical characteristics of unmixed material, 

metal matrix composites, and polymer matrix composites will be assumed.
	 7.	 Unmixed materials, metal matrix composites, and polymer matrix composites 

are assumed to act linearly ideal elastically, which means that the law of linear 
elasticity is applied to each individual layer.

	 8.	 The apparent-level compressive modulus (Ec) measured experimentally and 
combinations of infill densities will be used to represent the unmixed material, 
metal matrix composites, and polymer matrix composites as a continuum (20%, 
25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%).

	 9.	 The hypothesis excludes flaws like fractures and air bubbles.
	10.	 It is assumed that the layers formed by the particle and matrix composition are 

orthotropic and properly adhered to one another.
	11.	 Because the particles are not evaluated separately from the matrix or the binder 

layer, interface effects are disregarded.
	12.	 The various layers are perfectly connected to one another. When loads are 

applied, it is presumed that relative slip won’t happen.

S. R. Van Der Merwe et al.
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10.6 � The Project Deliverables

When this research study is finished, it should produce the following results:

	1.	 A flexible, finite element-based model that has been experimentally verified can 
be used to forecast the impact tolerance of a partially filled 3D printed turbine 
component.

	2.	 A process that can be used to increase the impact tolerance of a 3D printed, 
partially filled turbine component.

	3.	 Identification of the optimal process parameter combinations that influence the 
outcomes of 3D printing methods.

10.7 � Importance of Study

This study’s importance rests on:

10.7.1 � Benefits to the Academia, Research, and Development

	1.	 In order to maximize benefits and reduce manifestation of side effects of the 
surface treatment process, the research aims to examine and provide answers 
regarding how, where, when, and which ways laser peening should be employed 
in the surface treatment of LP steam turbine blades.

	2.	 It offers methods for methodically and nondestructively enhancing the 
mechanical characteristics of turbomachinery components in an effort to increase 
reliability, cut downtime, lower the likelihood of in-service failure, and extend 
the useful life of steam turbine blades.

	3.	 The results of this study will be helpful for improving material tensional residual 
stress in a variety of production and manufacturing applications, including the 
power, energy, production, oil and gas, aviation, and automotive industries, 
where turbopump machinery is a crucial component of operations and production.

	4.	 Finally, the research’s uniqueness may lead to a patent, which would add to the 
body of knowledge by encouraging other studies into asset integrity manage-
ment and additive manufacturing. When this research is finished, journal articles 
in reputable, high impact journals and presentations at national and/or world-
wide peer review conferences are also promised results.

10.7.2 � Benefits to the Industry

The results of this research will provide the industry with the following advantages 
in addition to the other two listed above:

10  Aircraft Engine Fan Blade Design: Impact Tolerance Prediction of Partially Filled…
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	1.	 The creation of best practice recommendations for 3D printing parts in industry 
to remain compatible with the systems of the fourth industrial revolution.

	2.	 Designs can be strengthened where they are weak without necessarily adding 
weight or substance.

	3.	 Decrease in equipment downtime, inspection time, and maintenance expenses as 
a result of replacing faulty components while they were still operating.

	4.	 A significant decrease in the amount of time needed to complete 3D printing 
tasks on plant and equipment parts during maintenance sessions. Prolonging the 
equipment’s overall usable life.

	5.	 Enhanced industrial and power plant operation and maintenance efficiency.
	6.	 Increased guarantee of the components used in industry’s safety and quality.

10.7.3 � Benefits to South Africa

The national development goals of energy security and innovation to 
commercialization are perfectly aligned with this research. Therefore, the research 
output will contribute to a greater South African society in addition to benefiting 
academics and business, and it will be highly appealing to the goals of the 
government of the republic of South Africa in the following areas:

	1.	 Decrease in the price of producing electricity
	2.	 Improved industrial and power plant operation and maintenance efficiency
	3.	 Reduction in the likelihood that components of operating industrial or power 

plants would collapse catastrophically
	4.	 Increased assurance of the components’ quality used in industry

Creation of test models and protocols to certify and accredit replacement 
component suppliers for industrial application.

10.8 � Overview of the Study

Chapter 1  Acts as the study’s introduction. It gives the study background, the 
problem statement, the hypotheses, the research technique, the assumptions, the 
delimitations, the project planning, and the research project’s financial budget. 
Additionally, the dissertation’s whole chapter-by-chapter research project outline is 
provided.

Chapter 2  Consists of a study of the literature done on blade containment 
difficulties.
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This covers relevant literature found in the standards as well as earlier studies, 
books, conference reports, and more. This chapter will also include further studies 
on the actual experimental setup, tools, and equipment.

Chapter 3  Introduces mathematical modeling of phenomena pertinent to the 
study’s goals.

Chapters 4 and 5  Focus on developing material models and a numerical model to 
predict impact tolerance using ABAQUS FEA software.

Chapters 6 and 7  ABAQUS’s complementary parametric optimization software 
tool Isight will be used to optimize the impact tolerance simulation’s key parameters 
in order to find the best combinations that will lead to the impact tolerance process’s 
desired response or responses.

Chapter 8  Includes a description of the experimental characterization, which will 
cover the actual setup, analysis, and results tabulation. The experiments will be car-
ried out when the physical testing specimen has been prepared.

Chapter 9  Presents the research’s overall findings and results, along with any 
comparisons and explanations of the findings.

Chapter 10  Broad conclusions about the work, acknowledges unresolved issues, 
and makes suggestions for future work that can be done. This chapter will also 
include advice on how to deal with the underlying issue.

Chapter Summary
The reader is introduced to the research study in this chapter, which also emphasizes 
the key reasons why it should be pursued. This part of the research project also 
includes the problem statement, project objectives, research methodology, and 
study scope. The background and literature review of this study effort are presented 
in the following chapter. It comprises the theoretical information required to com-
prehend this research endeavor and its relevance by making use of prior research.

10.9 � Literature Review

10.9.1 � Introduction

Short lead times for product development without sacrificing the quality of the 
developed part are required by modern production processes. Rapid prototyping 
(RP) is one of the unique manufacturing techniques and materials that have been 
developed as a result of this [34–38]. Additive manufacturing, often known as 3D 
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printing, refers to procedures that manufacture objects by depositing material layer 
by layer without the need for finishing, as with traditional manufacturing processes.

Using only the fabrication machine, additive manufacturing enables the direct 
production of intricately structured items from their computer-aided design (CAD) 
models. Low maintenance costs, easy material swapping, a cool working environ-
ment, supervision-free operation, and small size are some of this technique’s pri-
mary benefits [39]. The typical method for product development among 
manufacturers is now 3D printing [40, 41]. Production in a computer-integrated 
industrial environment is facilitated by 3D printing.

Manufacturing processes can be significantly improved by integrating 3D 
printing and concurrent engineering [42]. Fused Deposition Modeling, or 3D 
printing, is the most popular method (FDM). This method involves layer-by-layer 
application of melted filament, often made of Acrylonitrile Butadiene Styrene 
(ABS) or polylactic acid (PLA), which finally cools to create the solid object. The 
plastic filament is melted by an extruder that may move in the x-y plane and is then 
deposited on a bed that moves in the z direction to create the final 3D item.

FDM models reduce waste and make the process environmentally benign 
because they can be recycled [43]. The unique feature of the FDM method is its 
capacity to locally regulate the mechanical, density, and porosity characteristics of 
the created object [44]. FDM is a technique that can be used to create functioning 
items in addition to prototypes. The FDM needs to be improved in several ways in 
order to be used as a manufacturing tool. These include improved surface polish, 
tighter tolerances, and better dimensional control. Additionally, a wider variety of 
polymers should be available for usage, and prototyped parts’ mechanical qualities 
should be improved to preserve their integrity while in use [45].

Contrary to the majority of manufacturing processes, the values of process 
parameters in additive manufacturing techniques can often be more important than 
the characteristics of the part material. Different sets of process settings will result 
in completely different attributes for parts with the same shape, such as strength [46, 
47] or precision [48]. Each set of process variables, including bed temperature, 
layer thickness, infill pattern, and infill density, will result in a unique component 
structure, which will in turn provide unique mechanical property values.

Consequently, the papers under the following subheadings will be evaluated in 
this review section:

	1.	 A review of publications on the impact of raster orientation and air gap on 
mechanical properties of 3D printed components.

	2.	 A review of articles on how the mechanical qualities of 3D printed components 
are affected by printing speed, binder characteristics, infill rate, and layer 
thickness.

	3.	 An analysis of papers examining the impact of PEEK use against ABS on the 
mechanical characteristics of 3D printed components.

	4.	 An analysis of research on the impact of the infill pattern and density on the 
mechanical characteristics of 3D printed components.

S. R. Van Der Merwe et al.
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10.9.2 � Review of Publications: Present and Past

10.9.2.1 � Review of Articles on the Impact of Infill Density 
on the Mechanical Characteristics of 3D Printed Components

Using the Taguchi approach, Abbas et al. [49] assessed the tensile, compressive, and 
bending strength of polylactic acid (PLA) samples by adjusting the infill density 
and other process variables. With increasing infill density, a rise in strength was 
seen. While cutting back on the infill density, printing time was significantly 
reduced.

The same scenario played out as an increase in infill density led to an increase in 
tensile strength in a related study by Srinivasan et al. [50]. According to the authors, 
an infill density that yielded a tensile strength of 17.38 MPa at 100% infill produced 
a tensile strength of 32.12 MPa.

By adjusting the infill density and pattern, Ebel and Sinnemann [51] created PLA 
and ABS samples. It was determined that PLA samples had greater tensile strength 
than ABS samples. Additionally, samples that were fully filled were stronger than 
those that were partially filled.

This line of reasoning was documented in the study by Tanveer, Haleem, and 
Suhaib [52], not only for the impact strength but also for the tensile strength of 3D 
printed PLA parts. In their research, all of the FDM process parameters were held 
constant while the infill density was changed (A = 100%, B = 75%, C = 50%). 
According to the combinations listed in Table 10.1, a total of nine kinds of speci-
mens were claimed to have been created. Following are the results of this study’s 
findings:

	1.	 That substantially less raw material can be used by stacking layers with various 
infill densities.

	2.	 That by keeping the infill density of inner layers dense and the infill density of 
outer layers less dense, the tensile strength of the 3D printed PLA part can be 
improved. These arrangements, according to the authors, give resistance to crack 
development while fostering flexibility in the interior structure.

Table 10.1  The way the infill density is organized

S/N Classification (C)
Infill density
Outer layer Inner layer Outer layer

1 A 100 100 100
2 B 75 75 75
3 C 50 50 50
4 ABA 100 75 100
5 BAB 75 100 75
6 ACA 100 50 100
7 CAC 50 100 50
8 BCB 75 50 75
9 CBC 50 75 50

10  Aircraft Engine Fan Blade Design: Impact Tolerance Prediction of Partially Filled…
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Table 10.2  The specimen’s weight and impact resistance

C Izod strength (KJ/m2) Weight (g) Charpy strength (KJ/m2) Weight (g)

A 4.2 24.23 4.75 12.12
B 2.9 20.02 3.45 9.87
C 2.42 17.42 2.75 8.80
ABA 1.7 19.14 3.00 10.84
BAB 1.85 18.57 3.75 10.12
ACA 2.58 19.82 2.90 9.88
CAC 3.15 17.50 3.50 9.11
BCB 2.75 22.70 1.90 9.84
CBC 3.54 21.35 2.10 9.27

	3.	 For the impact test, the infill density and impact strength have a linear relationship, 
as shown in Table 10.2. Impact strength was found to decrease when different 
infill densities were mixed.

	4.	 Unlike in the case of tensile strength, impact strength rises when the inner layer 
has a higher infill density and a lower density outer shell.

The observations made by Abbas et al. [49], Srinivasan et al. [50], and Ebel and 
Sinnemann [51] were also made in a different study by Gunasekaran et al. [53]. 
According to the authors, the mechanical characteristics of PLA printed specimens 
improved as infill density rose from 25% to 100%. The hardness, tensile strength, 
impact strength, and flexural strength values for the PLA specimen printed with a 
100% infill density were 97 HRC, 53 MPa, 70 J/m2, and 53 MPa, respectively. The 
authors suggested using PLA specimens produced with a 100% infill density to cre-
ate components for a variety of applications in light of their findings.

But according to the research by Moradi, Meiabadi, and Kaplan [33], there is no 
need to fill the interior of 3D printed parts because the optimized specimen has bet-
ter mechanical properties, a lighter part weight, requires less time to build, and costs 
less to produce overall than the filled specimen.

10.9.2.2 � A Review of Publications on Selective Laser Melted Aluminum 
Alloys for Development of Aerospace Components

Aluminum is frequently combined with Zn, Cu, Mg, Mn, and Si to create age-
hardening alloys, casting alloys, and work-hardening alloys, as indicated in Fig. 10.2 
[54–57] according to AtiK et al. [54]. In this review, the emphasis is on the mechani-
cal properties of aluminum-silicon (Al-Si) alloys produced using the metal additive 
manufacturing technology of selective laser melting (SLM).

Due to their castability and weldability, Al-Si alloys are frequently suited for 
SLM processing. According to findings in the literature [59–63], AlSi10Mg and 
AlSi12 are the most often used SLM aluminum alloys. These publications describe 
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Fig. 10.2  Important aluminum alloys. (Adapted from Altenpohl [58])

the four basic types of Al-Si aluminum alloys and the classification of SLM-
processed aluminum alloys in terms of process optimization.

These publications provided an orderly criticism of several types of investigations 
into the mechanical characteristics of SLM aluminum parts. It is noted that the 
majority of these papers have focused on the tensile mechanical characteristics of 
SLM aluminum alloys. A relative few research have been done on the dynamic 
behavior of 3D printed components in tension and compression [59–61, 64, 65], 
fatigue [66, 67], impact tolerance [62, 68], wear [69, 70], and flexural response 
[63, 71].

10.9.2.3 � An Analysis of Articles on the Use of Selective Laser Melting 
to Create PEEK for Aerospace Components

Polyetheretherketone (PEEK) is increasingly being employed in selective laser 
sintering (SLS), as indicated by Patel et al. [72], due to its good mechanical and 
thermal properties as well as biocompatibility. It is known that SLS powder’s 
qualities control how well components can be processed and produced. However, 
there is still more research needed to understand how this thermal history affects 
part quality. As a result, Patel et al. [72] used spectroscopic, morphological, and 
rheological characterizations to assess changes in thermally treated PEEK powder. 
Although the particle size and form of the melted PEEK powder were significantly 
raised in viscosity, with somewhat improved flowability, the authors observed that 
crystallinity rose only slightly within the first 2 h.
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Wang et  al. [73] reaffirmed that PEEK is an engineering thermoplastic with 
outstanding biocompatibility and strong mechanical qualities, confirming the claim 
stated by Patel et al. [72]. They agree that PEEK’s high viscosity and high melting 
temperature pose difficulties for FDM. For the best surface quality and enhanced 
mechanical qualities, authors employed finite element analysis (FEA) to simulate 
the melting conditions and fluidity of PEEK in a flow channel. For consistency in 
the outcomes for the mechanical characteristics, microstructure, and surface quality 
of printed PEEK parts, models were experimentally validated. Based on the results, 
the authors concluded that layer thickness of 0.1 mm, printing at a speed of 20 mm/s, 
and a higher heating temperature of 440 °C [74] can increase the density of PEEK 
parts while reducing internal defects, binding layers, and infill filaments, and sur-
face roughness to the absolute minimum.

SLS is one of the cutting-edge additive manufacturing techniques that can 
construct the geometrically complicated structure from a three-dimensional CAD 
model, according to Wang et al. [75]. PEEK is one of the materials that can be used 
for SLS and has drawn considerable interest because of its great characteristics [72]. 
Thermally induced phase separation (TIPS), a new methodology was used by the 
authors to manufacture pristine PEEK and PEEK/CNT composite powders with 
nearly spherical shapes, desirable particle sizes, and size distributions for SLS 
applications. It was discovered that the powders created with TIPS had good flow-
ability and processability. According to the results, PEEK’s storage and loss modu-
lus were both increased with the addition of 0.1% CNT.

10.9.2.4 � A Review of Works on Selective Laser Melting of Ti–6Al–4V 
for Use in Aerospace Parts

The authors of Knowles, Becker, and Tait’s studies [76] stated that SLM of 
Ti–6Al–4V has enormous promise in the aerospace and biotechnology sectors. The 
utilization of a concentrated laser beam using SLM to melt successive layers of 
metallic powder into intricate components was also disclosed by the authors. The 
authors claim that this method has the potential to generate significant residual 
strains caused by heat. They believe that at relatively modest cyclic stresses, these 
residual stresses, along with microflaws/pores from the underlying fabrication pro-
cess, have the potential to produce premature fatigue fracture initiation and propa-
gation. In order to ascertain residual stresses within SLM Ti–6Al–4V specimens 
and comprehend the underlying mechanisms for SLM Ti–6Al–4V’s effective indus-
trial application, the hole-drilling strain gauge method was used.

Beta Ti-alloys are most suited for applications requiring high fracture toughness 
and ductility, such as the aerospace and biomedical industries, as indicated by 
Madikizela, et al. [77]. The authors also said that the aerospace sector has looked 
into SLM of the alpha + beta Ti–6Al–4V alloy in great detail. Despite the success in 
fabricating small parts, it is difficult to build big parts with an acicular microstruc-
ture. Ti–6Al–4V has an acicular microstructure, which reduces its ductility and 
fracture toughness (10% elongation), causing components to distort and delaminate 
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from the base plate even before they are finished because of stress buildup. This led 
the authors to investigate the microstructure and mechanical characteristics of two-
phase Ti–6Al–4V and beta titanium alloy Ti-38,644 in their as-built state. The find-
ings demonstrated that Ti-38,644 had a complete microstructure and lower strength 
than Ti–6Al–4V, which had a fine martensitic structure inside columnar grains. 
Ti-38,644 had three times the percentage elongation of Ti–6Al–4V, indicating the 
possibility of fabricating massive parts from it.

Yang et al. [78] studied the SLM-produced Ti–6Al–4V crystallographic pattern at 
various laser energy densities. The outcomes demonstrated that the mechanical anisot-
ropy of SLMed Ti–6Al–4V samples is significantly influenced by the crystallographic 
orientation dependent on laser energy density (LED). The SLMed Ti–6Al–4V sam-
ples have a completely martensite microstructure. With laser LED, the content of pris-
matic orientations rises from 101 to 269  J/mm3, while the proportion of basal 
orientations falls in martensites. The tensile properties of samples that were created 
horizontally and vertically differ, according to the authors, and this anisotropy is vis-
ible with LED. Higher Schmid factor values of grains in vertically built tensile sam-
ples than in horizontally built tensile samples are thought to be the cause of anisotropy.

Conclusion on Literature Review
In order to identify the knowledge gap and research priorities from the perspective 
of aerospace applications, these review section analyzed various types of investiga-
tions on the mechanical properties of SLM aluminum, PEEK, and Ti–6Al–4V parts.

Conclusion: Although 3D printed airplane parts are frequently strong and 
lightweight, there is still a significant knowledge gap when parameters like infill 
density are set to 100% for maximum tensile strength of printed components. This 
knowledge gap is evident from the literature review.

Thus, the prediction of impact tolerance for a partially filled 3D printed turbine 
component became the study’s main focus.

10.10 � Research Methodology

In order to address the highlighted problems, numerical and experimental methods 
will be employed.

10.10.1 � Material Study and Selection

10.10.1.1 � Material Study

Aluminum alloys, titanium alloys, thermoplastics, high-strength steels, nickel metal 
alloys, magnesium alloy, and composites are the most often utilized structural mate-
rials in commercial aerospace, and together they make up more than 90% of the 
weight of airframes.
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10.10.1.2 � Material Selection

Unmixed Material

Out of the aforementioned materials, three were identified and chosen for this 
investigation. Table  10.3 lists these three materials along with their mechanical 
material characteristics.

Composite Materials

As particulate reinforcements to the pure materials (i.e., Aluminum 6082-T651 
alloy, PEEK 1000, Ti–6Al–4V alloy), waste copper dust (WCD) and mullite-rich 
tailings (MRT) from density-separated WCD will be used.

These combinations of matrix and reinforcements will result in the following 
categories of composites (aluminum composites, PEEK composites, Ti–6Al–4V 
composites), which are depicted in Figs.  10.3, 10.4, and 10.5, respectively: 

Table 10.3  The mechanical material properties (MMP) of the aluminum 6082-T651 alloy, 
PEEK 1000

MMP Units

Materials
Aluminum 6082-T651 
alloy

PEEK 
1000

Ti–6Al–4V 
alloy

Elastic modulus (E) GPa 70 [79, 80] 3.6 [79] 107 [77]
Density (ρ) kg/

m3

2700 [79, 80] 1304 [79] 2560 [81]

Poisson’s ratio (ν) 0.33 [79, 80] 0.4 [79] 0.33 [82]
Coefficient of Kinetic friction 
(μ)

1.4 [79, 80] 1.0 [79] 0.25 [83]

Fig. 10.3  Image of Aluminum 6082-T651-composites
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Fig. 10.4  Image of PEEK 1000-composites

Fig. 10.5  Image of Ti–6Al–4V-composites

Aluminum 6082-T651-CSD and Aluminum 6082-T651-MRT composites, PEEK 
1000-CSD and PEEK 1000-MRT composites, and Ti–6Al–4V-CSD and Ti–6Al–4V-
MRT composites.

It will be decided what the MMP of the generated composites is, and that 
information will be utilized to fill out Table  10.4 with data that will be used to 
simulate models for these various composites.
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Table 10.4  The mechanical material properties (MMP) of the aluminum 6082-T651-MRT, PEEK 
1000-MRT, and Ti–6Al–4V-MRT composites

MMP Units
Materials
1 2 3 4 5 6

Elastic modulus (E) GPa YTBD YTBD YTBD YTBD YTBD YTBD
Density (ρ) kg/m3 YTBD YTBD YTBD YTBD YTBD YTBD
Poisson’s ratio (ν) YTBD YTBD YTBD YTBD YTBD YTBD
Coefficient of Kinetic friction (μ) YTBD YTBD YTBD YTBD YTBD YTBD

Key: Aluminum 6082-T651-CSD composite  =  1; Aluminum 6082-T651-MRT composite  =  2; 
PEEK 1000-CSD composite  =  3; PEEK 1000-MRT composite  =  4; Ti–6Al–4V-CSD compos-
ite = 5; Ti–6Al–4V-MRT composite = 6; YTBD = Yet to be determined

10.10.2 � Methods

10.10.2.1 � Scaling and Similitude of Turbine Blade

Utilizing engineering concepts, the simpler turbine blade will be scaled. An SGL-
formatted CAD turbine blade model will be created in order to accomplish this. The 
scaled turbine blade model and the real turbine blade will both have the same geo-
metric similarity, kinematic similarity, and dynamic similarity as a result of the 
scaling and similitude operations. This is done in an effort to get the printer to 
manufacture a model of a turbine blade that resembles a real turbine blade. The fol-
lowing phase of the investigation will make use of this scaled model.

10.10.2.2 � Optimization in the Abaqus Environment Using TOSCA

It is standard procedure to discover the ideal parameter (in this case, infill density) 
that satisfies the functional impact tolerance requirements after scaling and simulat-
ing the engineering structure (i.e., turbine blade). In this study, sizing optimization 
tools like SIMULIA Tosca Structure, which integrates optimization technologies in 
real-world engineering environments as an add-on module easily integrated into the 
existing Abaqus workflows as shown in Fig. 10.6, will be used instead of trial and 
error, which is a time-consuming and slow process.

The scaled turbine model from the earlier part will go through an optimization 
job where the objective function, or infill density, will be chosen and defined for 
minimization or maximization, and the corresponding restrictions and elements will 
be defined as design elements. Abaqus will be used for all setups and definitions, 
with computer-aided engineering (CAE) used for preprocessing (Fig. 10.6).

The model is then automatically updated and adjusted using a robust nonlinear 
constrained optimizer based on sensitivities obtained using the semi-analytical 
adjoint method, and the optimization work is then finished by an iterative process. 
The Abaqus solver will be used to resolve the adjoint equations as well as the finite 
element equilibrium equations. The final model with optimum infill densities will 
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Fig. 10.6  Tosca sizing process workflow [84]

Fig. 10.7  (a) The Blade model and interactions, (b) Mesh refinement on the whole model: i.e., the 
turbine blade and the casing

be made available for the CAE postprocessing at the conclusion of the optimization 
operation.

10.10.2.3 � Impact Analysis in Abaqus Based on Tosca’s Optimal Solutions

Figure 10.7a depicts a simplified blade model with dimensions of 22 mm in width, 
37 mm in length, and 2 mm in thickness. The thickness can range from 2 to 5 mm. 
In this study, nine different blade materials—aluminum 6082-T651, PEEK 1000, 
Ti–6Al–4V, aluminum 6082-T651-CSD composite, PEEK 1000-CSD composite, 
Ti–6Al–4V-CSD composite, aluminum 6082-T651-MRT composite, PEEK 1000-
MRT composite, and Ti–6Al–4V-MRT composite—will be impact tested on an alu-
minum 6082-T651 casing.
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Since a clearance distance of 1 mm is permitted between the blade and the casing 
in the design of an actual aircraft turbine blade, the interactions and predetermined 
loading will rely on the assembly. As shown in Fig. 10.7a, the analysis of the casing 
will be fixed for this study, and the blade will be translated to the casing’s center 
with a design clearance of 1 mm.

The actual design of the air engine will have a permissible clearance of 1 mm, 
whereas the clearance between the blade and casing will be 1 mm. With a time of 
0.002 s, the analysis will be done in a dynamically explicit manner. This should 
provide researchers enough time to monitor the extent of damage the blade causes 
before it bounces off the casing and causes less damage. Due to the assumption that 
the blade is a freely detachable blade moving at 255 m/s, there won’t be any bound-
ary conditions for it.

It is anticipated that the impact zone of the casing will experience considerable 
deformation and subsequent elementary distortion as a result of the blade’s ballistic 
impact. So, to obtain a particular mesh and performance, adaptive meshing will be 
applied (Fig. 10.7b). The stability of the nodes will be examined during a mesh 
quality check. By making the seeds smaller, a finer mesh will be created to increase 
the density of the elements. As a result, the partition’s mesh size is 1 mm. As illus-
trated in Fig. 10.8, the mesh refinement will take place at the partitioned section. 
While the model’s nodes and elements will have the following numbers at different 

Fig. 10.8  Boundary 
conditions for Aluminum 
6082-T651 alloy casing
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case thicknesses (2, 3, 4, and 5): Elements are 5406, 7668, 13,576, and 10,506 
respectively, while nodes are 5442, 7612, 10,584, and 13,781 correspondingly.

As demonstrated in Fig. 10.8, the bottom and top of the casing will be prevented 
from shifting and rotating in the x and y directions while being free to deform. Due 
to the assumption that the blade is detached from the hub, as was previously men-
tioned, the blade has free boundary conditions.

10.10.2.4 � 3D Printing of the Turbine Blade

The simplified turbine blade model that has been optimized and thoroughly 
examined will be divided into layers that overlap by 35–50 μm to create the turbine 
blade components. The size of the material’s particles will range from 20 to 55 μm. 
In this study, the turbine blades will be printed using the powder bed additive CSIR 
Selective Laser Melting (SLM) apparatus for further analysis.

10.10.2.5 � Experimental Validation

In order to verify the consistency of the Abaqus results, an experimental impact 
study will be performed utilizing the Charpy impact tester on the printed optimized/
analyzed simplified turbine blade model.

10.10.2.6 � Measurements and Microstructural Analysis 
of Damaged Samples

Scanning Electron Microscopy (SEM)

With the help of scanning electron microscopy (SEM) in the FEI model Inspect 
F-50 operating in both secondary (SE) and backscattered (BSE) electron modes, it 
will be possible to determine the spatial distribution of the CSD and MRT in the 
matrices (Aluminum, PEEK, Ti–6Al–4V alloy), as well as the degree of damage to 
both unreinforced and reinforced materials. It will be furnished with a Link 
Analytical ISIS system for elemental analysis, both qualitative and quantitative 
(EDX). To supplement SEM characterization, a RayScan model 250E computed 
x-ray microtomography investigation was performed.

Electron Backscatter Diffraction (EBSD)

To evaluate the deformation caused in the unreinforced and reinforced materials in 
terms of potential phase change, recrystallization, strain hardening, and deforma-
tion texture, EBSD will be carried out using a Zeiss model Ultra 55 microscope 
fitted with an Oxford detector.
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X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analysis will be performed in addition using Panalytical’s 
X Pert PRO equipment. Since creating the reinforced composites depends on creat-
ing the samples, rigorous procedures will be taken into account at this point.

10.11 � Project Plan and Financial Budget

10.11.1 � Project Plan

The layout and timeline for the proposed study can be seen in Table 10.5.

10.11.2 � Financial Budget

Detailed in Table 10.6 is the estimated budget for the proposed study.

Table 10.5  Layout and timeline for the proposed study

S/N Task name
Year
XXXX XXXX

1 Registration WIP WIP
2 Development of research topic WIP WIP
3 Development of research proposal and approval WIP WIP
4 Chapter 1 WIP WIP
6 Chapter 2 WIP WIP
7 Chapter 3 WIP WIP
8 Chapter 4 WIP WIP
9 Chapter 5 WIP WIP
10 Chapter 6 WIP WIP
11 Chapter 7 WIP WIP
12 Chapter 8 WIP WIP
13 Chapter 9 WIP WIP
14 Chapter 10 WIP WIP
15 Colloquium WIP WIP
16 Thesis defence WIP WIP
17 Production of final dissertation WIP WIP
18 Submission WIP WIP
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Table 10.6  Estimated budget for the proposed study

S/N General items Description
Cost 
(ZAR)

1 Tuition fees Registration (DEng) X
Deng fees X

2 Study materials Journals X
3 Experimentation and model 

manufacture
Component from Aluminum, PEEK, and 
Ti–6Al–4V materials and FEA software

X

4 Instrumentation Data recording instruments, turbine blade parts 
for impact tolerance measurement

X

Submission cost Report binding for at least four copies X
Grand total X
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