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A scaled-down nose wheel fork for a light aircraft was redesigned by applying

SUMMARY OF THE WORK

topology optimization for manufacturing in Ti6AI4V(ELI) through laser powder
bed fusion (LPBF). This scaled-down nose wheel fork was built together with

the test specimens for tensile and fatigue testing in this study.

The test specimens were quality checked, tested, and analyzed through
standard procedures to obtain the porosity levels, tensile and fatigue properties,
and fracture characteristics. The effect of the inherent surface roughness on
the high-cycle fatigue properties of LPBF Ti6Al4V(ELI) test specimens was
investigated. These test specimens were built to the standard geometry without
subsequent machining in three orthogonal directions. They were tested under
constant load in a tension—tension fatigue testing machine in accordance with
the ASTM E 466 standard. The data was collected and complied with the ASTM
F3001 — 14 standard for additive manufacturing (AM) Ti6Al4V(ELI) with laser
powder bed fusion. The fatigue performance of the Ti6Al4V(ELI) specimens
built to the standard geometry without subsequent machining was compared to
that of machined test specimens. It was found that the inherent surface
roughness of the specimens built to the standard geometry reduced their
fatigue life by about half that of the machined specimens.

A customized jig was designed and manufactured to simulate the operational
conditions applicable to the scaled-down nose wheel fork. This jig allowed three
critical load cases to be tested. The experimental results of the fatigue test
specimens and the performance testing of the scaled-down nose wheel fork
under static loading were used to evaluate the feasibility of LPBF for production
of structural aircraft components, particularly the nose wheel fork. Based on the
outcome of the study, it was concluded that it would be justifiable to build a full-

scale prototype of the nose wheel fork for testing under operational conditions.

Keywords: Scaled-down nose wheel fork, Laser Powder Bed Fusion, Ti6AI4V(ELI)

tensile properties, High cycle fatigue, Surface roughness, Performance testing.
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CHAPTER 1: INTRODUCTION

1.1 Background

An agreement was reached between ADC Aeroswift (Pty) Ltd and Central
University of Technology, Free State, to redesign the Advanced High-
performance Reconnaissance Light Aircraft (AHRLAC) nose wheel fork for
manufacture through laser powder bed fusion (LPBF) in Ti6AI4V(ELI). To
achieve this, it was necessary to design the component for production using
LPBF and apply topology optimization to minimize its weight. Although the
competence of the Centre for Rapid Prototyping and Manufacturing (CRPM) in
LPBF of Ti6Al4V(ELI) to produce certified medical implants had been proven,
the feasibility of producing structural aerospace components in this alloy had
not been researched. Therefore, it was necessary to produce data that could
contribute towards qualifying the LPBF production process and the component

for this application.

AHRLAC is a two-person cockpit pusher propeller plane designed by the South
African company Aerosud and manufactured in partnership between Aerosud
and the Paramount Group [1]. The AHRLAC company considers AM a
technology suitable for their manufacturing strategy because with the use of the
high-speed LPBF machine, Aeroswift, it would be possible to build larger parts
for this aircraft, thus opening new horizons for AM technology in the aerospace

industry. The Aeroswift machine has a build volume of 2000 x 600 x 600 mm

2]

The landing gear nose wheel fork of the AHRLAC is manufactured through
conventional machining processes from Aluminium 7050 Alloy [1]. Given the
large build volume of the Aeroswift machine, it would be possible to
manufacture the nose wheel fork of the AHRLAC in this machine from the
Ti6Al4V(ELI) alloy with its excellent properties of high strength-to-weight ratio

(specific strength), good fatigue life and corrosion resistance [3].
The current study on the performance assessment of the nose wheel fork

produced through LPBF from the Ti6Al4V(ELI) alloy was aligned with the
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doctoral project of Mr L. F. Monaheng. It had to contribute towards qualifying
the redesigned nose wheel fork by generating mechanical test data necessary
for the eventual qualification of LPBF to produce this mission-critical structural
component of the aircraft. Full functional performance testing of the redesigned
nose wheel fork under operating load conditions was needed before it could be
installed on the aircratft.

The LPBF technology has various advantages over conventional
manufacturing methods. These include reduction of production costs because
tooling is not necessary for this technology, high design freedom of complex-
shaped parts, which could include topology optimization, and rapid prototyping
[2][3]. Although a complex-shaped structural component of an aircraft can be
produced using LPBF with reduced raw material waste, strict standards in the
aircraft industry limit the application of Ti6Al4V components produced using
LPBF technology [1][4]. This implies that performance assessment data that
meet the aerospace standards remain the key factor for the acceptance of
LPBF as a manufacturing technology in the aviation industry. One of the major
challenges of this technology is the reduced fatigue life caused by the as-built

surface roughness inherent to the LPBF process [5].

An inherent characteristic of the LPBF process is high localized heating and
subsequent rapid cooling [6]. This leads to thermal gradients during the building
process, which consequently induces thermal residual stresses within the part
[7]. These unwanted residual stresses affect the mechanical properties and
cause premature part failure. For example, tensile residual stresses add to
stresses resulting from external loads and may cause distortion, cracks, and
premature component failure [8]. High-cycle fatigue performance is very
sensitive to residual stress because it can cause crack initiation at lower-than-
expected applied stresses and limit the fatigue life of a component [8]. To avoid
the negative effects of residual stress, stress-relieving heat treatment is applied
on an LPBF part after the built process while it is still attached to the build
platform. Thereafter, the part is subjected to a high-temperature annealing heat
treatment to alter the microstructure of the material, consequently producing
the desired mechanical properties for high-cycle fatigue behaviour, as required

for structural aircraft components like the landing gear fork [1][7].
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The landing gear of an aircraft is a critical structural system since it ensures
safe landing, taxiing, and take-off. Therefore, it must be designed to absorb the
high kinetic energy of impact, thereby reducing the impact loads transmitted to
the aircraft [9]. Extensive performance testing was required to qualify the
landing gear nose wheel fork, which was redesigned and manufactured in such
a way that the weight was minimized while the required performance could be

retained.

The feasibility of manufacturing structural aircraft components through LPBF
must be validated by determining manufacturing precision and testing
mechanical properties. A successful outcome of this study could provide a basis
for a more extensive application of LPBF technology for the production of
structural aerospace components [8][10].

1.2 Problem statement

As mentioned in section 1.1, the commercial AHRLAC is fitted with a nose
wheel fork machined from 7050 aluminium. Although the redesigned
topologically optimized nose wheel fork had been reduced in weight by using
less metal, it resulted in a complex-shaped structural part that could not be
produced using conventional manufacturing technology. However, producing
the component through the LPBF technology was quite feasible. Despite this,
the nose wheel fork of a light aircraft produced through LPBF in Ti6Al4V(ELI)
had not been qualified before. Authorities such as the European Aviation Safety
Agency (EASA) and the Federal Aviation Administration (FAA) require the
manufacturability, suitability, and durability of a material used in an aircraft to
be determined based on experimental tests to internationally accepted
standards. Performance testing of the current nose wheel fork under
operational loading conditions had never been done. Therefore, detailed
performance testing information of the redesigned and LPBF-produced
Ti6Al4V(ELI) nose wheel fork was required to validate the compliance of the

process and the alloy with the requirements of the aircraft industry.
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Aim of study

The aim of this study was to generate experimental data on the operational

performance of a light aircraft nose wheel landing gear fork which was produced
through LPBF of Ti6Al4V(ELI) that would contribute to the validation of the

design of this component.

1.4

Objectives

The objectives of the study were:

a)

b)

f)

1.5

To manufacture a scaled-down prototype of the nose wheel fork,
together with test specimens for chemical, physical and mechanical
testing, by using the EOSINT M280 machine.

To perform tensile and fatigue tests using as-built, followed by heat
treatment, mechanical test specimens in the as-built geometry.

To determine the chemical composition, density, and microstructure of
the test specimens.

To perform fractographic analysis on the mechanically tested

specimens.

To design the test procedure and manufacture a test jig for performance
testing of the scaled-down Ti6Al4V(ELI) nose wheel fork produced
through LPBF.

To determine the mechanical characteristics of the scaled-down nose
wheel fork under experimental static load conditions.

Delimitations

This study did not cover the performance assessment of the full-scale nose

wheel fork due to the following reasons:

It was not feasible to manufacture the full-scale component due to the
limited bed size of the DMLS EOSINT M280 machine compared to the

large size of the full-scale component.
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« This study contributed to the comprehensive doctoral study of Mr L. F.
Monaheng. Therefore, only the static performance assessment of the

scaled-down nose wheel fork was conducted in this study.
1.6 Scope of work

In this research, experimental data was collected for the tensile and fatigue
properties of standard test specimens that were characterized before
mechanical testing. The test specimens were built through direct metal laser
sintering (DMLS) in Ti6AI4V(ELI) to the standard geometry without subsequent
machining to test the effect of surface roughness on their fatigue properties.
Tension-tension fatigue tests were done on the DMLS Ti6AI4V(ELI) test
specimens up to 5 million cycles. The fatigue behaviour and fracture properties
of the test specimens were analyzed. The collected data provided confidence
in the integrity of the scaled-down AHRLAC nose wheel fork prototype built
together with the test specimens. Consequently, performance testing of the
scaled-down nose wheel fork could proceed. A customized test jig for testing
the performance of the landing gear fork was designed and manufactured. The
performance of the scaled-down nose wheel fork under experimental static load

conditions was tested.

1.7 Dissertation layout

Chapter 1 of the dissertation comprises an introduction and the need for the
study. In this chapter, the background, problem statement, research aim,
objectives and scope of the study are discussed. In Chapter 2, the literature
study that was conducted to review the existing extent of qualification of AM in
the aerospace industry for structural components and the insight gained in the
field are presented. Chapter 3 entails the research methodology applied to
obtain the required data from the Ti6AI4V(ELI) standard test specimens and the
scaled-down nose wheel fork. The results are presented and discussed in
Chapter 4. In Chapter 5, conclusions are drawn from the results, and future

work is recommended.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter provides the understanding gained by the student into the existing
knowledge in the field as context for the research conducted in this project. It
provides findings from the research on the behaviour and operation of landing
gear forks for light aircraft, as well as the history and background of titanium
and its alloys. An introduction to AM with further discussion of DMLS is followed
by a discussion of the characteristics of the DMLS Ti6Al4V(ELI) alloy and the
resulting mechanical properties. A discussion on fatigue includes fatigue failure
of as-built DMLS Ti6Al4V parts. The next section deals with residual stress and
its generation during the DMLS process. Finally, design for additive
manufacturing (DfAM), considering the part geometry and the surface

roughness of DMLS parts, is discussed.

2.2 Aircraft landing gear

2.2.1 Structure and operation of landing gear

Safety is of paramount importance on aircraft. Therefore, landing gear
structures must safely support the weight of an aircraft during take-off, landing,
and taxing. They are designed to absorb the kinetic energy of the impact during
the landing and take-off of an aircraft. Depending on the size of an aircratft,
these loads can be very high, which determines the size, type of landing gear
required for an aircraft and retractability to avoid the aerodynamic drag during
flight [9][11]. This implies that the landing gear must meet the requirements for
the safety of aircraft, such as good strength, stability, good control and
damping, as well as stiffness. The design limits and requirements, such as low
weight and cost, high performance, as well as optimized development time and

life of the landing gear, remain a challenge in the aerospace industry [12].

AHRLAC is equipped with a tricycle type of landing gear structure. This

structure has the main gear system attached to the rear of the fuselage and
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below the wings of an aircraft, whereas the front wheel is located at the nose
section of the fuselage. See Figure 2.1 for an illustration.

Figure 2.1: Tricycle type of landing gear [12]

This type of configuration puts the centre of gravity of an aircraft in the centre
of the two landing gear structures, which allows the aircraft to have a more
forceful application of brakes during landing without nosing into the ground. It
also helps to prevent ground looping since the centre of gravity is forward of the

main landing gear [13].

The landing gear comprises four parts: the axle, shock absorber, torque arm
and fork. During landing on a tricycle type of landing gear, the main gear
touches down on two points, and a few seconds later, the tyre of the nose wheel
follows. The transmission of ground reaction loads acting on the nose wheel
starts from the tyre to the axle. This impact force on the axle is transmitted to
the fork through two components that compress and bend the fork [14]. Since
the primary purpose of the landing gear is to absorb the impact energy of the
aircraft when it lands and taxies, it is critical to ensure that all the components
of the landing gear are fit for purpose.

2.2.2 Failure analysis of landing gear nose wheel forks

It is important that the landing gear systems are carefully studied for different
types of failures, defects and problems occurring on them. This helps to avoid
accidents caused due to the failure of the landing gear, which can lead to
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human death in some cases [15]. The main failure of a landing gear structure
is usually due to fatigue, which occurs when the material is dynamically
stressed beyond its limit. Failure analysis of landing gear structures is usually
done by visual inspections of the failed component, followed by in-depth
techniques, such as fractography. This is done to understand the crack growth
behaviour which could lead to a final failure [16].

Franco et al. [17] studied the fatigue fracture of a nose landing gear
manufactured in microalloyed vanadium steel for the military transport aircraft,
EMB 121 — Xingu, which collapsed during take-off. In their study, they
discovered that the landing gear is usually subjected to severe environmental
conditions, such as temperature, climate, and operational situations, including
runway conditions. These conditions could lead to failure of the landing gear.
Also, in this study, apart from fatigue being a primary cause of failure, corrosion
pits were identified as the secondary cause of crack initiation, which led to
failure. This implies that corrosion also needs to be considered in the failure of
landing gear systems.

Infante et al. [18] did a study on the aluminum alloy (series 5000), landing gear
fork of a light aircraft that failed during landing. The assessments were done to
determine the possible causes of failure observed during service. In their study,
visual analysis and optical microscopy with a low magnification of the fracture
surface were performed to characterize the type of fracture and identify areas
of interest using scanning electronic microscopy (SEM). Following the outcome
of the fractography, they also performed finite element analysis (FEA) and
numerical simulation of the landing gear component to determine the stresses
the component was subjected to. This contributed to a deeper understanding
of the cause of failure of the landing gear. In another study of an aircraft
accident, the stress intensity factors for crack initiation on fork holes were
calculated. This contributed to a better understanding of fatigue crack

propagation behaviour using finite element modelling (FEM) [14].
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2.3 Titanium

2.3.1 History and background

Titanium was first discovered in England in 1790 by Reverend William Gregor
[19]. This element was found to be a unique metal in black magnetic sand with
a chemical composition that corresponded with ilmenite (FeTiOs). This
discovery raised interest worldwide, and it was followed by Martin Heinrich

Klaproth in Hungary, who identified from his investigations the dioxide of the

same metal in rutile ore (impure TiO2) [19].

Klaproth decided to call the element titanium, named after mythological gods,
the Titans, who were believed to possess enormous power. Klaproth attempted
to isolate this metal, but his attempts failed. In 1910, the American chemist
Matthew Arnold Hunter succeeded in developing a process to extract titanium
from the mineral, followed by William Justin Kroll, who produced a ductile
titanium metal by reacting titanium tetrachloride with magnesium metal in a
closed system with an inert gas (argon) atmosphere, to avoid the traces of

oxygen or nitrogen found when the process was carried out in air [19] [20].

2.3.2 The Kroll process

Today the Kroll process is the most commonly employed smelting process of
titanium [21]. It begins with the chlorination process, where chlorine gas is
reacted with rutile within an atmosphere saturated with carbon. Equation 2.1

describes this process:
TiO2 + 2C + 2C12 = THCla + 2C0 e eeeeeeeeeeeeeeeee e es e eee e seeseeeseese s e s eeseeeseeseeeeee (2.1)

The titanium tetrachloride formed is then reduced with magnesium to produce
a product known as titanium sponge, together with magnesium chloride as a

by-product, as shown in equation 2.2.
TiClg+ 2ME = 2Ti + 2IMEClaue oo s cee e s e s s s se st ese et s (2.2)
This by-product is taken through electrolysis of the molten salt to recover

magnesium and chlorine separately to be used again in the Kroll process.
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2.3.3 Atomic structure and crystal structure

Titanium is element 22 in the periodic table with the symbol Ti. It has a low
density of 4.5 g/cm?® and an atomic weight of 47.9. Titanium is corrosion
resistant because it is a reactive metal which forms a natural oxide surface layer
spontaneously whenever it is exposed to oxygen. This oxide layer is usually
compact, adherent to the substrate and chemically stable in a variety of
environments, thus resulting in the excellent corrosion resistance of titanium
[22]. Titanium also has a good yield and tensile strength, which, combined with

its low density, result in a high strength-to-weight ratio or specific strength [20].

Titanium has two types of crystal structure in its pure form, the alpha (a) and
beta (B) phases. The a phase is a hexagonal close-packed (HCP) structure,
and the B8 phase is a body-centred cubic (BCC) structure [22][23]. These crystal

structures are shown in Figures 2.2 and 2.3.

Figure 2.2: The body-centred cubic crystal structure. Left: a reduced-sphere unit
cell, and right: an aggregate of many atoms [23]
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Figure 2.3: The hexagonal close-packed crystal structure, Left: a reduced-sphere
unit cell, and right: an aggregate of many atoms [23]

The HCP structure in pure titanium develops at low temperatures, while the
BCC crystal structure of titanium develops at higher temperatures when
titanium transforms from the a to the g phase. The complete transformation
from one crystal structure to the other is known as an allotropic transformation,
and the transformation temperature is called the beta transus (8 transus)
temperature. The B transus temperature for pure titanium is 882 = 2 °C. The a
and B crystal structures are the most basic structures of titanium, and they form
the basis of alloying titanium [24].

2.3.4 Titanium alloys

Titanium alloying elements are classified as neutral, a-stabilizers and -
stabilizers. These classifications are based on the influence that the elements
have in stabilizing either the a phase or the 8 phase. The a-stabilizers raise the
B transus temperature, while the B-stabilizers lower it [24]. In Table 2.1, the

alpha and beta stabilizers are presented.

Table 2.1: Classification of selected alloying elements used in titanium alloys

(After [24])
a-stabilizers B-stabilizers Neutral
Alloy B-eutectoid | B-isomorphous
classification
Substitutional Al Mo, V, Fe Cr, Mn, Ni Sn, Zr
Interstitial O,N,C H
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Titanium alloys are classified as follows:

e « and near « alloys - alloys with alloying elements that stabilize the

a-phase.

e [ and near 8 alloys — alloys with alloying elements that stabilize the

B-phase

e a+p alloys — alloys with a mixture of elements that stabilize both the a

and 8 phases.

In many alloys, the 8 phase is retained at room temperature, thus producing an
alloy that contains both the a and 8 phases or even only the B phase [25]. The
a-stabilizing elements extend the a phase field to a higher temperature, while
the B-stabilizing elements shift the 8 phase field to a lower temperature. Figure
2.4 illustrates the effects of alloying with different elements on the phase

equilibrium diagram of titanium.

A
B & . B
o x
Ti Ti T
o stabilizer j stabilizer neutral
B isomorphous B eutectoid

Figure 2.4: Effect of alloying with different elements on the equilibrium phase
diagram of titanium [26]

Apart from the abovementioned alloys, titanium alloys are furthermore
subdivided into near a and near B alloys [23]. The three-dimensional phase
diagram in Figure 2.5 illustrates the classification of the titanium-aluminium-
vanadium alloys. If small percentages of B-stabilizing elements are added, they
are referred to as near a alloys. The a+f alloys are the most widely used alloy
group. If the proportion of gB-stabilizing elements is further increased to a level

where B no longer transforms to a martensite upon quenching, the alloys are
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still in the two-phase field, and the class of metastable g alloys is reached [23].
Metastable g alloys form part of the four categories of 8 phase Ti alloys based
on the approximation of 8 phase stability and molybdenum equivalency. Near
B alloys are considered metastable 8 alloys because their composition places

them near the a+B phase field and 8 phase field boundaries [27][28].

H melastable . f

T

882

Temperature [°C]

s, Ti 6%Al - Ti 20%V
g T W%V i
[3-stabilizing

Figure 2.5: Three-dimensional phase diagram used to classify titanium alloys [28]

The content of a and B in an alloy after processing and heat treatment
influences the microstructure, which in turn affects the mechanical properties
of titanium alloys [29]. The a alloys have good weldability, satisfactory strength,
creep resistance and high fracture toughness, which make them suitable for
cryogenic applications. The a+B alloys, on the other hand, generally exhibit
good manufacturability, increased ductility, and strength at high and moderately
elevated temperatures. The 100% g alloys have good ductility, toughness, and
excellent formability. Figure 2.6 summarizes the alloying effect for selected

alloys according to their classifications.
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a alloys Unalloyed titanium -Higher density '
Ti-5A1-2.5Sn -Increasing heat treatment
respomnse
Near-a Ti-8Al-1Mo-1V -Higher short time strength
Ti1-6Al1-28n-4Zr-2Mo -Increasing strain rate
sensitivity
o+p alloys Ti-6Al-4V -Improved fabricability
Ti-6Al-25n-6V
Near-p Ti-6Al-28n-4Zr-6Mo -Higher creep
Ti-3Al-10V-2Fe strength
-Improved
B alloys Ti-13V-11Cr-3Al v weldability

Ti-8Mo-8V-2Fe-3Al

Figure 2.6: Summary of the alloying effect on the selected properties of the
Ti alloys [25]

2.4 Additive manufacturing

According to the ASTM F2792 — 12a standard [30], AM is referred to as "a
process of joining materials to make objects from 3D model data, usually layer
upon layer, as opposed to subtractive manufacturing methodologies.” The solid
parts are directly fabricated from the computer-aided design (CAD) data. This
offers design and manufacturing advantages, such as design freedom for
complex geometries, short lead time due to no need for tooling and near-zero

material wastage [4][31].

This technology is categorized based on its manufacturing processes. Over the
past decades, different variations of AM technology have been developed.
These include; Stereolithography (SLA), Holographic Interference Solidification
(HIS), Selective Laser Sintering (SLS), and Selective Laser Melting (SLM) [31].
However, to simplify all these classification processes, ASTM F2792 was
created as a guideline for classifying AM technologies. Below is the list of these

categories according to the standard:

a) Binder Jetting — an additive manufacturing process in which a liquid

bonding agent is selectively deposited to join powder materials.
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b) Directed Energy Deposition — an additive manufacturing process in
which focused thermal energy is used to fuse materials by melting as
they are being deposited.

c) Material Extrusion — an additive manufacturing process in which
material is selectively dispensed through a nozzle or orifice.

d) Material Jetting — an additive manufacturing process in which droplets

of build material are selectively deposited.

e) Powder Bed Fusion — an additive manufacturing process in which
thermal energy selectively fuses regions of a powder bed.

f) Sheet Lamination — an additive manufacturing process in which
sheets of material are bonded to form an object.

g) Vat Photopolymerization — an additive manufacturing process in which
liquid photopolymer in a vat is selectively cured by light-activated

polymerization.

These listed processes are the only seven AM categories approved by ASTM
International and 1SO [30]. However, different companies have their own
commercial AM brands and use their own terminology related to the seven
categories. Table 2.2 illustrates how the commercial AM brands relate to the
ASTM categories.

Table 2.2: lllustration of how AM processes are categorized by commercial brands
[31]

Additive Manufacturing (AM) Processes

Laser Based AM Processes

Laser Laser Extrusion Material Material Electron
Thermal Jetting Adhesion Beam

Process

Melting Polymerization

Laser source, M | M [
Laser :ourcci ooy La:ersourcei aterial gy atera _ Electron beam
i meltin jetting Ccmpactor '

Laser
suppl . H
LT upply Liguid | nozzle . cutting ° Powder
bed resin bed

SLS DMD SLA FDM 3DpP LoM EBM -
SLM LENS SGC Robocasting 1P SFP
MIM
BPM
Thermojet

Process
Schematic

ll:

o | B
Elg| oms sLC LTp
2

= LPD BIS

HIS

Bulk Material Type | Powder _ Liquid - Solid |- |

Referring to Table 2.2, it should be noted that processes such as Direct Metal

Deposition (DMD) are classified according to the type of energy source and the

form of material that they use. This shows that industry also develops its own
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terminologies as technology improves. In Table 2.3, the classification of these
commercial terminologies according to the seven classifications in the ASTM

F2792 standard is presented.

Table 2.3: AM classifications of commercial brands from Table 2.2

Commercial brand name Abbreviation ASTM F2792
Classification
Selective Laser Sintering SLS Powder Bed Fusion
Selective Laser Melting SLM Powder Bed Fusion
Direct Metal Laser Sintering DMLS Powder Bed Fusion
Direct Metal Deposition DMD Directed Energy
Deposition
Laser Engineered Net Shaping LENS Directed Energy
Deposition
Selective Laser Cladding SLC Directed Energy
Deposition
Laser Powder Deposition LPD Directed Energy
Deposition
Stereolithography SLA Vat Photopolymerization
Solid Ground Curing SGC Vat Photopolymerization
Liquid Thermal Polymerization LTP Vat Photopolymerization
Beam Interference Solidification BIS Vat Photopolymerization
Holographic Interference HIS Vat Photopolymerization
Solidification
Fused Deposition Melting FDM Material Extrusion
Three-Dimensional Printing 3DP Material Jetting
Inkjet Printing IJP Material Jetting
MultiJet Modelling MJIM Material Jetting
Ballistic Particle Manufacturing BPM Material Jetting
Laminated Object LOM Sheet Lamination
Manufacturing
Solid Foil Polymerization SFP Sheet Lamination
Electron Beam Melting EBM Powder Bed Fusion
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2.5 Direct metal laser sintering

Direct metal laser sintering (DMLS) is LPBF terminology used by the machine
supplier EOS GmbH - Electro Optical Systems. This technology uses a laser
to selectively fuse metal powder layer-by-layer to eventually build a three-
dimensional (3D) part [32]. The process begins with CAD of the desired part to
be manufactured, followed by the conversion of the CAD model into a
programming file called a Stereolithography (STL) file. The STL file is read by
the DMLS machine to manufacture a 3D part based on the design [30]. The
DMLS process is illustrated in Figure 2.7.

Fibre .
Laser unit

Scan head

—* Recoater

Recoater blade

Powder

Collector platform

ilding platfor .
Bpidumgpativem Dispenser platform

Figure 2.7: Schematic diagram of a DMLS system [33]

A thin layer of powder, typically 30 um thick, is deposited onto the building
platform by the recoater blade. To achieve this, the recoater blade moves from
the dispenser platform spreading the powder over the building platform. The
powder deposited onto the building platform is then selectively fused by the
laser according to the layer data encoded in the STL file. Thereafter, the

building platform moves down at a distance equal to the fused layer thickness,
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and the recoater blade moves back to collect powder to deposit another layer
of powder over the previous layer. This layer of powder is also selectively fused,
as well as fused onto the previous layer, and the process is repeated until the
final 3D part is produced. The excess powder not fused during the process is
moved to the collector container. Successful part manufacturing through DLMS
is influenced by parameters such as laser power, beam offset and diameter,
layer thickness, scanning speed, and part orientation during manufacturing.
The different parameters that influence the DMLS process are given in Figure

2.8.

Hatch lines
Hatch spacing (Hy)

Boundary Contour lines
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= — Beam offset (BO)
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.

?
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Figure 2.8: lllustration of the parameters relevant to the DMLS process [33]

The DMLS process uses scanning techniques such as a raster scan pattern to
fuse the powder layers. Parameters such as the hatch spacing, hatch distance,
laser beam diameter, and offset play a vital role when creating a DMLS part.
The diameter of the fused zone is usually larger than the laser diameter. These
differences in diameters necessitate compensation for the dimensional error.
Therefore, the laser beam is shifted by half the curing width from the contour
line. This is to ensure that the part produced corresponds with the dimensions
of the original CAD design. This correction is referred to as the beam offset,
which affects part manufacturing. If the beam offset value is too high or less
than the corrected value, the powder particles would still be fused, leading to

part inaccuracy [33].
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The layer thickness is also an essential process parameter that needs careful
control during the DMLS process. If the layer thickness is too large, there will
not be enough adhesion between the layers of the part. This is because the
laser energy may be insufficient and thus result in incomplete fusion of the part,
which can lead to layer detachment [33]. If the laser power is too high for a
specific layer thickness, it may result in a porous structure. Therefore, it is
important that the laser power must be optimized so that a fused layer with

completely fused powder particles can be produced.

Proper planning of the orientation of a part to be built through DMLS is essential
for obtaining a successfully built part. This planning is needed because the
recoater blade passes over the fused part while spreading the following powder
layer from the dispenser platform to the building platform. As the recoater blade
passes over the part, it may collide with the exposed layer with high force and
deform the part shape at that layer, thus creating a part that deviates from the
original CAD model. The blade may tend to bounce off a parallel wall, as shown
in Figure 2.9 (a), and the section itself may not resist the force of the moving
blade. A good practice is to orientate the part at an angle, as indicated in Figure
2.9 (b), so that the recoater blade only makes contact with a smaller area of the

part and not the full face [34].

a)

Figure 2.9: lllustration of the part orientation in the DMLS process a) Bad part
orientation b) Good part orientation [34]
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2.6 The DMLS Ti6AI4V(ELI) alloy

The Ti6AI4V(ELI) alloy, also known as Titanium Grade 23 [35], is an a+p alloy.
The abbreviation ELI stands for ‘Extra Low Interstitial’, meaning reduced
concentration of the interstitial elements shown in Table 2.1 in the alloy to
improve ductility and fracture toughness with some reduction in strength [36].
The microstructure of this alloy has a distorted HCP structure, designated as
a', referred to as an acicular martensite microstructure [37]. An acicular
martensite microstructure is a needle-like microstructure formed when the alloy
is rapidly cooled from its melting point. During the DMLS process, rapid
solidification of the molten layers occurs due to the high-temperature gradient
inherent in the process. Figure 2.10 illustrates the formation of the martensitic

microstructure in Ti6AI4V.
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Figure 2.10: Martensitic transformation of Ti6Al4V [6]

As illustrated in Figure 2.10, Ti6Al4V solidifies when moderate cooling occurs
from above the a+B transus temperature, as illustrated by image (a). When

cooling proceeds below the beta transus temperature, a globular a-phase forms
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when a grains start to nucleate along the 8 grain boundaries, as shown in image
(b). The a phase forms along the specific planes of the 8 phase (image (c)),
and it nucleates and grows inside the prior 8 grains to form a-laths (image (d)
in Figure 2.10). During rapid cooling, the a nucleation and growth along and
within the B grain boundaries increase [38], thus increasing the formation of a
laths throughout the 8 grains, leading to an intertwined type of microstructure
which is referred to as a basket-weave microstructure, as illustrated in image
(e) in Figure 2.10. A diffusionless martensitic transformation occurs during rapid
cooling to form the a' microstructure. The resultant microstructure is shown in
Figure 2.11.

Figure 2.11: Basket-weave microstructure [39]

The a' basket-weave microstructure of Ti6Al4V parts produced through the
DMLS process results in high tensile strength, low ductility, and internal thermal
residual stresses in produced parts and thus requires heat treatment for
tailoring of the microstructure for specific required properties [24][31][33]. In
Figure 2.12, the equilibrium phase diagram of Ti6AI4V is presented, which
shows that the microstructure of this alloy at room temperature consists of the
a phase (HCP) with some retained g phase (BCC).
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Figure 2.12: Phase diagram of Ti6Al4V [40]

Titanium in the alloy undergoes an a to 8 transformation, while aluminium at
6% and vanadium at 4% stabilize the a and B phases, respectively. The a
stabilization leads to a reduction of density, resulting in the alloy being lighter in
weight, while 8 stabilization lowers the a+g to 8 transformation temperature (8
transus), which facilitates the hot working of the alloy. Therefore, Ti6AI4V can
exist in different morphologies, such as lamellar, equiaxed and bimodal
microstructures [41]. Figure 2.13 shows the different microstructures of
Ti6AI4V.

“(b)

| _é‘bz

Figure 2.13: Ti6Al4V microstructures: a) lamellar structure, b) equiaxed structure

and c) bimodal structure [29]

Each of the microstructures in Figure 2.13 is associated with different
mechanical properties. The lamellar microstructure is generated upon cooling
from above the B-phase field. When the temperature is below the B transus

temperature, a nucleates at grain boundaries and then grows as lamellae into
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the prior B grains. Slow cooling rates from the B-phase field result in lamellar
microstructures, with the lamellae becoming coarser with a decrease in the
cooling rate. As mentioned in the beginning of this section, rapid cooling or
guenching creates a martensitic fine needle-like microstructure characterized

by low ductility and moderate crack growth resistance [27][33] [42].

Equiaxed microstructures are the result of recrystallisation [29]. The alloy is
heat-treated and furnace soaked within the a+B phase field, allowing the a
grains to globularize [36]. This microstructure has a good balance of strength

and ductility as well as fatigue strength [42].

Bimodal microstructures combine the characteristics of lamellar and equiaxed
microstructures. To achieve the bimodal microstructures, the recrystallization
and annealing would usually be performed just below the 8 transus temperature
to allow the growth of 8 grains. This type of microstructure has high ductility,
strength and impact toughness [29][33][43].

From this discussion, it follows that the microstructure of this alloy depends on
the kind of heat treatment done on the material. The parameters, such as
temperature, soaking time, and cooling time, are the controlled variables used
in heat treatment processes, and they impact the resulting microstructures [44].
When the heat treatment temperature is increased, the S fraction of Ti6Al4V
also increases, thus decreasing the a fraction. Vrancken et al. [44] studied this

behaviour and found that the temperature impacts the microstructure of

Ti6Al4V, thus affecting the mechanical properties. Their findings are shown in
Figure 2.14.

Figure 2.14: Microstructures of Ti6Al4V after heat treatment at different
temperatures a) 780 °C b) 843 °C c) 1015 °C [44]
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When comparing Figure 2.14 (a) and 2.14 (b), it is observed that the a platelets
are fine in Figure 2.14 (a) and coarser in Figure 2.14 (b). This is because the
heat treatment temperature in Figure 2.14(b) was higher than the heat
treatment temperature in Figure 2.14 (a), although they were both below the 8
transus temperature. Furthermore, Figure 2.14 (c) indicates that a heat
treatment above the [ transus temperature results in a lamellar a+8

microstructure.

Yadroitsev et al. [45] demonstrated that the yield strength of the DMLS Ti6Al4V
alloy after heat treatment is usually lower compared to the as-built state. This
is due to the coarsening of the lamellar microstructure during high-temperature

heat treatment.

Malefane [36] also observed that applying heat treatment on DMLS Ti6Al4V
parts below the B transus temperature does not yield significant change in the
resulting microstructures but only alleviates the inherent residual stress
resulting from the DMLS process. However, applying high-temperature
annealing for two hours at 950 °C on the stress-relieved DMLS Ti6Al4V(ELI)
specimens followed by furnace cooling transformed the a' grain structure to an
a+f grain structure with increased ductility of about 20%, which exceeds the
specified ductility in the ASTM F1472 — 08 standard [46].

Ductility coupled with high strength is an important material property during
high-cycle fatigue (HCF) applications [47]. Fatigue cracks may nucleate more
easily in martensitic Ti6AI4V due to its distorted basketweave microstructure,
but the fatigue crack must grow through the path of the “basket form” of the
microstructure, which is a tortuous path, making it difficult to grow and thus
resulting in low fatigue crack growth [39]. However, this type of microstructure
has low ductility but high strength, hence the use of heat treatment to obtain a

balance of strength and ductility of the alloy.
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2.7 Fatigue

2.7.1 Definition of fatigue

Fatigue is defined as the process of progressive localized permanent structural
change occurring in a material subjected to fluctuating stresses and strains.
These fluctuating stresses and strains may result in cracks or complete fracture
after a sufficient number of stress-strain fluctuations [48]. For the current study,
examples of fluctuating stresses can be caused by the take-off, landing, and
taxiing loads on an aircraft nose wheel fork. Fatigue is more gradual in ductile
materials where loads are low enough for the system to remain elastic except
in the plastic zone in front of the crack tip, but when the crack reaches its critical
length, the structure will be subjected to fast fracture [49]. Fatigue failure occurs
in three stages, namely crack initiation, crack propagation and final fracture

[50][51]. These can be portrayed in different zones, as shown in Figure 2.15.

Cyclic Crack Microcrack Macrocrack Sudden
stip g nucleation " growth g growth " fracture
e e o Crack i
Crack initiation zone . Final
propagation fracture
zone

\4
A

Figure 2.15: Three different stages of fatigue life (After [36])

An area of high-stress concentration, such as notches, surface irregularities,
and pores, will promote the crack initiation in a material. Cracks may also occur
without any stress raisers but due to dislocations in slip planes resulting from
cyclic stress or cracking along slip planes due to repetitive reversals of the
active slip systems at a free smooth polished surface of a material [49]. Crack
initiation is commonly known as stage 1 of fatigue failure, and it is greatly
influenced by microstructural defects such as grain boundaries, inclusions, etc.
As the crack length increases, the stress intensity increases and the crack
direction becomes perpendicular to the applied stress and enters the crack

propagation zone [48]. Crack propagation is divided into two types, namely
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stable and fast crack propagation, see Figure 2.16. Stable crack propagation is
known as stage 2 of fatigue failure and has a very weak resilience to
microstructural defects [49]. This stage of fatigue crack growth produces fatigue
features such as striations, which are not visible to the naked eye and require
technologies such as SEM to distinguish them. Fatigue striations are located
on the faces of tear ridges and are perpendicular to the direction of propagation

of cracks and bow out from the site of initiation of cracks.

Slow crack propagation

Crack initiation

Final
fracture area

Tear ridge

Fast crack
propagation area

Figure 2.16: Schematic representation of a fracture surface representing three
different stages of fatigue failure [36]

The second stage of crack propagation is fast crack propagation, commonly
known as stage 3 of fatigue crack failure. This stage occurs when the crack
length is closer to the critical area where the remaining material can no longer
handle the stress intensity, which leads to a final fracture [48]. The final
fractured area can either be ductile or brittle in nature. Ductile fractured areas
display cup and cone fracture features because the material absorbs more
energy before fracture, while brittle fractured areas are normally flat because
the cracks quickly propagate across the section, along or through the grain

boundary of the material, causing a catastrophic failure [48][52].

2.7.2 Fatigue failure of the as-built DMLS Ti6AIl4V parts

The major challenge in DMLS as-built parts is poor fatigue behaviour related to

their rough surfaces [5]. Powder distribution onto the building substrate
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(recoating) and the build orientation impacts the staircase effect (visible layer
marks on the part caused by an offset between the layers when forming a
curvature, creating a rough surface). The surface roughness depends on the

slope of a layered surface of a DMLS part [52]. This is illustrated in Figure 2.17.

stair size

Figure 2.17: Staircase effect a) less inclined slope with more surface roughness b)
more inclined slope with less surface roughness [52]

Surface topography features consisting of small radii of curvature act as local
notches and create local stress concentration sites, which may lead to crack
initiation at the as-built surface [53]. Therefore, these features negatively impact
the fatigue life of Ti6AI4V parts produced through LPBF [7][8]. Similarly, the
lack of fusion of powder particles on the as-built surface also directly affects the
surface roughness of the end product [54]. The surface roughness caused by
these features depends on the LPBF machine parameters, such as the
thickness of the built layer, the allowable powder size distribution, and the laser
energy [55].

Creating a smooth LPBF part surface implies additional cost because
specialized machining or polishing must be implemented, and it might even be
impossible to do with complex-shaped components. Such post-LPBF
processes should be avoided to retain the economic advantage of using LPBF

to produce complex-shaped aircraft structural components [7].

Kahlin et al. [56] reported on the fatigue behaviour of SLM Ti6Al4V. Comparing
the fatigue strength of as-built (AB) and machined specimens, they found that
surface roughness contributed most significantly to the fatigue properties and

reduced the fatigue limit by approximately 45%, as shown in Figure 2.18.
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Figure 2.18: Fatigue life of EBM and SLM (LS) specimens with machined and
polished (m&p) surfaces vs rough as-built (AB) surfaces [56]

The endurance limits of the as-built specimens shown in Figure 2.18 range
between 200 and 400 MPa. Wycisk et al. [57] also reported an endurance limit
of 210 MPa for DMLS Ti6Al4V specimens with inherent surface roughness and
500 MPa for polished specimens. This emphasizes the importance of the
surface condition for fatigue-sensitive parts intended for use in their as-built
condition. It is also relevant for parts with complex internal features where

surface finishing may not be possible.

2.8 Residual stress

Residual stress is the internal stress that is locked into a body after it reaches
equilibrium [58]. The common cause of residual stress is manufacturing
processes such as casting, welding and the DMLS process due to the high
localized heating involved in the process [10]. Unlike external stresses, residual
stresses are less predictable and can be either tensile or compressive. The
effect of residual stress can either be beneficial or disadvantageous. For
example, tensile residual stresses are usually caused by processes such as
aggressive grinding, which creates uneven surfaces that may promote crack

initiation. In this case, the residual stress is disadvantageous because it
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decreases the fatigue strength and consequently contributes to the failure of
the part [59].

Residual stresses are categorized into three types depending on their nature:
Type 1, 2, and 3 [10]. Type 1 residual stresses are macro-stresses that occur
over distances that involve many grains within a material. Type 2 are micro-
stresses caused by the differences in the microstructure of the material and
occur over distances comparable to the grain size of the material. Type 3 are
sub-micro stresses that occur inside a grain due to the imperfections within the
grains [7]. Knowing the origin of residual stress helps the designer or
manufacturer to prevent or accommodate its effect. For instance, finite element
modelling (FEM) packages such as ABAQUS are used to simulate the resulting
residual stresses prior to actual LPBF building processes and play a significant
role in preventing failure during the processing of components [60].

As discussed in section 2.5, the DMLS process uses high-power laser energy
input to build parts. This highly concentrated energy input always leads to
residual stress and sometimes crack formation during processing and after
separation from the supports [7]. The formation of residual stress in the DMLS
process is due to the high-temperature gradient between the layers where
compressive stresses are induced in the melt zone, and tensile stresses are
induced in the cooler underlying layers during heating [36]. This phenomenon
is illustrated in Figure 2.19.

Heating lasel Cooling

Figure 2.19: Schematic of the state of stress of a layer during heating and cooling
[10]
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When the top molten layer is fused into the previously solidified layer, it will be
restricted in thermal expansion by the previous layer, and this will cause
compressive stress in it. During the cooling process, see Figure 2.19, the lower
layer restricts the upper layer from thermal contraction resulting in residual
stress in both layers. The lower layer will experience compressive stress, and

the upper layer will be under tensile stress [27][36].

It is clear that the residual stress in LPBF parts is induced by thermal gradients
inherent in the process. This indicates that heat treatment can also be used to
reduce the residual stress in the parts. The thermal stresses induced in LPBF
parts cause warpage when the parts are removed from the substrate directly
after the LPBF process. This is because the part would still be under the
residual stresses induced during the heating and cooling. If a stress-relieving
heat treatment is applied before the part is removed from the substrate, the

residual stress can be reduced, and warpage can be limited [36][61].

2.9 Design for additive manufacturing

Design for AM (DfAM) is essential for proper LPBF part manufacturing.
Customized design approaches and optimization are required to ensure that
the part design includes the design freedom provided by AM technologies and

satisfies the AM manufacturing constraints.

In the DMLS process, factors such as the build platform, building orientation,
part strength during the build process, use of support structures, and the post-
processes need to be considered. Failure to consider these factors could result
in a deformed part or a part with various defects. For example, the build
orientation affects the surface finish on the end product due to the staircase
effect. On the other hand, support structures prevent the part from deforming
and warping during the build process since they allow dissipation of heat away
from the newly formed geometry and provide temporary support, thus
maintaining the geometry of the part [34]. However, the attachment points of
these structures negatively affect the surface finish. As a result, the choice of

type and positioning of support structures is very important.
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Furthermore, the design requirement for the component and its application
must be considered in the DMLS design strategy. For an aerospace part such
as the AHRLAC nose wheel fork, understanding the operating conditions is
essential. In addition, the mass of the nose wheel fork is an important
consideration. The industry uses specific methods to provide the designer with
a systematic design optimization methodology. Brandt et al. [62] developed a
generic AM design optimization methodology incorporating topology
optimization. Topology optimization is a simulation-driven design tool
concentrating on the material distribution and structural connectivity in the
design domain space [1][62]. A lightweight part can be produced while
maintaining its strength, and the material needed to produce the end product

can be significantly reduced.

Vayre et al. [63] recommend four steps in the design methodology. These
include the initial shape generation and geometrical parameter definition,
followed by shape optimization through tuning the AM process parameters and
the validation of a part design. Lettori et al. [64] proposed an approach to assess
the compatibility and suitability of a part for AM production through a set of
reference questions and a compliance index, which was validated with case
studies found in a literature review they conducted. Other researchers, such as
Zhang et al. [65], also proposed a framework to assess the design from the
perspective of the AM planning process by checking and verifying the suitability
of the part design for AM production. Clearly, a framework can help designers
benefit from the advantages of AM processing while enabling them to avoid the

potential difficulties resulting from the limitations of AM technology.

2.10 Summary

Through the literature study, insight was gained into the importance of the
integrity of the nose wheel fork for airplane safety, and the causes of failure
were identified. Understanding the titanium alloy and the DMLS technology to
be used for the scaled-down nose wheel fork was essential for the project
planning and execution of the study. The literature on the characteristics of the
DMLS Ti6AI4V(ELI) alloy and the resulting mechanical properties was
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reviewed, and understanding was gained on how post-process heat treatment
can be used to optimise the mechanical properties of DMLS Ti6Al4V(ELI)-
produced parts to improve their fatigue properties. Understanding DfAM also
raised awareness of the importance of part geometry, which affects the surface

roughness of DMLS-produced parts.
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CHAPTER 3: METHODOLOGY

3.1 Approach

Qualifying components for the aerospace industry require extensive testing,
especially if they are structural parts in the airframe of an aircraft. As mentioned
in section 1.5, this study was done on a scaled-down prototype nose wheel fork
produced through DMLS of Ti6Al4V(ELI), and the performance testing of the
component was limited to static testing. The research methodology was divided
into three phases. Phase 1 dealt with building the prototype together with the
standard test specimens. Phase 2 entailed the characterization and mechanical
testing of the standard test specimens, and Phase 3 consisted of the design
and manufacturing of the test jig, followed by static performance testing of the
scaled-down nose wheel fork. A schematic illustration of the research

methodology is shown in Figure 3.1.

Phase 1: DMLS building and heat treatment of test specimens and
scaled-down prototype.

Specification and design of test specimen geometry, build orientation
and number of specimens

¢

Obtain prototype CAD model and determine AM build orientation

|

DMLS building of the scaled-down prototype and test
specimens

|

Post-process heat treatment of DMLS built parts

1. Stress relieving (attached to platform)

2. High temperature annealing
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Phase 2: Characterization, mechanical testing and fractography of test
specimens.

Characterization of test specimens

|

Machining of the grip-ends on test specimens

{

Tensile and fatigue testing of the specimens

!

v

Fractographic analysis of the Metallographic analysis of the
fractured fatigue specimens using fractured fatigue specimens
scanning electron microscopy using optical microscopy

Phase 3: Static performance testing of the scaled-down prototype

Machining of the axle holes in the scaled-down prototype

|

Design and manufacturing of the test jig

!

Performance testing of the scaled-down prototype in the test jig

!

Assessment of results and conclusion

Figure 3.1: Schematic overview of the methodology followed for this research
project
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3.2 Building and heat treatment of test specimens and

scaled-down prototype

3.2.1 DMLS building of test specimens and scaled-down prototype

The optimized CAD model of the scaled-down prototype nose wheel fork was

obtained from Mr L. F. Monaheng, see Figure 3.2.

Figure 3.2: CAD design of the scaled-down prototype nose wheel fork [1]

The scaled-down nose wheel fork was designed through topology optimization
and built together with 21 HCF Ti6Al4V(ELI) test specimens at the Centre for
Rapid Prototyping and Manufacturing (CRPM) at Central University of
Technology, Free State (CUT) using an EOSINT M280 DMLS machine. The
test specimens were designed according to the ASTM E466 standard for
fatigue testing of metallic materials [66]. The design drawing is given in
Appendix 1. The EOSINT M280 machine was set to the standard parameters

of the supplier. See Table 3.1 for the process parameters.

Table 3.1: Process parameters for the DMLS process

Parameter | Laser | Beam Scanning | Layer Hatch | Powder bed

Power | Diameter | Speed thickness | spacing | temperature

(W) () (mm/s) | (um) (Um) (O
Value 170 75 1400 30 100 40
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Spherical Ti6Al4V(ELI) powder, supplied by TLS Technik GmbH & Co.
Spezialpulver KG, Bitterfeld-Wolfen, Germany, with an average powder particle
size of less than 45 um was used to build the component and test specimens.
The powder used in this study was from the batch used in the study of
Monaheng et al.[67], and its composition, as determined by an independent
laboratory through inductively coupled plasma - optical emission spectroscopy
(ICP-OES), is given in Table 3.2.

Table 3.2: Chemical composition of TLS Technik Ti6Al4V(ELI) powder
Materials | Titanium | Aluminium | Vanadium Iron Oxygen | Nitrogen

(Ti) (Al) (V) (Fe), (0), (N),

max max max
TLS 90.30% | 5.56% 4.02% 0.23% | 0.12% | 0.04%
powder
[67]

ASTM | Balance |5.5-6.5% |3.5-4.5% | 0.25% |0.13 | 0.05
F3001 -
14 [68]

Two building platforms were used to achieve a total of 21 specimens due to the
limited building area of the EOSINT M280 DMLS machine. Of the 21 HCF test
specimens, seven were built in the X-orientation (long axis along the X-
direction), another seven in the Y-orientation (long axis along the Y-direction)
and the third set of seven in the Z-orientation (long axis along the Z-direction),

as illustrated in Figure 3.3.

Z-direction
Y-direction

Build direction.
7,
e

Figure 3.3: lllustration of DMLS Ti6AI4V(ELI) test specimen orientations on the
building platform
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To confirm the build quality, nine cylindrical tensile test specimens were built
on platform 1 with the nose wheel fork in the same orientations as the HCF
specimens (three in each orientation). Platform 2 was for 21 HCF test
specimens. Similar to the HCF test specimens, the tensile test specimens were
also built in the final geometry given in Appendix 1. The test specimens were
tested in their as-built geometry, which implied that no post-process machining
on the gauge lengths of the specimens was done after DMLS building and post-
process heat treatment. Machining was only done on the grip ends of the
specimens for clamping them in the fatigue testing machine. This allowed the
investigation of the effects of as-built surface roughness on the fatigue
properties of the DMLS Ti6AI4V(ELI) specimens. Therefore, the Z-specimens
were built upright, with a vertical support cylinder around the gauge length to
support the upper grip parts and maintain the geometry of the Z-specimens, as
shown in Figure 3.4 (a). These support structures could be removed with pliers,
not affecting the surface of the gauge length. The X- and Y-specimens had
support structures directly supporting the gauge length, as shown in Figures
3.4 (b) and (c). While these structures could be easily removed, they left
attachment marks that created rough surfaces on the gauge lengths of the
specimens. In addition, there were also two built-in types of support structures
(pin support) outside the gauge length of the X- and Y-specimens. This type of
support was used to maintain the geometry of the gauge length by preventing
warping of the test specimens.

Normal supports

Pin
Support support
structures not structures
attached to the

gauge length

Figure 3.4:Test specimens with support structures. a) Z-specimen b) X/Y-specimens
showing normal supports on gauge length c) Pin supports on X/Y-specimens
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3.2.2 Post-process heat treatment of DMLS-built parts

After the DMLS process, a two-stage heat treatment was performed on the built
parts. Firstly, to relieve the residual stress, the parts (still attached to the build
substrate) were heated to a temperature of 650 °C at a rate of 3.6 °C/min in a
T-M Vacuum Products Inc., Super Series Vacuum Furnace, SS12/24-13MDX.
They were kept at 650 °C for three hours and furnace-cooled to room
temperature. Thereafter, the parts were cut from the build substrate by wire
electrical discharge machining, and the support structures were removed
manually with long-nose pliers in the Product Development Technology Station
(PDTS). Subsequently, the standard test specimens and the prototype were
submitted to a high-temperature annealing heat treatment, which was done as
follows: The parts were heated at a rate of 5.2 °C/min to a temperature of
950 °C in the vacuum furnace and held isothermally at that temperature for two
hours before furnace cooling to room temperature. Figure 3.5 shows the parts

inside the vacuum furnace.

Figure 3.5: Ti6Al4V parts inside the T-M Vacuum Products Inc. Super Series Vacuum
Furnace, $512/24-13MDX, prior to the stress-relieving heat treatment
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3.3 Characterization and mechanical testing of the test

specimens

The chemical composition of the Ti6Al4V(ELI) powder used to build the test
specimens, as well as the density of the built parts, was important to
characterize before the specimens could be tested to obtain the mechanical
properties of DMLS Ti6Al4V(ELI).

3.3.1 Surface roughness characterization of the test specimens

It was expected that the test specimens would have a quantifiable difference in
surface roughness due to the different support structures used for the three
orthogonal build orientations. However, due to the shape of the as-built
specimen, it was not feasible to use the surface roughness tester on the gauge
length of the test specimens after the DMLS build. This tester ideally requires
a flat surface to provide accurate surface roughness values. Therefore, a JEOL
JSM-7800F scanning electron microscope (SEM) was used to obtain images
from which semi-quantitative assessments of the surface roughness of the
gauge length could be made. By comparing images at the same magnification,
the differences in the surface finish of different specimens could be determined.

3.3.2 Micro-CT scanning of the test specimens

Representative test specimens, one from each build platform for each of the
build orientations (X, Y and Z), were selected and sent to the South African
Nuclear Energy Corporation (NECSA) for X-ray micro-computed tomography
(micro-CT) scanning to determine the porosity levels. The micro-CT analysis
was performed using a Micro-focus X-ray Machine type NIKON XTH 225 ST. It
was set to a current of 200 pA, acceleration potential of 185 kV and exposure
time of four seconds per projection at 2 000 projections per sample. A scanning
resolution of 8.2 um was used, and scans were only done on the gauge length
areas of the test specimens, which were sections within the 13 mm length and
4.37 mm diameter area shown in Appendix 1. All the scans were performed to

evaluate the level and distribution of porosity. These micro-CT analyses were
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used as a quality control measure to confirm that the DMLS Ti6AI4V(ELI) test
specimens and scaled-down nose wheel fork component were of the same
good quality as other parts CRPM produces with the EOSINT M280 DMLS

machine.

3.3.3 Mechanical testing of the test specimens

The test specimens were subjected to tension and axial force-controlled fatigue
testing in the Mechanical Testing Laboratory of the CSIR. A total of nine
specimens (three specimens per build orientation) were subjected to tensile
testing using an Instron 1432 servo-hydraulic testing machine. The tensile tests
were performed according to the ASTM E8 standard for testing metallic
materials. The remainder of the 21 test specimens (nine specimens per build
orientation) were then subjected to high-cycle axial force-controlled fatigue
testing, which was performed according to the following criteria:

Table 3.3: Test criteria for the axial force-controlled fatigue testing

Testing standard ASTM E 466 — 15 and ISO 1099
Testing Equipment 50KN Instron 1432, axial, servo hydraulic
R-ratio 0.1

Control mode Stress control mode

Frequency 10 Hz

Temperature 202 °C

Run-out 5 x 10° cycles

The HCF test regime was informed by the study of Malefane et al. [51] on their
machined and polished HCF test specimens, which could reach a run-out of
five million cycles at the maximum stress of 450 MPa. In the current study, the
first specimen (Z4) was tested at maximum stress of 450 MPa, and it failed after
50 142 cycles. The maximum stress level was then reduced by 7.1% from 450
MPa to 418 MPa for testing the next specimen (Z5), which failed after 61 584
cycles. A significant reduction of 20% from the initial maximum stress of 450
MPa was then applied on the third specimen (Z6), and improvement in the
number of cycles to 122 595 cycles was achieved. The maximum stress was
continuously lowered based on the resulting number of cycles to failure until the

stress level was 50% of the initial maximum stress of 450 MPa, where the run-
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out was achieved on the Z9 specimen. Table 3.4 shows the stress levels for the

Z-orientation specimens.

Table 3.4: Maximum stresses for fatigue testing of Z-orientation DMLS Ti6AI4V/(ELI)

test specimens
Specimen designation Maximum stress (MPa)
Z8 225
Z9 250
27 270
Z10 300
Z6 360
Z5 418
Z4 450

Based on the behaviour of the Z-orientation test specimens, the stress range
for the X- and Y-orientation specimens was derived. Therefore, the testing of
the next set of specimens (X-orientation) was started at a maximum stress of
360 MPa. The range of maximum stress levels for the X-orientation specimens
is shown in Table 3.5, and those for the Y-orientation specimens in Table 3.6.

Table 3.5: Maximum stresses for fatigue testing of X-orientation DMLS Ti6AI4V(ELI)

test specimens
Specimen designation Maximum stress (MPa)
X8 190
X10 200
X7 210
X6 230
X9 270
X5 300
X4 360

Table 3.6: Maximum stresses for fatigue testing of Y-orientation DMLS Ti6AI4V(ELI)

test specimens
Specimen designation Maximum stress (MPa)
Y7 190
Y10 200
Y6 230
Y8 250
Y9 270
Y5 300
Y4 360
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3.3.4 Fractography of the test specimens

The fracture surfaces of selected HCF DMLS Ti6Al4V(ELI) test specimens were
analyzed in a JEOL JSM-7800F SEM at the University of the Free State (UFS).
The analysis was done using the secondary electron imaging (SEI) mode of the
SEM with accelerating voltages of 10-20 kV at working distances of up to 50

mm.

3.3.5 Metallographic analysis of the test specimens

Metallographic analysis was performed using a ZEISS Axio Al optical
microscope. Test specimens were prepared by cutting cross sections using an
Accutex AU-500 iA electron discharge wire-cutting machine after HCF-testing
the test specimens. The cross sections were cut from one part of each fractured
specimen next to the fractured area, as indicated in Figure 3.6.

Figure 3.6: lllustration of the cross sections cut on HCF test specimens using an
AU-500 iA Accutex wire-cutting machine

The cross sections were then mounted in a non-conductive Multifast resin in a
Citopress-1 machine. A Struers Tegramin-25 machine was used to grind and
polish the specimen surfaces. The grinding was firstly done with a silicon
carbide grinding paper of 320 grit, followed by polishing on an MD-largo disc
using Diapro diamond suspension of 9 um particle size. The final finish was
done by polishing the specimens with an MD-Mol cloth using Diapro diamond
suspension of 3 um particle size. The specimens were mirror polished using an
MD-Chem disc with OP-S suspension as a lubricant. Finally, after polishing, the
test specimens were etched in an ESCO fume hood using Kroll's reagent to

reveal the microstructures of the test specimens.
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3.4 Performance testing of the prototype scaled-down nose

wheel fork

Performance testing of the scaled-down nose wheel fork was done in the
Mechanical Engineering Heavy Machine Laboratory at the University of
Pretoria (UP). The laboratory has unique facilities for dynamic structural testing
under simulated operational conditions for various applications. The
performance testing plan was developed in collaboration with the UP team (see
Appendix 2 for the test instruction plan). A test jig that allowed simulation of the
operational conditions of the nose wheel fork during testing was designed and
manufactured in the PDTS at CUT.

3.4.1 CAD design and manufacturing of a test jig

The test jig was designed to fit the applicable testing equipment in the
Mechanical Engineering Heavy Machine Laboratory at UP. Figure 3.7 shows a

CAD model of the test jig and the physical image.

Figure 3.7: Landing gear fork performance test jig: a) CAD model b) image of the
manufactured jig

3.4.2 Performance testing of the scaled-down prototype nose
wheel fork

This study was limited to the static performance testing of the scaled-down nose

wheel fork, which forms part of Mr L. F. Monaheng’s doctoral study. In the
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current study, the maximum operational static loads acting in the X-, Y-, and Z-
directions were applied on the DMLS Ti6AI4V(ELI) nose wheel fork. The loads
were applied in the positive and negative direction for each load case, with the
X-load case first followed by the Z- and Y-load cases. These tests were done
to assess the potential of the scaled-down nose wheel fork to meet the

requirements for such a structural aircraft component.

To capture strain values experienced by the scaled-down nose wheel fork while
loads were applied, strain gauges were bonded on the specific areas of the
nose wheel fork, which were expected to have high strain. A total of four strain
gauges were used. Two were rosette gauges, and the other two were single-
grid gauges. Therefore, there were eight strain gauge readings in total. The
rosette strain gauges had 120 £ 0.3% ohm resistance, and the single-grid strain
gauge had 350 £ 0.3% ohm resistance. The locations of all strain gauges are
shown in Figure 3.8. The higher magnifications show the exact positions of

these gauges.

350 + 0.3% ohm | 120£03% ohm

&

¥

Figure 3.8: Strain gauges positioned on the scaled-down nose wheel fork. Gauges 1
and 2 were placed on the side of the nose wheel fork
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All strain gauges were connected to quarter bridge circuits (SCM-SG120 and
SCM-SG350). Each quarter bridge circuit was then connected to a specific
channel on a Universal Amplifier (MX840 8-channel amplifier). The amplifier
was connected to a Quantum X data recorder system (CX 22W). The technical
specifications of the Universal Amplifier (MX840 8-channel amplifier) and
Quantum X data recorder (CX 22W) are presented in Appendix 3 and 4,

respectively. Figure 3.9 shows the schematic of the experimental setup.

Actuator Load cell Scaled-down nose Test jig brackets
wheel fork mounted

inside the test jig \

cC 0 O ©

Actuator junction box Load cell junction (MX 840) 8-channel amplifier

Actuator force and (CX 22W) Data recorder
speed controller

Computer and Monitor 1 for load recordings and readings

Monitor 2 for strain readings

Figure 3.9: Schematic representation of the experimental layout and data
recording. (Dashed lines represent electrical connections.)

The test jig was mounted on the isolated test floor of the laboratory, which had
a T-slot base where studs were used to keep the jig in a fixed position when
loads were applied. See Figure 3.10 for this setup for the X-direction of loading.

The actuator holder bracket was also mounted on the isolated bed using the
studs.
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Actuator Load cell Scaled-down nose wheel fork in the test jig

Figure 3.10: X-load case experimental testing setup for the performance test of the
scaled-down nose wheel fork on the isolated floor in the laboratory at UP

The performance tests on the scaled-down nose wheel fork were done at loads
40% of the magnitude of the maximum loads on the full-scale nose wheel fork.
The latter was provided by the manufacturer of the ARHLAC, Aerosud. This
resulted in static loads of Fx =5 584 N, Fy =3 358 N, and Fz = 8 285 N applied
on the scaled-down nose wheel fork. Figures 3.11 and 3.12 illustrate the

experimental test setup in the Y- and Z-loading direction, respectively.

Figure 3.11: Y-load case experimental testing setup for the performance test of the
scaled-down nose wheel fork on the isolated floor in the laboratory at UP
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7 ¢

Figure 3.12: Z-load case experimental testing setup for the performance test of the
scaled-down nose wheel fork on the isolated floor in the laboratory at UP

The applied load on the fork was gradually increased for each load case until
the required load level was reached. The load was stopped at the required level
for a few seconds, and the strain readings were collected at the different
positions on the fork where the strain gauges were mounted for strain
measurements. This data was used to assess the static test performance of the
scaled-down nose wheel fork produced in Ti6Al4V(ELI) through DMLS.

3.4.3 Data preparation for analysis on performance testing of the
prototype scaled-down nose wheel fork.

The data collected from the performance tests of the Ti6Al4V(ELI) scaled-down
nose wheel fork produced through DMLS was analyzed in two phases. Firstly,
all data points from the actuator controller were collected, and sinusoidal load
curves were plotted to simulate the compressive and tensile static loads applied
on the fork as a function of time. Secondly, the corresponding strain curves
were plotted from data collected from the strain gauges. The load and strain
curves were compared per load to evaluate the correct functionality of the
measuring equipment. As the strain values increased with the increased
applied loads, it became clear that the measurement was done correctly. The
detailed procedure for the data preparation for analysis is provided here for the
X direction of loading.
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3.4.3.1 Preparation of data for X-direction of loading — actuator

controller

The actuator controller only recognises the voltage reading as the input load
the system will apply to the fork. Therefore, all the available loads from Aerosud

were converted from kilonewtons to voltages based on equation 3.1.
L VO = 2 KN oottt ese s s s ee e eeseeesetseteneee s e e ereeeeseteetnenereeree (3.1)

The maximum load in the X-direction of testing was 6 kN. This maximum load
was divided into 20% intervals, and a series of static loads were applied using

equation 3.1, as shown in Table 3.7.

Table 3.7: Applied loads in the X-direction for static testing of the DMLS
Ti6AI4V(ELI) prototype nose wheel fork

Load divisions Controller reading (V) Force (kN)
1 0.6 1.2
2 1.2 2.4
3 1.8 3.6
4 2.4 4.8
5 3 6

The static test for Load division 1 of 1.2 kN was performed by applying a
compressive force starting from the zero position of the controller and gradually
increasing the load to a maximum of 1,2 kN and then stopping at this load for
about 20 seconds. Subsequently, the controller knob was turned back to the
zero position and then increased to 1,2 kN in the negative direction, stopping
at —1,2 kN for the tensile force. Finally, the knob was turned back to zero. This
completed one sinusoidal cycle for Load division 1. The actuator controller data
was collected using MATLAB. The raw data is presented in Appendix 5. The
force vs time curve for Load division 1 was also generated to obtain the

complete sinusoidal cycle for this load division, as shown in Figure 3.13.
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Figure 3.13: Force vs time curve for Load division 1 of the X-direction testing

The load data points from 15 000 to 25 000 milliseconds in Figure 3.13 were
collected, and the mean value of these data points was calculated to provide
the actual static load applied. This load was found to be 1,206 kN. This
verification had to be done because the actuator controller did not use a digital
system where accurate values could be set, only a knob that had to be set
manually. This procedure was repeated for all five load divisions, and the

results are tabulated in Table 3.8.

Table 3.8: Planned versus actual load values of the X-direction static tests for the
DMLS Ti6AI4V(ELI) prototype nose wheel fork

Load divisions | Planned load (kN) Actual load (kN)
1 1,200 1,206
2 2,400 2,424
3 3,600 3,582
4 4,800 4,892
5 6,000 6,120

The procedure followed in the applied load results for Load division 1 (static
force of 1.2 kN) was repeated for the strain results of Load division 1 for the X-

load case to record and analyse all the strain results throughout the experiment.
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3.4.3.2 Preparation of data for X-direction of loading — strain

gauges

The data acquisition system allowed all eight strain gauges to collect data
simultaneously for each load case. Similar to the actuator controller, Load
division 1 is used here as an example to demonstrate the procedure followed
to prepare data for analyzing the strain gauge values measured on the DMLS
Ti6AI4V(ELI) nose wheel fork.

The Quantum X MX840 strain data collection system was activated at the same
time as the controller knob to allow simultaneous data capturing. The raw data
from all the strain gauges were also collected and plotted, and the mean value
was calculated at the peak point corresponding to the load versus time curve in

Figure 3.13. These results are provided in Chapter 4.

The eight strain gauges had a unique nomenclature for each strain gauge. This
nomenclature was used to identify the position (channel) where the strain
gauge was connected on Quantum X, the strain gauge number, as well as the
position of the strain gauge on the nose wheel fork, as shown in Figure 3.8. The

first strain gauge is used as an example to explain this nomenclature further:

CH 1_SG_1A_P1: CH 1 = Channel number 1 in Quantum X, SG_1A = Strain
Gauge number 1A, and P1 = Position 1 in Figure 3.8.

Table 3.9 gives the details of all eight strain gauges and their positions.

Table 3.9: Quantum X channels and their connected strain gauges

Position for connection on Abbreviation Strain gauge name

Quantum X

Channel 1 CH1 CH1 SG 1A P1
Channel 2 CH2 CH2 SG 1B P1
Channel 3 CH3 CH3 SG 1C P1
Channel 4 CH4 CH4 SG 2A P2
Channel 5 CH5 CH5 SG 2B P2
Channel 6 CH®6 CH6 SG 2C P2
Channel 7 CH7 CH7 SG 3 P3
Channel 8 CHS8 CH8 SG 4 P4
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The methodology used in this chapter included non-destructive analytical

3.5 Summary

techniques, such as CT scanning and SEM, on the test specimens for validation
of the DMLS process using Ti6Al4V(ELI) powder, as well as the
characterization of the surface roughness of the as-built Ti6Al4V(ELI)
specimens. Tensile and fatigue testing was employed to determine the
mechanical properties of the as-built DMLS Ti6AI4V(ELI) parts, followed by the
fractography and metallographic analysis of the fractured fatigue test
specimens. The DMLS Ti6AIl4V(ELI) scaled-down prototype nose wheel fork
was tested under static performance conditions using specialized equipment
that could simulate the operational conditions of the nose wheel fork. This static
data contributed to the comprehensive doctoral study aimed at contributing to
the eventual qualification of the LPBF Ti6Al4V(ELI) nose wheel fork.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

This chapter includes the results of the CT scanning, the tensile and fatigue
tests of the test specimens, as well as the fractography and microstructural
analysis of the fractured DMLS Ti6Al4V(ELI) specimens. Finally, the static
performance of the DMLS Ti6AI4V(ELI) scaled-down nose wheel fork is
presented and discussed.

4.2 Micro-CT scanning

The density results of the DMLS Ti6AI4V(ELI) specimens submitted to two-
stage heat treatment are presented in this section. In Table 4.1, the percentage
porosity as determined through micro-CT analysis of the specimens built along

the X-, Y- and Z-direction are tabulated.

Table 4.1: Micro-CT porosity results of DMLS Ti6AI4V(ELI) test specimens

Specimen Designation Porosity (%)
X1 0.0029
Y1 0.0033
Z1 0.0011

The level of porosity shown in Table 4.1 was found to be below 0.01%. This
was an extremely low level of porosity and confirmed the consistency of the
EOSINT M280 machine employed to build the test specimens compared to
porosity levels found in other studies [69][70]. High porosity levels could
negatively impact the fatigue performance of the DMLS-built parts because they
act as stress raisers, which could initiate cracks [69]. However, from the
literature, it was also clear that the fatigue behaviour of DMLS-built parts cannot
only be related to the level of porosity but also the location, size and geometry
of pores [69]. It has been reported that a very specific type of layered defect
can be formed in DMLS parts due to incomplete melting in specific layers.

These defects may be present in a part with as little as 0.005% porosity and
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can still be problematic if localized in a thin-walled section [71]. These pore
locations are critical for fatigue performance because they determine the stress
concentration factor during loading [72][73]. However, no large pores or clusters
of pores were localized in sections of any of the test specimens in this study.

This confirmed the quality of the DMLS build process.

4.3 Tensile test results

The tensile test results for the DMLS Ti6AI4V(ELI) specimens built in the X-, Y-

and Z-orientations are given in Table 4.2.

Table 4.2: Tensile test results for the X-, Y-, and Z-orientation DMLS Ti6AI4V(ELI)

test specimens
Specimen Tensile Ultimate Modulus of | Percentage
Designation Stress at Tensile Elasticity Elongation
Yield Stress (GPa) (%)
(Offset 0.2%) (MPa)
(MPa)
ASTM F 3001 - 14
- | 795 | 860 | - | 10
This study
X1 860.42 948.13 116.3 16.50
X2 852.44 939.65 113.9 15.50
X3 853.73 941.53 115.0 15.05
Mean 855.73 943.10 115.1 15.68
Standard 4.285 4.450 1.162 0.472
deviation
Y1 863.94 947.64 118.1 13.25
Y2 860.75 943.50 120.8 14.70
Y3 856.71 941.14 114.6 15.05
Mean 856.71 941.14 114.69 14.33
Standard 3.625 3.289 3.089 0.954
deviation
Z1 774.78 888.52 110.0 15.75
Zz2 780.48 894.81 109.5 15.60
Z3 781.33 891.61 108.5 16.15
Mean 778.86 891.65 109.3 15.83
Standard 3.562 3.146 0.796 0.284
deviation
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The specimens in the X- and Y-orientations exhibited similar tensile properties
with the mean tensile stress at yield, showing no significant difference, ranging
from 855.73 + 4.285 MPa on the X-specimens to 856.71 + 3.625 MPa on the
Y-specimens. The ultimate tensile stress and the modulus of elasticity for both
X- and Y- specimens also had similar values. However, there was a significant
difference in tensile properties when comparing the aforementioned mean
values of the X- and Y-orientation specimens with that of the Z-orientation
specimens. The mean tensile stress at yield for the Z-specimens was found to
be 778.86 = 3.562 MPa, with the ultimate tensile stress and modulus of
elasticity being 891.65 + 3.146 MPa and 109.3 + 0.796 GPa, respectively. This
is common for LPBF-built parts due to the layer-by-layer building, showing a
level of anisotropy with respect to the three orthogonal building directions
[3][74]. However, when comparing the ultimate tensile stress, yield stress and
elongation values for the X-, Y-, and Z-orientation specimens, it is clear that the
tensile properties of the X- and Y-orientation specimens in Table 4.2 meet the
minimum requirements for the specified tensile properties in ASTM F3001 — 14
for AM Ti6AI4V(ELI) produced with PBF [68].

The ultimate tensile stress and elongation values of the Z-orientation
specimens also exceeded the minimum requirements set in the ASTM F3001
— 14 standard, while only the yield stress was 2.03% lower, compared to the
set minimum value of 795 MPa in the ASTM F3001 — 14 standard. This
observation confirmed the anisotropic nature of parts built in different
orientations in the DMLS machine. This has been attributed to the DMLS
microstructure of the alloy that displayed the direction of growth of epitaxial
B grains to be parallel to the build direction [74]. However, it was expected that
the high-temperature annealing heat treatment applied to these specimens
should have resulted in a more homogenous microstructure with corresponding

alleviation of the anisotropy of the mechanical properties.
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4.4 Fatigue test results

The HCF test results of the DMLS Ti6Al4V(ELI) specimens are given in

Table 4.3 for the Z-specimens, Table 4.4 for the X-specimens and Table 4.5 for

the Y-specimens.

Table 4.3: Fatigue test results for Z-orientation DMLS Ti6Al4V(ELI) test specimens

Specimen designation | Maximum stress (MPa) | Number of cycles to
fatigue failure (Nr)
Z8 225 5 000 000
Z9 250 730 494
z7 270 370439
Z10 300 483 996
Z6 360 122 595
Z5 418 61 584
Z4 450 50 142

Table 4.4: Fatigue test results for X-orientation DMLS Ti6Al4V(ELI) test specimens

Specimen designation | Maximum stress (MPa) | Number of cycles to
fatigue failure (Nr)
X8 190 5 000 000
X10 200 1153 581
X7 210 893 273
X6 230 513 876
X9 270 346 930
X5 300 218 190
X4 360 147 027

Table 4.5: Fatigue test results for Y-orientation DMLS Ti6AI4V(ELI) test specimens

Specimen designation | Maximum stress (MPa) | Number of cycles to
fatigue failure (Nf)
Y7 190 5 000 000
Y10 200 1 002 143
Y6 230 598 800
Y8 250 538 903
Y9 270 434 787
Y5 300 304 007
Y4 360 132 859
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The Z7-specimen failed at 270 MPa with 370 439 cycles to failure, while Z10
failed at 300 MPa with 483 996 cycles to failure. Both the Z7 and Z10

specimens failed outside the gauge length and can thus be considered outliers.

Figure 4.1. presents the data in Tables 4.3 to 4.5 as semi-log S-N diagrams of

the specimens built in the three orthogonal directions.
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Figure 4.1: Semi-log S-N diagrams for the Ti6AI4V(ELI) test specimens

From Figure 4.1, it is clear that the fatigue performance of the X- and Y-
orientation specimens did not differ significantly. However, the fatigue strength
of the X- and Y-orientation specimens was 16% less than that of the Z-
orientation specimens. The endurance limit of five million cycles was achieved
at 225 MPa for the Z-orientation specimens and 190 MPa for both the X- and Y-
orientation specimens. This difference can be ascribed to the surface
irregularities on the X- and Y-orientation specimens where the support
structures needed for these build orientations were removed, especially the pin

support structures, as shown in Figure 4.2.
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Figure 4.2: The gauge length of a typical LPBF Ti6AI4V(ELI) test specimen built in
the X-orientation showing the surface irregularities due to support structures.

The surface irregularities shown in Figure 4.2 acted as areas of stress
concentration, which could lead to crack initiation, resulting in a lower fatigue
endurance limit for the X- and Y- orientation specimens as compared to the Z-
orientation specimens. In the study of Malefane et al. [51], DMLS Ti6Al4V(ELI)
test specimens were also built in three orientations (X, Y and Z). All the
specimens were heat-treated under the same heat treatment conditions as in
the current study but were machined to fully comply with the geometry specified
in ASTM ES8. In their study, Malefane et al. [51] found that the endurance limit
of five million cycles could be reached at maximum stress of 450 MPa for all
three building orientations. However, in the current study, the specimens X8
and Y7 could reach an endurance limit of five million cycles at maximum stress
of only 190 MPa, while the Z8 specimen reached the limit at a maximum stress
of 225 MPa. This implies that the surface irregularities had a strong negative
effect on the fatigue properties of the DMLS Ti6Al4V(ELI) specimens that were
not machined. Figure 4.3 illustrates the difference in the surface finish of the X-
and Z-orientation specimens that endured the maximum stress until five million

cycles without failing.
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Figure 4.3: SEM SE| of the surface topography of Ti6Al4V(ELI) specimen gauge
length areas: a) specimen X8, b) specimen Z8, c) higher magnification of specimen
X8, d) higher magnification of specimen Z8
Figures 4.3 (a) and 4.3 (b) show that the specimen built in the X-orientation
(which was similar to specimens built in the Y-orientation) appeared to have
rougher surfaces on the gauge length area when compared to the specimen
built in the Z-orientation. This was expected because the Z-orientation
specimens had no support structures on the gauge length, as described in
section 3.2.1. This confirmed that the adhesion points of the support structures
locally increased the surface roughness of the DMLS parts and resulted in the
X- and Y-orientation specimens reaching the endurance limit at lower stress

(190 MPa) than the Z-specimens (at 225 MPa).

4.5 Fractography of DMLS Ti6AI4V(ELI) fatigue test

specimens

The fracture surfaces of the fractured fatigue test specimens revealed the three

stages of fatigue fracture (crack initiation, propagation and final fracture) as
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observed in other studies [51][57][75]. Figure 4.4 shows the fracture surface of
the Z4 specimen that failed at 50 142 cycles at the maximum stress of 450 MPa.

lef'ﬂ m e

0000 16 Jul 2021

Figure 4.4: SEM SE| of fracture surface of the Z4 specimen: A: crack initiation area
B: stable crack propagation area C: fast crack propagation area D: final fracture
area

The crack initiated in encircled area A in Figure 4.4 and propagated slowly
across the section of the specimen as indicated by the arrows in area B. The
crack further propagated to the faster crack propagation region (Area C), and
the final fracture occurred in area D. A magnified image of the crack initiation
area in Figure 4.4 is presented in Figure 4.5, where the two initiation points due
to an inclusion and a surface ridge on the outer surface of the specimen, are
indicated. Partially melted powder particles on the surface of the specimen are
also visible. These surface defects promote crack initiation [70]. Chastand et al.
[70] identified surface and sub-surface defects as the most critical types of
defects influencing the fatigue properties of SLM Ti6Al4V. This was also
confirmed by Dallago et al. [76].
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Figure 4.5: SEM SEI at higher magnification of area A in Figure 4.4, where crack
initiation occurred

Figure 4.6, a higher magnification of area B in Figure 4.4, shows the
characteristics of slow crack propagation with small areas of tear ridges. The
tear ridges are clearly visible on the areas closer to the initiation point at area A
in Figure 4.4, then start fading towards the middle of area B in Figure 4.4. There
were also micro-cracks on area B in Figure 4.4, indicated by arrows in Figure
4.6.
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Figure 4.6: SEM SEI at higher magnification of area B in Figure 4.4, where slow
crack propagation occurred with micro-cracks indicated by the arrows

In Figure 4.7, the pores formed in the faster crack propagation zone are shown.
The higher magnification of the final fracture area in Figure 4.8 shows a dimple

fracture, indicating that the material was ductile [77].
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Figure 4.7: SEM SEI at higher magnification of area C in Figure 4.4, where faster
crack propagation occurred with a pore indicated by the arrow
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Figure 4.8: SEM SEI at higher magnification of area D in Figure 4 showing the final
fracture surface
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The fracture surfaces of HCF DMLS TI6AI4V test specimens built in the X- and
Y-directions were also analyzed. These test specimens showed similar fracture
surface features. Figure 4.9 shows the fracture surface of the Y10 specimen,

which failed after 1 002 143 cycles at the maximum stress of 200 MPa.

SEl 20kV wDzz2mm 3850
nle 18 Jul 2021

Figure 4.9: SEM SEI of the fracture surface of the Y10 specimen: A: crack initiation
area B: crack propagation area , with the encircled area showing the flat surfaes C:
final fracture area

The Y10 specimen fracture surface in Figure 4.9 also revealed the three stages
of fatigue fracture, namely, crack initiation at A, propagation at B and final
fracture at C. The crack initiation was identified at the surface where the support
structure was removed, shown as area A in Figure 4.9 (The higher

magnification of this area is shown in Figure 4.10).
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Figure 4.10: SEM SEI at higher magnification of area A in Figure 4.9 where the crack
initiation, with powder particles indicating lack of fusion

From Figure 4.10, it was confirmed that the support structures created areas of
stress concentration. Unmelted powder particles are also visible in the sub-
surface region of this specimen. The crack propagated almost symmetrically
down towards the centre of the specimen, as indicated by the arrows in area B

in Figure 4.9. A higher magnification of this area is presented in Figure 4.11.
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Figure 4.11: SEM SEI at higher magnification of area B in Figure 4.9 showing
fatigue striations, indicated by the arrows, in the crack propagation area

Fatigue striations were observed in the crack propagation area, as indicated by
the arrows in Figure 4.11. Similar fatigue striations were also found in the study
of Gong et al. [78] on their heat-treated TI6AI4V(ELI) parts. Flat surfaces were
observed on the encircled area in Figure 4.9, of which a higher magnification is
presented in Figure 4.12. These localised flat surfaces could have resulted from

intergranular fracture instead of transgranular fracture.
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Figure 4.12: SEM SEI at higher magnification of the encircled area in Figure 4.9
showing localized flat surface areas

Hartunian et al. [79] also observed these flat areas in their study on the effect
of build orientation on the microstructure and mechanical properties of SLM
Ti6Al4V alloy and associated them with a mix of brittle and ductile fracture

features.

The final fracture of the Y10 specimen is shown in Figure 4.13, with dimples

similar to that of Z4 in Figure 4.8, confirming a ductile fracture type.

66 | Page

© Central University of Technology, Free State



Central University of
Technology, Free State

g .
‘ \’
»-

Figure 4.13: SEM SEI at higher magnification of area C in Figure 4.9 showing the
final fracture surface

The crack initiation points of the Z4 specimen in Figure 4.4 and the Y10
specimen in Figure 4.9 differed. In the Z4 specimen, crack initiation was due to
inclusions in the sub-surface region that resulted in shorter fatigue life of the
specimen. In the Y10 specimen, the crack initiation was due to a surface
irregularity where the significant partially melted powder particles could be
observed in the area where the support structures were removed. Chandran
[80] found that inclusions can result in a much shorter fatigue life located close
to the sample surface in comparison to inclusions in the bulk of a part. Internal
defects have been previously reported as the cause of failure in high-cycle
fatigue [3][16][76]. Yan et al. [3] suggested that the HCF properties of their
HIPed samples indicated that minimized porosity could significantly improve the
fatigue strength of the material. However, in the current study, internal porosity
was minimal; therefore, the poorer HCF performance of the as-built test
specimens is attributed to the inherent surface roughness. This was also
observed in the study of Wycisk et al. [57], where lower cycles to fatigue were
achieved due to the inherent surface roughness for material in the as-built

condition.

67| Page

© Central University of Technology, Free State



: Central University of
Technology, Free State

4.6 Microstructure analysis of DMLS Ti6AI4V(ELI) test

specimens

Optical micrographs of cross sections of the Ti6Al4V(ELI) test specimens built
as described in section 3.2 are shown in Figures 4.14 to 4.16. These test
specimens were submitted to stress relieving and high-temperature annealing
to relieve the residual stress and decompose the acicular a’ martensitic
microstructure into the a+8 microstructure, respectively. Figures 4.14, 4.15 and
4.16 show the micrographs of the X-, Y- and Z-orientation specimens,
respectively. These micrographs show the cross sections of the specimens in
the following planes: Y-Z plane for the X-orientation specimen, X-Z plane for
the Y-orientation specimen and X-Y plane for the Z-orientation specimen. The
beta phase appears dark, and the alpha phase appears light in all three
micrographs.

Parallel” & taths

Globular

50 pm

Figure 4.14: Optical micrograph of the cross section of a DMLS Ti6AI4V(ELI)
specimen built along the X-orientation, stress relieved for three hours, followed by
HTA at 950 °C for two hours and furnace cooled
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Figure 4.15: Optical micrograph of the cross section of a DMLS Ti6AI4V(ELI)
specimen built along the Y-orientation, stress relieved for three hours, followed by
HTA at 950 °C for two hours and furnace cooled

Figure 4.16: Optical micrograph of the cross section of a DMLS Ti6AI4V(ELI)
specimen built along the Z-orientation, stress relieved for three hours, followed by
HTA at 950 °C for two hours and furnace cooled
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The micrographs of the X-, Y-, and Z-orientation specimens revealed a
decomposition of the acicular a’ microstructure into a lamellar o+f
microstructure. From a fatigue point of view, this transformation of o’
microstructure to a+B microstructure contributes to a larger elongation and
improved strain hardening [3]. This confirmed that the two-hour soaking time at
950 °C improved mechanical properties, particularly properties related to HCF
[27][81]. Furthermore, these micrographs show globular a as indicated by the
arrows in Figures 4.14, 4.15 and 4.16. Globular a contributes to the ductility of
the material as a characteristic of an equiaxed microstructure [43]. However, in
this study, the microstructures were not fully equiaxed but bimodal. Yadroitsev
et al. [82] reported that a bimodal microstructure was achieved with lamellar
grains within the prior columnar B grains and clusters of equiaxed globular a
after the high-temperature anneal at 950 °C for two hours, followed by furnace
cooling. Therefore, it is evident that the refinement of the microstructures of
DMLS Ti6Al4V(ELI) parts can be tailored through heat treatments and result in
improved ductility of Ti6AI4V(ELI) components, consequently improving the
fatigue resistance of this alloy. This potential to tailor the microstructure of
DMLS Ti6AI4V(ELI) contributed to a more comprehensive doctoral study, which
could lead to the eventual qualification of the DMLS process for production of

structural ae rospace components.

4.7 Static performance test results of the prototype scaled-

down nose wheel fork

The results from all five load divisions for the X-, Y- and Z-load cases described
in section 3.4.3 are presented in this section.

4.7.1 Static performance test results of the scaled-down nose wheel
fork in the X-direction of loading

The strain vs time sinusoidal curves for Load division 1 of the X-load case
corresponding to the force curve in Figure 3.9 in section 3.4.3 are presented in
Figure 4.17.
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Figure 4.17: Strain vs time curves for load division 1 of X-load case

As described in section 3.4.3, the data points in Figure 4.17 were taken from
the peak points (1 500 to 2 000 milliseconds) of all strain gauges from each
load division (1 to 5), and the mean values were calculated. See Appendix 6 for
the full data set. The graphical representations of this data are shown in Figure
4.18.
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Figure 4.18: Strain vs force curves for the X-load case

A clear trend of strain increasing with force can be seen in Figure 4.18, without
the failure of the prototype scaled-down nose wheel fork. The fact that the nose
wheel fork prototype did not fail, even at maximum load, confirmed that the
DMLS process followed resulted in a built part with good integrity for

applications.

The strain versus force results for the static tests in the Y- and Z-loading
directions are presented in the following sections. The complete raw data is

given in Appendices 5 and 6.
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4.7.2 Static performance test results of the scaled-down nose wheel
fork in the Y-direction of loading

The actual experimental force values for the Y-load case are tabulated in
comparison with the planned forces in Table 4.6, followed by the strain versus

force curves in Figure 4.19.

Table 4.6: Planned versus actual load values of the Y-direction static test for the
DMLS Ti6AI4V(ELI) prototype nose wheel fork
Load divisions | Planned load (kKN) Actual load (kN)
1 0,800 0,820
2 1,600 1,580
3 2,400 2,420
4 3,200 3,100
5 4,000 4,100
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Figure 4.19: Strain vs force curve for Y-load case
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4.7.3 Static performance test results of the scaled-down nose wheel
fork in the Z-direction of loading

The planned values of force versus the actual experimental values are
tabulated in Table 4.7 for this direction of loading. The resulting strain versus

force curves are shown in Figure 4.20.

Table 4.7: Planned versus actual load values of the Z-direction static test for the
DMLS Ti6AI4V(ELI) prototype nose wheel fork

Load divisions | Planned load (kKN) Actual load (kN)
1 1,700 1,720
2 3,400 3,630
3 5,100 5,140
4 6,800 6,860
5 8,500 8,480
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Figure 4.20: Strain vs force curve for Z-load case
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The results found in the Z-load case show higher strain values for the same
loads than those obtained in the X- and Y-load cases. For instance, the highest
strain value of 816.775 um/m at 3.630 kN was recorded by strain gauge
CH8_SG4_P4 in channel 8 for the Z-load case. The strain value for the same
strain gauge was 131.487 um/m at 4.89 kN and 359.893 um/m at 4.1 kN for the
X- and Y-load cases, respectively. This implied that the prototype nose wheel
fork was much stronger in the X and Y loading directions in position 4, where

this strain gauge was connected.

4.8 Performance test summary

All three sets of strain versus force curves had a similar pattern that represented
the behaviour of the strain gauges when the loads were applied to the prototype
scaled-down nose wheel fork. This behaviour confirmed the expected
repeatability of all strain gauges when the loads were applied. The highest load
was in the Z-direction of testing. Here the highest strain value of 1793.787 um/m
in strain gauge CH 7_SG_3 P3 was obtained. The geometry of the scaled-
down nose wheel fork in position 3 in Figure 3.8 is in the form of an I-beam.
During the bending of an I-beam, when the load is applied perpendicular to the
flanges, it is expected that the web will experience lower strain [83], hence the
highest strain value on strain gauge CH 7_SG_3_P3 in the Z-loading direction.
However, it is still a fairly small strain value for a load of 8.48 kN; hence there
was no failure in the prototype scaled-down nosewheel fork.

In general, the scaled-down nose wheel fork performed to the expectation: no
failure for all static tests in all directions of testing. This data could also be used
as a guide for more comprehensive performance testing, such as HCF because
the areas of high strain values were already identified experimentally without

any failure of the nose wheel fork.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK

5.1 Conclusions

The aim of this study was to generate experimental data on the static
operational performance of a light aircraft nose wheel landing gear fork, which
was produced through LPBF of Ti6Al4V(ELI), that would contribute to the
validation of the design of this component. For this purpose, a scaled-down

prototype of the nose wheel fork was produced through DMLS in Ti6AI4V(ELI).

It was found that the as-built and stress relieved followed by high temperature
annealing Ti6AI4V(ELI) tensile test specimens, built with optimized DMLS
building process parameters, exhibited mechanical properties compliant with
the ASTM F3001 — 14 standard and high density with porosity levels lower than

0.01% were recorded.

The data generated for improving the quality of DMLS-built Ti6AI4V(ELI) parts
for HCF applications in this study were consistent with previously reported data
from other studies that followed similar procedures to improve the mechanical
properties of DMLS Ti6Al4V(ELI) parts.

Fractography and HCF test results confirmed that the inherent DMLS surface
roughness significantly impacted the HCF performance of the Ti6Al4V(ELI) test
specimens. This implies that surface finishing would be needed to improve

fatigue performance for applications such as structural aerospace components.

Under static performance test conditions, the prototype scaled-down nose
wheel fork did not experience any failure or permanent deformation, even for
the maximum load case. This contribution to the more comprehensive study of
Mr L. F. Monaheng will eventually contribute to the use of LPBF Ti6Al4V(ELI)

for structural aerospace components, such as the nose wheel fork.

76 | Page

© Central University of Technology, Free State



: Central University of
Technology, Free State

5.2 Recommendations for future work

Appropriate surface finishing techniques for load-bearing structural parts
produced through DMLS should be further researched to achieve the required

improvement of the performance of such structural components.

On completion of Mr L. F. Monaheng’s doctoral study to which the current study
contributed, the application of applicable cost-effective surface finishing of the

subsequent full-scale DMLS prototype nose wheel fork should be considered.

Hot Isostatic Pressing (HIP), known to produce parts with improved fatigue
properties, was not done in this study. Therefore, the LPBF Ti6AL4V(ELI) nose
wheel fork should be HIPed and tested to assess the improvement in the fatigue

life of the component.
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APPENDICES

APPENDIX 1: Tensile and fatigue test specimen dimensions
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APPENDIX 2: Test instruction plan for a scaled-down nose wheel fork

o B AHRLAC NOSEWHEEL FORK PROJECT

Central University of
Technology, Froa Steta

Design review: Changing of the material for nose wheel fork performance test jig
COMPILED BY: HP Miya (M_Eng. student in Mechanical and Mechatronics Enginesring)
DATE OF DESIGN REVIEW: 24 January 2022
REVIEWED BY: Prof Willie du Preez (Main supervisor)

LF Monaheng (Co-supervisor)

1. Introduction

Central University of ftechnology (CUT) confracted Product Development Technology Station (PDTS) fo do
manufacturing of the test jig according to the design that was approved by CUT and University of Pretoria (UP) Team,
zee Appendix 1. PDTS encountered challenges with the outsourcing of the central components due to suppliers not
having the materiale because of COVID-1% regulations.

Technical decisions wers made to utilise the substitute matenals that ans availabls in the country (South Aftica), and
the test pg subsequently came o completion. Figurs 1 and table 1 present these changes.

Figure 1: Central components of the test jig for which the metals had to be substituted. a) small scale central support
tube. b) small scale shock absorber tube. ) small scale shock torque-arm tube.

Table 1: List of the test jig central components with their substitutes:

Component number: Material initially planned for use Substitute material
d G0x3 mm mid steel round tubs 65 mm EN 24 round bar
b 21x3 mm mild stesl round fube 20 mm EN 24 round bar
C 21x3 mm mid steel round tubs 16 mm EM 24 round bar

The subsfitute materals were successiully outsourced, and this brought to completion the manufacturing of the test
Jig. Ses figure 2 for the completed test jig.
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Figure 3: Test jig with the scale-down nose wheel fork of the AHRLAC aircraft.

2. Approval of the test jig design changes.
By signing this document, the following team members agree that they have reviewed the design changes of the
scaled-down nose wheel fork test jig and they agree that the changes should be implementad in manufacturing phase.

3. CUT team members

Mr HP Miya: ....... W Date:.... 24January 2022

MrLF Monaheng ... 7~ ... Date:... 31January2022

_(vn/g “&’/d,d—f-}-‘

Prof WB du Preez; ... X" Date:......30 March 2022.........
4. PDTS reviewers

Name: .. Mr HP Miya. .. Signamm..m Capacity: ... Project Engineer Jor. (Project leader)  Date: 24 January 2022

o
Name:Mr R Masheane Signature..... (577 Capacity: .. ProjectEngineer Date: 09 May 2022
N
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Project review: Design of nose wheel fork performance test jig
COMPILED BY: HP Miya (M Eng. student in Mechanical and Mechatronics Engineering)
REVIEWED BY: Prof Willie du Preez (Main supervisor)

LF Monzheng (Co-supenvizor)

1. Intreduction

The AHRLAC company has included addifive manufacturing (AM) in its manufacturing sirategy. Manufachuring of the
AHRLAC nose wheel fork in TiBAMY (ELI) through selective lazer melting (SLM) was selected as a pilot project for
undercamage parte of the aircraft. As part of this project, the performance of profotype SLM TiBAMY (ELI) noze wheel
forks hag fo be tested under simulated operational load conditions. For this testing, collaborabion was ectablished
between the Ceniral University of Technology, Free State (CUT) and the University of Pretoria (LIP). The intention was
to execute e performance test of the nose wheel fork at the Cenire for Aseet Integrity Management (C-AIM) of UP.

2. Performance test jig design

Technical mestings between the CUT students and experts at UP wers held o discuss and plan the design of the test
Jig for this performance testing. The jig was designed fo fit the available testing equipment in the C-AIM at UP. The
maximum loads acting in the X, Y, and Z planss must be applied in a sinusoidal form and for a single load case ata
time. Thiz loading sequence would only require one actuator. i iz expected that with a simple sinusoidal loading fatiqus
test, enowgh data would be cbtaimed to validate the design of the SLM TIBAMY (ELI) nose wheel fork.

This test pa will be used to test the faBgue behaviour of both the scaled-down and full-zcale prototype nose wheel forks.
In Figure 1 the test jig design i the testing facilities according to UP specifications iz illusirated. [ is important to note
that a single actuator will be used at the time for applying loads in the x, y, Z direcfions.

Figure 1: The azsembly of the performance test jig that accommodates both scaled-down and full-scale nose
wheel forks. A single actuator will be used for each load case.
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The types of equipment necessary for the experimental tests are indicated in table 1. Some equipment will be provided
by the UP and others including the assembly are the recponsibility of CUT. The items in Table 1 ans labelled according
ti the numiering in Figues 1 and are mainly for testng the scaled-down nosse wheel fork.

Table 1: Necessary equipment for experimentation

ltem Mo. | Equipment description Quanfity Supplier

1 leplation bed 1 UP

2 TieAMY (ELI) nose whesl fork i cuT
3 Test jig and aszembly 1 CUT
4 16 kN Actustor with load cell 1 LP

5 Extengion beam 1 UP

6 Actuator holder 1 LP

T Fork fixation bracket 1 CUT
B Viheel chaft 1 CUT
) Side loading link Y-Link) 1 cuT
10 Shock strut shaft 1 CUT
11 Togue arm shaft 1 CUtT
12 Data acguisition system (& Channel) 1 Cut
13 Sirain gauges (roseties) 2 CUt

In Figurs 2, the linkz between the nose wheel fork and the hydraulic actuator through the load o2l are Bustrated. Thess
connections were designed to accurately apply and record the reguired force on the nose whesl fork. Given this design,
a calibration of the load cell will be necessary before the test commencss.

Laad eall

Actuator

- ME Bolts

M12 Bolts

ME Balts
8 Bolts

bA16 Bolts ——

Connector 2 !
| Connectar 1 it T Gannector 1 i
¥ Load case ¥ Load case Z Load came

Figure 2: lllustration of the connectiors to be used for the different load cases applied to the nose wheel fork
by the hydraulic actuator through the load cell.
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The test jig was designed and valdated for fit-for-purpose using finite element analysis (FEA). Three linear elastic
FEAs were performed at the maximum loads of Fx =13 960N, Fy=8 395N and Fz =20 711 N. All loads were applied
through the jig on the nose wheel fork, as it will be done during experimentation. Boundary condiions were set on the
cylindrical surfaces of the holes by restricting them to translate in all directions. In Figure 3 the FEA results are shown.

3. Jig strength determination

MPa

Von Mises stress

X: Loading Fx =13 960 N Y: Loading Fy =8 395 N Z: loading F2 =20 711N

y

Figure 3: FEA results of the test jig simulated under three orthogonal directional maximum loads.

A stress concentration of 240 MPa was noficed in an area for the Z load case. However, it is below the fatigue imit of
the mild steel. Therefore, the jig will be manufactursd from a mild steel plate with a2 minimum thickness of 10 mm.

4. Material specifications

The jig will be manufactured from the materials stated in Table 2. The housing of the jig will be fabncated using nomal
mild steel, while high strength steel will be used for the connecting shaft.. This was decided based on the FEA results
obtained. The chaft experiences more stress than the housing since it has the points of load application and the nose
wheel fork fixation points.

Table 2: Material properties of the jig

Materials Hardness uTs YS Elongation

(BHN) (MPa) (MPa) (%)
High strength steel 248-302 850 -1000 850 13
(for shafts) EN 24
Steel
Jig housing & other 146 - 187 490 - 630 355 20
components. (EN
10025-8335JR
Steel plate)
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The performance testing will be done in two phasses. In Phase 1, a scaled-down nose whes! fork will be tested at loads
which are £0% of the magnifude of the loads on the full-zcale noge wheel fork. AN smusoidal loads Fx, Fy, and Fz,
which are 5 584 N, 3 3538 M, and 8 235 N, rezpectively, will be applied on the scaled-down nose whesl fork. For each
load caze, the load will be: applied gradually on the fork untll the required Ioad level iz reached and the sinuzoidal
loading will be repeated for 5 million cycles. In Phase 2, the full-scale nose wheel fork will be tesied under maximum
load and the same boundary conditions that wene set in Phaze 1. The maximum loads applicable o the full-scale noge
whesl fork Fx, Fy and Fz are 13 960 N, B 395 M and 20 711 N, respectively. In both Phase 1 and 2, strain gauges will
be uzed to collect fatigue sirain data related to fatigue. This data will be ussd to assess the fatigue behaviowr of the
nose whesd fork produced in TIBAIY [ELI) throwgh SLM.

5. Performance test procedure

6. Determination of experimental frequency

The jig will be mounted on the Eolated test floor, which has a T-glot base and a natural frequency of about 1 Hz. Witk
the knowledge of the isolation bed natural frequency, the impact of external loads resulting from the fixafion points will
be taken into consideration during the analysiz of the resulis.

The expenmental fequency must be such that the nose whesl fork does not resonate, since it i well known that
regonance in any structure can recult i catastrophic mechanical failure. The rezonance ocours when the natural
frequency i equal to the frequency of the applied external force. Thersfors, it is necessary to determing the natural
frequency of the nose wheel fork. To avoid catastrophic filure, the experimentation will thersfore be performed at 5%
lezs tham the natural frequency. To determine the natural fregquency of the nose whesl fork equation 1 was used.

fo=L [z (1)

Where, f,, 5 and & represent natural frequency, gravitztional acceleration and static deflection, respectively.

The static deflection was calculated using the FEA mefhod, due to the complexty of the noze whes fork geomefrical
chape. This was followed by the determination of the natural freguency, experimental frequency and the number of
days required for each experiment. See all theze details i Tables 3 and £ for the full scale and scaled-down noss
wheel forks, respeciively.

Table 3. Experimental test parameters for performance testing of the full-scaled nose wheel fork

© Central University of Technology, Free State

Exparimant ID Loads(M) Maxinmum Deflaction Matwral Exparimantal Dwration of
Full acalad Von Misas {mirm) frequancy fraquency (3% GEpariments
fiork atreas {Hz) leaa than the in days fo
(MPa) natural achisve Jx108
frequancy cycles
Experiment 1 | Fx=13 960 115 141 1328 1262 ]
Experiment2 | Fy=8 395 185 548 &.20 B 10
Experiment 3 | Fz= 20711 a07 5.56 6.69 6.36 g
Todal number of days of testing 24 days
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Table 4: Experimental test parameters for performance testing of the scaled-down nose wheel fork

Exparimant 1D Loada{H] Maximum Deflaction Natural Exparimental Dwration of
Scaled-down Von Mizea {mim) frequancy the frequency sXparimsnts
fiork airass {Hz} 7% laza than the in days fo
(MPa) natural achisve Jui08
frequancy cyclas
Experiment 1 | Fu= 5584 263 1.13 14 83 14.08 4
Experiment2 | Fy=13 358 473 523 6.90 6.56 g
Experiment3 | Fz=8 285 855 460 7.35 6.98 B
Total number of days of testing 21 days

In total, the scaled-down nose wheel fork will be tested for 21 days, whereas 24 days will be needed to test a full-scaled

noze whesl fork.

T. Approval of the test jig design.

By signing this document, the following team members agree that they have reviewsd the design of the scaled-down

noge whesl fork fest g and they agree that the design can be frozen.

8. CUT team members

MrHF Miya: ........ &5

Prof WEB du Preez: oo

8. UP team membars

Frof PS Hayn %u. b’
S . e

Diate 5:}&1‘3 }”

© Central University of Technology, Free State

| it |
B

Date: ...... 17 Seplember 2020, ...
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APPENDIX 3: Universal amplifier specifications (MX840A)

QuAaNTUMX
MX840A

Universal amplifier

Special features

— 8 individually configurable inputs
(electrically isolated)

- Connection of more than 12
transducers technologies

- Data rate: up to 19,200 Hz

— 24-bit A/D converter per channel
for synchronous, parallel
measurements

- Active low pass filter

— TEDS support

- Supply voltage (DC): 10V .. 30V

— Supply voltage for active
transducers (DC: 5V ... 24V

Data Sheet

Elock diagram

/ it Transducer supply Digital platform
% Signal - CAN
= —h
= £9 - [>-FN'D gg 0 ~fiie Ethemet
E 8 ~if— 0 -
E | Do/t
=1 - TEDS
P =
o il | ransducer supply ]
g g Sional 4( =) ~iie—  FireWWire
g . [ >—=ap g o =
£ - O & O O 4.0
el , DGIcF L +]
% 3 Y - TEDS =
E « { it Transducer supply
o ‘g Signal - i ? - FireWire
g s S :
c — 'o -AJIID i
3 DCfGF
S el TEDS
B2924-11 en HBM
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Specificationz MX3404

General gpecifications
Input= MNumber 8, electrically izolated from each other and from the supply
vt
Transducer technologies Strain gage full and half bridge. inductive full and half bridge,
piezoresistive full bridge, potentiometric transducers. three
voltage ranges. cumment; resistance (e g. PTC. NTC. KTY);
resistance thermometer (PT100, PT1000); thermocouples
(K. M, E. T. 5, ...} with cold junction in the plug
(1-THERMO-MXBOARD).
Frequency, pulse counting. 551, incremental rotary encoder
{connectors 5-8 onhy)
CAN {150 11898; connector 1 only)
AD converter 24 Bit Delta Sigma converter
Data rate Hz 0.1 . 15200, adjustable for each channel
Active low-pass filter (Desse|Butterwarth. can be switched
off} Hz 0.01 ... 3200 (-3 dB)
Transducer identification (TEDS, IEEE 1451.4)
max. distance of the TEDS module m 100
Tranzducer connection C-5UB-15HD
Supply voltage range (DC) W 10 ... 30 {24 W nominal {rated) voltage)
Supply voltage interruption max. S ms at 24 V
Power consumption
without adjustable transducer excitation w <3
with adjustable transducer excitation L =12
Tranzducer Excitation {zctive Transducers) ]
Adjustable supply voltage (DC) W 3 ... 24 adjustable fc:f each channel
Maximum output power w 0.7 each channel [ a total of 2
Ethernet (data ink) 108ase-1 | 100BaseTX
Protocol/addressing CPIP (direct IP address or DHCGP)
Connection - 8PEC plug (RJ-45) with twisted pair cable (CAT-5)
Max. cable length to module m 100
FireWire {module synchronization, data link. optional supply IEEE 1394b (HEM meodules only)
violtage)
Biaud rate MBaud 400 {approx. 50 MByte/s)
Max. current from module to module A 1.5
Max. cable length betwesn the nodes m 5
Max. number of modules connected in series (daisy chain) - 12 (=11 Hops)
Max. number of modules in a FireWire system (including
"u:ﬁ. backplane) - o4
Mz numnber of hop= - 14
Mominal (rated) temperature range G ["F1 —20 ... +80 [-4 ... +140]
Operating temperature range (no dewing allowed module
mot dew-point proof) CIF] -20 ... +653 [-4 ... +145]
Storage temperature range CI'F] —40 . 275 [-40 ... +167]
Rel. humidity at 31 =C 3 B0 inon condensing) lin. reducton to 30 % at 40 oC
Protection clase (up to 2000 m height, degree of
contamination 2) m
Degree of protection IP210 per EN 60525
Mechanical te
Vibration (30 min} m/s= 50
Shock (6 ms) m/s2 350
EMC requirements per EN 61326
Max. input voltage at trangducer socket to ground (Pin &)
PIN1,2 3.4,5, 7,810, 13,15 W 5.5 (no transients)
PIN 14 (volage) W 60 (no transients)typ. 300
Dimenzione, horizontal (W= H x D) mm 52.5 x 200 x 124 [with case protection)
44 % 174 x 124 (without case protection)
Weight, approux. a Sa0

When the variable transducer supply is used, there is no electrical isolation from the supply voltage.

Hub: FireWire node or distributor

Hop: Transition from module to module or signal conditioning [ distribution via FireWire (hub, backplane)

Mechanical stress is tested according to European Standard ENG00EE-2-6 for vibrations and ENG00&E-2-2T for shock. The equipment is
subjected 10 an acceleration of 50 m/s® in a frequency range of 5...65 Hz in all 3 axes. Duration of this vibration test 30min per axis. The
shock test is periormed with a nominal acceleration of 350 mys< for 6 ms, halif sine pulse shape, with 2 shocks in each of the & possible

directions.
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S mV/V CF sirain gage full bridge with 1 V or 2.5 V excitation (AL, effective)

Accuracy class 0.05
Carrier frequency (gine) Hz 4500 +1.5
Bridge excitation voltage (effective) W Tand 25 (+53 %)
Tranzducers that can be connected strain gage full bridges
Permizzible cable length between MXBS0A
and transducer m 100
Meazuring ranges

at 2.5 V excitation mi +5

at 1 W excitation mviv +10
Meazurement frequency range (-3 dB) kHz 0..156
Tranzducer impedance

at 2.5 W excitztion 0 300 ... 1000

at 1 W excitation 0 80 ... 1000
MNoize at 25 “C and 2.5 V excitation (peak to peak)

with filter 1 Hz Bessel uh v - 0.2

with filter 10 Hz Bessel uhvy - 0.5

with filter 100 Hz Bessel o <1

with filter 1 kHz Bessel N =4
Linearity error % = 0.02 of full scale
Zero drift (2.5 V excitation) %/10K 0.02 of full scale
Full-zcale drift (2.5 V excitation) % 10K - 0.05 of measurement value

5 mV/V CF strain gage half bridge with 1V or 2.5 V excitation (AC, effective)

Accuracy class o
Carrier frequency (gine) Hz 4500 +1.5
Bridge excitation voltage (effective) v Tand 25 (+5 %)
Tranzsducers that can be connected sirain gage half bridges
Permizsgible cable length between MXBI0A
and transducer m 100
Meazuring ranges

at 2.5 V excitation mi +5

at 1 W excitation mviv +10
Meazurement frequency range (-3 dB) kHz 0..16
Tranzsducer impedance

at 2.5V excitation 0 300 ... 1000

at 1V excitation 0 a0 ... 1000
MNoize at 25 “C and 2.5 V excitation (peak to peak)

with filter 1 Hz Bessel uhv = 0.5

with filter 10 Hz Bessel uhv = 0.7

with filter 100 Hz Bessel uhivy <1

with filter 1 kHz Bessel Wi =4
Linearity error % = 0.02 of full scale
Zero drift (2.5 V excitation) % 10K 0.1 of full scale
Full-zcale drift (2.5 V excitation) % 10K = 0.1 of measurement value

© Central University of Technology, Free State
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100 mVV DC piezoregiztive strain gage full bridge with 2.5 W (DC) excitation

Accuracy class 0.05
Excitation voltage (DC) W 2.5+ 5%
Tranzducers that can be connected piezoresistive strain gage full bridges
Permizsible cable length between NXBI0A
and transducer m 100
Meazuring range mv + 100
Meazurement frequency range (-3 dB) kHz .32
Transducer impedance 0 300 ... 1000
Noize at 25 “C (peak to peak)

with filter 1 Hz Becssel uVA 4

with filter 10 Hz Bessel UL < B

with filter 100 Hz Besssl uVi <15

with filter 1 kHz Beszel UL « 50
Linearity ermor Y = 0.02 of full scale
Zero drift % S10K = 10.02 of full scale
Full-zcale drift 10K « 0,05 of measurement value

1000 mV/V DC piezoresistive strain gage full bridge with 2.5 V (DC) excitation

Accuracy class 0.05
Bridge excitation voltage (DC) W 2.5+ 5%
Transducers that can be connected piezoresistive strain gage full bridges
Permizsible cable length between NXBI0A
and transducer m 100
Meazuring range mv < 1000
Meazurement frequency range (-3 dB) kHz 0..32
Trangducer impedance Q 300 ... 1000
Noize at 25 “C [peak to peak)

with filter 1 Hz Beesel uVA < 40

with filter 10 Hz Bessel uVi < 100

with filter 100 Hz Besssl uvi < 200

with filter 1 kHz Beszel UL « 700
Linearity ermor Y = 0.02 of full scale
Zero drift % S10K = 10.02 of full scale
Full-zcale drift 10K « 0,05 of measurement value
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100 mV/V CF inductive full bridge with 1V or 2.5 V excitation (AC, effective)

Accuracy class 0.05
Carrier frequency (=zine) Hz 4800 +1.5
Bridge excitation voltage (effective) W 1and 25 (+5%)
Tranzducers that can be connected inductive full bridges
Permizssible cable length between MXG20A
and transducer m 100
Measuring ranges

at 2.5 W excitation iy += 100

at 1 W excitation m +300
Mezazurement frequency range (-3 dB) kHz 0..16
Tranzducer impedance

at 2.5 W excitation ] 300 ... 1000

at 1 V excitation 0 80 ... 1000
MNoige at 25 “C and 2.5 V excitation (peak to peak)

with filter 1 Hz Bessel uNg =3

with filter 10 Hz Bessel usiy <3

with filter 100 Hz Bessel usy <15

with filter 1 kHz Bezsel iy = 50
Linearity ermor % = 0.02 of full scale
Zero drift (2.5 V excitation) %10K = 0.02 of full scale
Full-zcale drift (2.5 V excitation) % 10K - 0.05 of measurement value

1000 mV/V CF inductive full bridge with 1 V excitation (AC, effective)

Accuracy class oA
Carrier frequency (zine) Hz 4500 +1.5
Bridge excitation voltage (effective) W 1({£5%)
Tranzducers that can be connected inductive full bridges
Permizzible cable length between NMXGI0A
and transducer m 100
Meazuring ramge mvy + 1000
Meazurement frequency range (-3 dB) kHz 0..16
Tranzducer impedance Q 80 ... 1000
Noize at 25 “C (peak to peak)

with filter 1 Hz Bessel u 40

with filter 10 Hz Bessel uvi < 100

with filter 100 Hz Besssl u « 500

with filter 1 kHz Bessel u « 1200
Linearity emmor % = 0.02 of full scale
Zero drift W 10K « 0.02 of full scale
Full-zcale drift B10K = 0.1 of measurement value

© Central University of Technology, Free State
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100 mVW CF inductive half bridge with 1 V or 2.5 V excitation (AC, effective)

Accuracy class 01
Carrier frequency (zine) Hz 4500 + 1.3
Bridge excitation voltage (effective) W 1and 2.5 (+£5 %)
Trangducers that can be connected inductive half bridges
Permizszible cable length between NXBI0A
and transducer m 100
Meazuring ranges

at 2.5 V excitation mviv +100

at 1 W excitation iy + 300
Meazurement frequency range (-3 dB) kHz 016
Trangducer impedance

at 2.5 V excitation 0Q 00 ... 1000

at 1 W excitation 0 80 ... 1000
Noige at 25 °C and 2 5 V excitation (peak to peak)

with filter 1 Hz Beesel uVi w3

with filter 10 Hz Bessel uViA 5

with filter 100 Hz Bessel UL <15

with filter 1 kHz Bessel uVie ) « 50
Linearity ermor S = 0.02 of full scale
Zero drift (2.6 V excitation) % 10K « 0.1 of full scale
Full-zcale drift (2.5 V excitation) % 10K = .1 of measurement value
VDT
Accuracy class 01
Carrier frequency (zine) Hz 4800+1.5
Bridge excitation voltage (effective) W 1({+£5%)
Tranzducers that can be connected DT
Permizsible cable length between NRXBI0A
and transducer m 100
Meazuring range mv = J000
Meazurement frequency range (-3 dB) kHz 0..18
Transducer impedance mH 4 .33
Noize at 25 “C (peak to peak)

with filter 1 Hz Beesel uViA < 40

with filter 10 Hz Bessel uVA < 100

with filter 100 Hz Bessel uVi « 300

with filter 1 kHz Bessel uVie = 1200
Linearity ermor S = 0.02 of full scale
Zero drift % S10K « 0.1 of full scale
Full-zcale drift % 10K = 0.1 of measurement value

© Central University of Technology, Free State
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Potentiometric transducer

Accuracy class [N
Excitation voltage (DC) W 25(+5%)
Transducers that can be connected potentiometric transducers
Permizsible cable length between NMXB40A
and transducer m 100
Meazuring range mviy + 500
Meazurement frequency range (-3 dB) kHz 0..32
Transducer impedance ] 300 .. 5000
Noize at 25 “C {peak to peak)

with filter 1 Hz Bessel uv < 40

with filter 10 Hz Bessael uv < 100

with filter 100 Hz Bessel uv « 200

with filter 1 kHz Bessel uv < 700
Linearity emor % « 0.02 of full scale
Zero drift (1 V excitation) % S10K « 0.1 of full scale
Full-zcale drift {1 V excitation]) % /10K = 0.1 of measurement value
10 ¥ DC voltage
Accuracy class 0.05
Transducers that can be connected woltage generator up to +10 W
Permizzible cable length between MXE404
and transducer m 100
Meazuring range W +10
Meazurement frequency range (-3 dB) kHz 0..32
Internal resiztance of the voltage source ] - 500
Internal impedance, typ. M2 1
Moige at 25 “C (peak to peak)

with filer 1 Hz Bessel Y < 150

with filter 10 Hz Bessel ) « 300

with filter 100 Hz Bessel n « BOO

with filter 1 kHz Beszel n «« 3000
Linearity ermor % = 0.02 of full scale
Common-mode rejection

with DG common made db = 100

with 30 Hz common mode, typ dB 75
Maximum common-mode voltage
(to housing and supgly ground) W + 50
Zero drift %I10K = 0.02 of full scale
Fullzcale drift %10K « .05 of measurement value

© Central University of Technology, Free State
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&0V DC voltage

Accuracy class 0.05
Transducers that can be connected voltage generatorup o +60 W
Permizzible cable length between NXBI0A
and transducer m 100
Meazuring range W += 50
Meazurement frequency range (-3 dB) kHz 0.32
Internal registance of the voltage source L] « 500
Input impedance, typ. M1L2 1
Noize at 25 “C (peak to peak)

with filter 1Hz Bessel W < 150

with filter 10Hz Bessel uW « 300

with filter 100Hz Bessel ) « 600

with filter 1kHz Bessel ' « 3000
Linearity ermor Y = 0.02 of full scale
Common-mode rejection

with D'C common mode db =100

with 50 Hz common mode, typ db T3
Maximum common-mode voltage
(to housing and supgply ground) W += 80
Zero drift % I10K « 10.02 of full scale
Full-zcale drift % 10K « .05 of measurement value
100 mV DC woltage
Accuracy class 01
Transducers that can be connected voltage generator
Permizsible cable length between NXBI0A
and transducer m 100
Meazuring range mY + 300
Meazurement frequency range (-3 dB) kHz 0..32
Input impedance M2 =20
Noize at 25 “C (peak to peak)

with filter 1 Hz Beesel uW <5

with filter 10 Hz Bessel uW < 100

with filter 100 Hz Bessel uV = 1000

with filter 1 kHz Bessel uW - 1300
Linearity ermor S = 0.03 of full scale
Common-mode rejection

with DG common mode db =30

with 50 Hz common made, typ dB 75
Maximum common-mode voltage
(to housing and supply ground) W + 30
Zero drift W% S10K « 0.1 of full scale
Full-zcale drift % S10K = 0.1 of measurement value

© Central University of Technology, Free State
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20 mA DC current

Accuracy class 0.05
Transducers that can be connected trransducers with curment outpat (0 .. 20 mA or 4 ... 20 mA)
Permizsible cable length between NMXE40A
and transducer m 100
Meazuring range mé + 30
Meazurement frequency range (-3 dB) kHz 0..32
Meazurement regiztance value, typ. Q 10
Noize at 25 “C (peak to peak)

with filer 1 Hz Beszsel A w1

with filter 10 Hz Bessel wh = 1.5

with filter 100 Hz Bessel wh < 15

with filter 1 kHz Bessel i < 40
Linearity error k] = 0.02 of full scale
Common-mode rejection

with G common made db = 100

with 30 Hz common mode, typ db Fis}
Maximum common-mode voltage
(to housing and supoly ground) W + 30
Zero drift %I10K = 0.05 of full scale
Full-zcale drift %I10K « 0,05 of measurement value
Reziztance
Accuracy class (iR
Transducers that can be connected PTG, NTC, KT¥, TT-3. resistances generally

{connection with 4 wire configuration)

Permizsible cable length between NMXB40A
and transducer m 100
Meazuring ranges Q 0 ... 5000
Speizestrom mé 04_.048
Meazurement frequency range (-3 dBj) kHz 0..32
Noize at 25 “C {peak to peak)

with filter 1 Hz Bessel K = 0.5

with filter 10 Hz Bessel K w1

with filter 100 Hz Bessel K -2

with filter 1 kHz Bessel K =B
Linearity error % « % 002 of full scale
Zero drift 10K <002 of full scale
Full-zcale drift %I10K «0.1 of measurement value
Resiztance thermometer (FT100, PT1000)
Accuracy class o
Transducers that can be connected PT100, PT1000 (connection with 4 wire configuration)
Permizsible cable length between NMXB40A
and transducer m 100
Linearization range =G [®F] —-200 .. #3845 [-328 _._ +1558.4]
Meazurement frequency range (-3 dBj) kHz 0..32
Noize at 25 “C (peak to peak)

with filer 1 Hz Bessel K = 0.1

with filter 10 Hz Bessel K « 0.2

with filter 100 Hz Besssl K = 0.5

with filter 1 kHz Bessel K = 1.5
Linearity error K 0.3
Zero drift

with PT100 10K <02

with PT1000 K 10K <01
Full-zcale drift

with PT100 KI10K 0.3

with PT1000 K 10K w1
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Thu'mummleﬂ

Transducers that can be connected Thermaocouples (ype B, E.J. K, N.R.5 T
Permiggible cable length between MXGI0A
and transducer m 100
Meaguring range my + 100
Linearizaticn ranges
Type B (Pt-30 % Rh and P1-6 % Rh) "G [Fl +100 ... +1820 [+212 ... +3306]
Type E (MNi-Cr and Gu-MNi) o ['F] -200 .. +300 [-323 .. +1852]
Type J (Fe and Gu-Ni) =z ['F] =210 +1200 [-246 .. +21593]
Type K (Ni-Cr and Ni-All "CI'F1 270 ... +1372 [-454 . +2501 8]
Type N (MNi-14.2 % Cr and Ni-3.4 % 50,1 % Mg °C [FF] =270 ... +1300 [-454 .. 2373
Type R (Pt-13 % Rh and Pt) "G Rl =50 ... +1768 [-58 ... #3214.4]
Type 5 (Pt-10 % Rh and Pt) Z [F] =30 .. +1768 [-56 ... +3214.4]
Type T {Cu and Cu-Ni) =z ['F] =270 ... +400 [-454 .. +732]
Tranzsducer impedance o - 500
Meagurement frequency range (-3 dB) kHz 0..32
Noize at 25 °C and Type K (peak to peak)
with Filter 1 Hz Bessel K 0.05
with Filter 10 Hz Bessel K 04
with Filter 100 Hz Bessel K 0.5
with Filter 1 kHz Beszel K 1
Zero error
Type E J KT K <03
Type M. R, 5 K w3
Type B K 430
Linearity ermor
Type E J KT K 0.3
Tyee M. R, 5 K <3
Type B K 30
Max. error of the cold junction K k0.5
Total emror limit
Type E J KT K 1
Type N R, 5 K +B6.5
Type B K + 80
Temperature drift (type K KD G w1
Cold junction 1-THERMO-MXBOARD
Nominal (rated) temperature rangs G FF] —20 ... +60 [-4 .. +140)
Operating temperature range G [FF] -20 ... +65 [-4 .. +145]
Storage temperature range G [FF] 40 . +T5[-40 ... +187]

Il The external cold junction i required for connecting thermocouples to the MXB40A (Order no.: 1-THERMO-MXBOARD).
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Frequency or pulze counting (connectionsz 5 ... 8)

Accuracy class oo
Transducers that can be connected HEBM-torque transducers,
Frequency signal sources (square], incremental encoder,
pulse counters, S5I transducers
Permizsible cable length between MXE40A and
tranzducer m o0
Signals
Fq (£ Frequency or pulse signal
Fa (£ Direction of rotation signal shifted by + 90" to Fy
Zero index (+) Zero position signal
Input level with differential operation
Low level Differential inputs (R5422): Signal (#) « Signal {(-) -200 m\/
High level Differential inputs (A5422): Signal (#) = Signal (=) +200 mV
Input level with unipolar operation
Low level W 1.5
High lewel W =35
Maximum input voltage at traneducer socket to ground
(pin &) W 5.9 (no transients)
Meazuring ramges
Fregquency Hz 0.1 _.. 1,000,000
Pulse counting pulsess 0 ... 1,000,000
Input impedance, typ. kL2 10
Temperature drift %1 K « 0,01 of measurement value
S51 mode (differentially)
Shift clock kHz 100, 200, 500, 1000
Word length Bit 12-31
Code dual or gray
Input level
Low level Differential inputs (RS422): Signal (<) < Signal (-) -200 my
High level Differential inputs (A5422): Signal {+) = Signal (-} +200 m\/
Signals
Dati Data+, Data- (RS-422)
Shift clock Cilk+, Cli- (RS-422)

Digital control cutput (Triggering shunt calibration, reset of external charge amplifiers)

Output type open collector
Reference potential Pin & (ground)
High level
Cuwitput unloaded, typ. W k]
lowt = 5 A W » 4.5
Leakage current (high impedance output) A =1
Permizsible load impedance kil =1
CAN (connection 1/read only)
Supported protocols CAN 204, GAN 2.08
Number of CAN porte 1 (connection 1}
Bus link two wire, according to 15011898
Baud rates and kBit's 1000, 500, 250 125 100
permizsible cable lengths m 23, 100, 250 500 600
Sampling rate signals's max. 10,000
CAN zignals =128
CAN zignal types standard, mode-dependent, mode-gignal
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APPENDIX 4: Data recorder specifications (CX22W)

QuaNnTuMX

3
CX22W / CX22 =
w
Data recorder g
O
Special features
- Stand-alone data acquisition:
exchangeable CF-CARD
- Connection of GuantumiX
modules
- Easzy =ystem configuration:
trigger, computation, virtual
channelz, signal analysiz
- Many interfaces: LAM, WLAN,
USB, Digital 'O
- Touchscreen connection
(optional): DV USE
- Supply voltage (DC): 10V ... 30V
no fan
Block diagram Digital platfarm
Front
Rear
e [ WLAN iy 0322 :
~mifi— Ethernet ']
5
— Digital In/Out CPU ~i= FiraWire
— TTL Intel® Atom ™
i RS-232
~ie—- FireWire
— MIC - IN
e — AUDIO - OUT

B3191-1.0 en HBM
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Dewvices that can be connected

Cruzsnum
MEGCplus 2

Number of channels
FireWire (Quantumi))
Ethemet NTP {Quanturn¥, MGCplus Cpd2, Interrogator)

334 (24 madules ¥ 16 Channels)
400

Synchronization eptions

FireWire (only Quantum, automatica, recommended)
Ethemet f NTP {QuantumX / MGCplus CP42)

System configuration / Data access

Remote access or via "Quantum Network Assistant”

software
Direct connection to & PG (Ethemet or WLAN) or via network
{DHCR)

Cata access via Windows Explarsr

Channel configuration

Manuslly via int=grated sensor database (all typical
traneducars, HEM sensars, CAN-dbc import, apen,
expandabls)

Automatically via TEDS (integrated editar)

Data recording / Start of recording

After switching on the operating voltage
Triggered (pre-trigger) to messurement signal. message.
digital input
Via software {remote access or direct connestion of
peripheral devices],
time

Number of sample rates

3 different dats rates and groupe {depending an
measurement maodule)

Formula editor
(caleulation channels)

Arthmetic. exponent, root, root mean square value, logic,
trigonometry, integral’differential. exponential, logarithm, limit
values (ronnect digital output. play audio file via external
speaker,
entry in log file), software filters (moving averages, Bessel,
Butterworth). experimental tress analysis using 5G

Trigger signalz

Analog, bus signal, computed signals, digital input (01}

Trigger type

Edge (riging, falling), level {above, below)

End of recording

Switch off, manusl, riggered {past), time, number of
measured values

Scope of recording

Selected signale, meta data (zensors, messurement
configuration, test parameters), statistics log

Recording mode

Standard
Time interval {peniodic file creation, without data loss)
Long-term measurement itime, cycle with counter/oycle
time/peak-valley)
Peak values (interval)
Rimg buffer {up to 10 minutes)

Sequences

10 sequential recording configurations (measurement jobs),
repetitions

Storage formats

HEM catman® (hin)
ASCI {asc, replay with MXETE)
Microsoft Excel® {xls, xlsx, xlsb)

MTS (RPG D
Mathvorks MATLAE ™ (mat)
HBM nCods (dach
Wector (MDF 4.00
NI Dladem (dac)

Automation

Key scripting (Visusl Basic for application)

Data storage

Online dizplay

Recommended dizplay

Exchamgeable GF card, USE stick, extemal IUSE hard disk

Freely configurable display and control pansts in full screen
moda
1024 » TEG pixels
CW1 digitsl

Dizplay elements

Mumeric display, line recorder (y-t. =—y, y—f/ FFT],
spreadsheet, indicstor, bar graph, LED, polar dizgram,
switch (button), checkibos, selection box, background image,
text

Keypad

Control via function keys

11 DVI-2-W&4 adapter doss not work

21 Quantum and MGCplus CP42 can be synchronized vis Ethemnet NTF. The GX22(-W) can be used as NTF Master.
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System change Enhanced Write Filter (EWF) nesds to be opened to save
changes.
Operating system WindowsXP embedded
Prozessor Intel Atom, 1.33 GHz with 533 MHz FSB
Internal storage medium GB . two partitions
Exchangeable memory CompactFlash
Version 41
Formfactor CompactFlash type 1
Memory capacity, max. GByte 128
Recording rate, max. Values/s BOOKDD
Measured value | Signal Byte 4
Starting time, appros. EED 43
Interfaces (number)i! Ethernet (1)
WLAN (1)
FireWWire (2)
usB2.0 3
RASZ232(1)
oW (1)
Digital 1'C {6)
Supply voltage range (DC) W 10 ... 30, nominal (rated) voltage 24V
Power consumption (st 24V) W = 12, no rotating parts (fans), no noise
Ethernet (Konfiguration des Datenrekorders) 10B==ze-T [ 100Basze-TX [ 10008aze-TX
Protocol/addressing TCPAP {direct IP address or DHCP)
Connection BPEC plug (RJ-45) with twisted pair cable (CAT-5)
Max. cable length 1o module m 100
WLAN (data recorder configurationy
WLAM standard IEEE 302.11 nfh and IEEE &02.11 kg, Adhoc-support
Data transfer rate MBit e
Security protocols WEP, WPA, WPA2, THIF, AES
Straight line range m 200 (IEEE &02.11n)
Frequency carrier, Country/Region 24GHz
Antenna Standard SMA socket. Typ RF Coax
FireWire {module synchronization, data link, optional IEEE 1334b (HBM modules anly)
supply voltage)
Baud rate MBaud 400 (approx. 50 MByte/s)
Mazx. current from module to module A 15
Max. cable length between the nodes m ]
Max. number of modules connected in senies (daisy 12 (=11 hops)
chain)
Max. number of modules in a FireWire system (including
huibes=), backplane) 24
max. chain of hops® 4
usgB
Version [ Connector 2.0/5tandard Highspeed (Host)
compatible with Version 1.1
Gable length, max. m 3
RS-232-C
‘Connector DSUB S-pin
Baud rate, max kBaud 135
Devices e.g. GPS (NMEA&)
ol
Type Digital, connecting LCD monitor

11 Rack installation not possible
21 Hub: FireWire node or distributor

3 Hop: Transition from miodule to module’signal conditioning
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Specifications

O
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Protection class
{up to 2000 m height. degres of contamination 2)

Line gut | voice output Jack, 3.5 mm
Degree of protection IP20
Mechanical

ibration {30 min) m/s2 50

Shiock (8 ms) mis® 350
EMC requirements according bo ENE1326
Nominal {rated) temperature range C[*F] 207G 60 "G -4 . +140]
Operating temperature range no dewing
allowed/module not dew-point proof) C[°F] —20°C L +B65 "G4 .. +145]
Storage temperature range C['F1 —40°C . +T73 "G [-40 ... +167]
Rel. humidity 2t 31 °C % B30 (non condensing)

lin. reduction to 30 % at 40 °C

Weight, appros. a 1200
Dimenzione, horizontal (H x W = O mm 52.5 x 200 x 122 (with case protection)

44 w174 « 119 [without case protection)

Mumber of inpute/ocutputs

Clock drift max. 1.2 minutes per month
Time buffering CMOS Batterie
Time zone (factory settings) UTC (Universal Time, Coordinated)

g
3 inputs {clamps 1, 2, 3)
3 outpust (clamps 4, 5, €)

Type of connection

screw terminals
Plug: MC 1.57-5T-3.5 (Phoenixcontact)

LED= {number)
output state 3
Cable length (max.) m 3
Cable type (required with interferencs) shielded
Input =ignal range TTL
Max. permissible input lewsl W -05_..55
Input level High Vi 4
Input level Low W 0T
Internal pullup resistors kCihim 100
Output gignal range TTL
Curtput High W 4
Ourtput Low W 0T
Owrtput current mas. mA 1

1) Mechanical stress is tested acconding o European Standard ENE00EE-2-6 for vibrations and ENSD0EE-2-27 for shock. The equipment is
subjected to an acceleration of 25 mfs2 in a frequency range of 5...85 Hz in all 3 axes. Duration of this vibration test: 30min per axiz. The
shock test iz performed with a2 nominal acceleration of 200 m/s® for 11 mz, half sine pulse shape, with shocks in each of the & possible

directions.
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APPENDIX 5: Actuator controller data: Force peak values in volts

X-load case

Load division 1
0,6052419
0,606839
0,6098506
0,6088958
0,6057624
0,6044196
0,6055599
0,6072652
0,6070093
0,60477
0,6022176
0,6014552
0,6029783
0,6037709
0,6026825
0,6016477

1,228849
1,228176
1,229509
1,229907
1,227969
1,227877
1,228826
1,228486
1,227428
1,227085
1,227198
1,227156
1,227302
1,227125
1,227336
1,228891

Y- load case

Load division 1
-0,4099826
-0,4090685
-0,4096882
-0,4100119
-0,4098425
-0,4091719
-0,4090876
-0,4104634

1,802829
1,802349
1,803697
1,804213
1,804689
1,803951
1,801583
1,802524
1,803993
1,802146
1,800392
1,79912

1,799524
1,80184

1,80176

1,801144

-1,214471
-1,21451

-1,214433
-1,214323
-1,214476
-1,21496

-1,214685
-1,214467

2,45757

2,458635
2,458071
2,457442
2,457652
2,458228
2,458904
2,458744
2,45865

2,457857
2,456542
2,457921
2,458913
2,457448
2,457581
2,458112

-1,540456
-1,540719
-1,541355
-1,541087
-1,540274
-1,540391
-1,540702
-1,540504

© Central University of Technology, Free State

Load division 2 Load division 3 Load division 4 Load division 5

3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00
3,12E+00

Load division 2 Load division 3 Load division 4 Load division 5
-0,7930673
-0,793586
-0,7936916
-0,793389%4
-0,7936658
-0,7935431
-0,7935933
-0,7946133

-2,056E+00
-2,056E+00
-2,06E+00
-2,05E+00
-2,047019
-2,047183
-2,047269
-2,047538
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Load division 1
-0,9021346
-0,9029101
-0,9038466
-0,9032576
-0,9024044
-0,9026717
-0,9026464
-0,9022462
-0,9030509
-0,9030405
-0,9025628
-0,9034611
-0,9036573
-0,9032302
-0,9028736
-0,902767

-0,4101099 -0,7944874
-0,4093925 -0,7934437
-0,4100696 -0,7933997
-0,4098585 -0,7933333
-0,4093335 -0,7932424
-0,4094222 -0,7939082
-0,4098109 -0,7943498
-0,4097211 -0,7936183
Z- load case

: Central University of
Technology, Free State

-1,214539
-1,214218
-1,214529
-1,214437
-1,214503
-1,215505
-1,215048
-1,214683

-1,540545
-1,540262
-1,54107

-1,542489
-1,541836
-1,541683
-1,541982
-1,540972

-2,047575
-2,047399
-2,046645
-2,047122
-2,048721
-2,048514
-2,047867
-2,047997

Load division 2 Load division 3 Load division 4 Load division 5

-1,658939
-1,658915
-1,659591
-1,660172
-1,659315
-1,659294
-1,659613
-1,659076
-1,659892
-1,660331
-1,659891
-1,660346
-1,659983
-1,659695
-1,660962
-1,661336

-2,618229
-2,618898
-2,619511
-2,619297
-2,6184

-2,618921
-2,619289
-2,618436
-2,618523
-2,619283
-2,619486
-2,618913
-2,619009
-2,619514
-2,618768
-2,618996

-3,430433
-3,430138
-3,43045

-3,43131

-3,430718
-3,429706
-3,430674
-3,430346
-3,429649
-3,431651
-3,431189
-3,429385
-3,429674
-3,429809
-3,430565
-3,430155

© Central University of Technology, Free State

-4,24E+00
-4,24E+00
-4,24E+00
-4,24E+00
-4,245124
-4,244807
-4,245395
-4,245244
-4,244957
-4,245938
-4,246548
-4,246277
-4,246424
-4,246785
-4,246601
-4,246694
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APPENDIX 6: Strain gauge data: Strain peak values in um/m

X-load case

: Central Univ
Technolog)

Load division 1: 1.206 kN

CH1

0,335
0,269
0,184
0,134
0,138
0,213
0,184
0,03

0,035
0,114
0,147
0,243
0,229

CH2 CH3
21 -1,88
204 1,94
201 -1,93
21 -1,87
234 1,86
227 19

1,97 -1,94
1,77 19

1,91 -1,88
208 -1,9
217 1,94
204 1,91
201 1,95

CH4 CHS5 CH6

34,2392-29,826 -19,21
34,1808-29,966 -19,2

34,1536-29,996 -19,03
34,2218-29,726 -18,92
34,1777-29,416 -18,85
34,0885-29,436 -18,73
34,0512-29,616 -18,81
34,0043-29,746 -18,82
33,9971-29,616 -18,86
34,0713-29,346 -18,86
34,1795-29,146 -18,88
34,1614-29,176 -18,91
34,0536-29,346 -18,93

Load division 2: 2.424 kN

CH1

-2,602
-2,623
2,514
2,53

-2,591
-2,505
2,511
-2,52

-2,559

CH2 CH3
722 -9,05
7,19 -9,07
725 911
723 -9,16
7,15 -912
727 914
746 -9,16
74 916
724 91

ersity of
y. Free State

CH7
6,17
6,19
6,14
6,06
6,03
5,95
59
5,89
5,91
5,97
6,01
5,98
5,97

CH4
73,51
73,53
73,59
73,69
73,65
73,56
73,99
73,58
73,57

© Central University of Technology, Free State

CH5 CH6 CH7
-69,973 -43,039 15,56
-70,033 -43,046 15,6

-69,863 -43,037 15,65
-69,993 -43,04 15,62
-70,363 -43,022 15,59
-70,483 -43,092 15,64
-70,423 -43,131 15,77
-70,343 -43,103 15,81
-70,273 -43,189 15,72

CH8

43,29
43,38
43 31
43,19
43,14
43,09
4311
43,16
43,14
43,1

43,08
43,04
42,97

CHS8

-83,46
-83,53
-83,62
-83,67
-83,68
-83,71
-83,84
-83,92
-83,83
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-2,452
-2,34
-2,485
-2,6

7,19 -9,07
7,35 -9,03
73  -9,06
721 912

73,66
73,68
73,61
73,58

Load division 3: 3.582 kN

CH1

-6,854
-6,757
-6,784
-6,683
-6,587
-6,894
-7,208
-7,142
-6,846
-6,652
6,674
6,912
-6,851

CH2 CH3
13,48 -24,5
13,67 -24,42
13,68 -24,42
13,62 -24,42
13,64 -24,44
13,69 -24,45
13,67 -24,51
13,76 -24,58
13,71 -24,57
13,66 -24,49
13,69 -244
138 -244
13,96 -24,5

CH4

103,13
103,27
103,33
103,4

103,39
103,31
103,28
103,32
103,31
103,28
103,2

103,17
103,16

Load division 4: 4.892 kN

CH1

9,433
9,233
9,223
-9,463
-9,643
-9,373
-9,083

CH2 CH3
17,57 -29,46
17,64 -29,38
17,73 -29,3
17,67 -29,28
1745 -29,34
1742 -29,41
176 -294

CH4
122,84
123
123,01
122,96

-70,123 -43,145 15,67
-69,923 -42,834 15,62
-10,113 -42,752 15,56
-70,563 -42,876 15,62

O
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-83,69
-83,67
-83,74
-83,81

CH5 CH6 CH7 CHS8

-105,753
-105,813
-105,803
-105,893
-106,063
-106,043
-106,003
-105,933
-105,873
-105,773
-105,793
-105,863
-105,853

-63,73
-63,73
-63,71
-63,69
-63,66
-63,69
-63,69
-63,54
-63,53
-63,67
-63,66
-63,56
-63,57

34,24 -107,12
34,2 -107,19
34,14-107,19
34,11-107,18
34,14 -107,2
34,12 -107,22
34,13 -107,29
34,22 -107,31
34,28 -107,32
34,23 -107,26
34,16 -107,12
34,21 -107,09
34,28 -107,14

CH5 CH6 CH7 CHS8

-132,037 -75,35 42,42 -126,13
-131,967 -75,33 42,46 -126,15
-132,157 -75,31 42,49 -126,24
-132,377 -75,27 42,47 -126,29
122,98 -132,397 -75,27 42,4 -126,27

123,02 -132,277 -75,29 42,38 -126,25
123,04 -132,147 -75,34 42,38 -126,23

© Central University of Technology, Free State
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-9,183
9,273
-9,293
-9,333
-9,363
-9,413

17,74
17,73
17,65
17,69
17,57
17,47

Load division 5:

CH1 CH2
-14,807 21,2
-14,767 21,23
-14,727 21,43
-14,617 21,56
-14,437 21,61
-14,447 21,58
-14,567 21,46
-14,697 21,42
-14,767 21,41
-14,647 214
-14,577 21,45
-14,677 21,46
-14,737 21,5
-14,797 21,52
-14,777 21,55
14,777 21,62
-14,817 21,63
-14,767 21,51

-29,33
-29,23
-29,23
-29,3

-29,36
-29,43

O
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123,04 -132,017 -75,22 42,34 -126,15
123,02 -132,107 -75,14 42,35 -126,15
122,91 -132,207 -75,26 42,39 -126,11
122,91 -132,327 -75,37 42,4 -126,07
122,93 -132,487 -75,35 42,42 -126,12
122,97 -132,377 -75,45 42,43 -126,19

6.120 kN

CH3

-36,74
-36,82
-36,88
-36,92
-36,98
-36,99
-36,97
-36,99
-37,01
-37,02
-37,02
-37,03
-37,09
-37,05
-37,11
-37,26
-37,3

-37,24

CH4 CHS

158,29 -184,3259
158,24 -184,4459
158,16 -184,5359
158,29 -184,7059
158,48 -184,8559
158,58 -184,9159
158,57 -184,8359
158,42 -184,8359
158,44 -184,9259
158,75 -185,1759
159,05 -185,2959
159,07 -185,0959
158,9 -185,1259
158,9 -185,6059
158,99 -185,9859
159,16 -186,0559
159,32 -186,0359
159,44 -186,1259

CH6 CH7 CHS8

-96,79
-96,79

71,51 -154,18
71,47 -154,3

-96,61 71,55 -154,44

-96,67
-96,83

-96,9 71,83

-96,8

-96,69
-96,83
-96,91
-97,21
-97,35
97,19
97,2

-97,26
-97,32
-97,46
-97,45

71,73 -154,64
71,86 -154,77
-154,8
71,79 -154,75
71,77 154,77
71,81 -154,9
71,92 -155,22
72,08 -155,54
72,16 -155,56
72,13 -155,45
72,15 -155,63
72,22 -155,84
72,29 -155,97
72,38 -156,08
72,51 -156,3

© Central University of Technology, Free State
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Y- load case

Load division 1: 0.820 kN

CH1 CH2 CH3 CH4 CH5 CH6 CH7 CHS
9,9335 -66,15 102,96 -69,373 -60,592 29,842 48,817 -126,5
9,6625 -64,19 100,45 -67,983 -59,402 28,902 49,317 -124,01
9,5015 -63,69 99,58 -67,463-59,122 28,722 49,487 -123,27
9,5995 -63,68 99,18 -67,293-58,932 28,362 49,537 -123,03
9,5425 -63,56 99,11 -67,333-58,862 28,432 49,477 -122,98
09,5465 -63,22 98,94 -67,183-58,732 28,492 49,427 -122,9

Load division 2: 1.580 kN

CH1 CH2 CH3 CH4 CH5 CH6 CH7 CH8

13,169 -91,82 128,92 -144,917-110,191 75,012 83,713 -178,6

13,079 -92,1 129,08 -145,377-110,391 75,182 83,983 -179,33
13,029 -92,16 129,02 -145,727 -110,601 75,452 84,183 -179,67
12,909 -92,25 129,13 -145,817 -110,511 75,342 84,243 -179,94
12,929 -92,08 129,09 -145,827 -110,541 75,432 84,313 -180,04
12,819 -90,75 127,38 -145,007 -109,661 74,752 84,703 -178,03

Load division 3: 2.420 kN

CH1 CH2 CH3 CH4 CH5S CH6 CH7 CH8

17,215 -119,432 163,81 -203,007 -150,929 109,525 110,476 -213,46
18,745 -128,742 175,38 -220,317 -164,339 119,115 121,076 -222,69
18,985 -129,892 176,38 -225,277 -167,599 122,055 125,526 -223,77
18,695 -129,722 175,84 -225,957 -167,399 122,545 126,276 -223,92
18,835 -129,632 175,79 -226,317 -167,289 122,755 126,616 -223,96
18,805 -129,792 175,64 -226,587 -167,309 122,695 126,826 -224
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Load division 4: 3.100 kN

CH1

20,247
20,977
21,337
22,027
21,857
21,897

CH2 CH3

-147,053
-151,573
-160,743
-166,213
-165,493
-165,143

195,81
201,3

212,65
21917
217,98
217 47

CH4 CH5S

-257,035

-265,765

-276,345
-283,455
-283,825
-283,915

Load division 5: 4.100 kN

CH1

24,287
24,957
25,117
24,857
25,037
24,747

CH2

-197,367
-211,767
-210,907
-210,627
-210,707
-210,427

CH3

CH6

258,1 -319,408

275,18
273,86
273,35
272,99
272,81

Z-load case

Load division 1: 1.720 kN

CH1

-36,5224
-37,1224
-37,3024
-37,4624
-37,5024
-37,6224

CH2

90,007
91,547
92,007
92,737
92,987
93,437

CH3

-336,578
-337,518
-337,708
-337,868
-338,018

CH4

-141,813 -431,75
-144143 -434,27
-144,703 -435,11
-145,553 -436,29
-145,953 -437,18
-146,513 -437,98
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-192,296
-197,996
-207,046
-213,156
-213,076
-212,686

CHS
-239,626
-253,176
-252,126
-251,456
-250,966
-250,856

CHS

CH6

140,201
145,161
150,781
154,161
154,261
154,411

CH6
172,92
180,52
180,64
180,49
180,55
180,65

CH7

CHS8

138,939 -245,16
143,289 -252,76
146,829 -269,19
150,139 -280,86
151,419 -280,97
151,879 -281,04

CH7
168,79
174,59
176,7
177,55
178,05
178,35

CH8

-336,51
-365,9

-364,72
-364,31
-364,06
-363,86

CH6 CH7 CHS8
-149,755 317,98 453,71 546,18
-150,585 319,36 456,58 547,15
-150,925 320,02 457,19 546,97
-151,015 320,63 458,32 547,67
-151,145 321,27 459,41 548,54
-151,715 321,93 460,03 548,93
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Load division 2: 3.630 kN

CH1

CH2 CH3

63,717 148,32 -233,863
-76,967 160,85 -261,703
-81,907 166,11 -273,233
-83,907 168,27 -277,773
-84,697 168,87 -279,103
-84,807 169,16 -279,723

Load division 3: 5.140 kN

CH1

-141,159
-145,079
-144,859
-142,479
-142,109
-142,059

CH2 CH3

188,42 -362,64 -1189,4 -455,239

192,73 -372,11
192,81 -372,02
192,45 -369,06
1926 -368,02
192,68 -367,92

Load division 4: 6.860 kN

CH1

-188,302
-191,512
-192,312
-193,092
-193,952
-194,152

CH2 CH

CH4 CH5S

619,82 -235,394
-7100,16 -268,754
-133,24 -282,474
-745,27 -288,094
-149,4  -289,464
-749,09 -289,834

CH4 CH

CH6

CH7 CHS8

441,84 648,16 703,49
496,19 726,23 798,07
518,76 757,74 836,96
526,59 770,08 851,2
529,13 773,96 855,79
528,88 774,13 855,14

5 CH6 CH7 CHS8

835,26 1169,41 1481,02

-1219,9 -469,819 853,87 1200,41 1520,82

-1217,8 -469,

499 851,9

1199,41 1518,62

-1201,6 -464,529 839,87 1188,21 1500,02
-1197,3 -462,919 836,84 1185,31 1495,22
-1196,9 -462,779 836,8 1185,11 1495,12

3 CH4

246,2108 -487,81 -1488,29
250,1508 -496,22 -1517,49
251,6408 -498,86 -1527,99
252,7808 -500,95 -1535,29
253,5008 -502,71 -1541,69
2542708 -503,6  -1544,39

CH5
-594,27
607,32
612,34
-615,58
618,57

-619,91

CH6 CH7 CHS

1014,58 1447,48 1833,27
1032,28 1474,48 1869,97
1038,58 1484,08 1882,97
1043,08 1490,88 1892,17
1046,88 1496,68 1899,87
1048,28 1499,38 1903,37
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Load division 5: 8.480 kN

CH1

217,795
-219,865
-232,535
-239,615
-238,925
-238,565

CH2

271,18
273,72
285,89
296,75
297,05
297,09

CH3

: Central University of
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CH4 CHS5 CH6

-057,19 -1727,76 -720,24 1142,51
-962,78 -1747,36 -729,64 1153,21
-593,14  -1869,66 -785,79 1226,11
615,83 -1951,66 -827,2 1270,71
615,22 -1946,26 -825,8 1266,31

-615,01

-1943,26 -824,48 1264,11

CH7 CHS8

1672,12 2148,35
1689,82 2172,35
1794,32 2319,25
1871,32 2421,75
1868,62 2416,45
1866,52 2413,05

© Central University of Technology, Free State
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APPENDIX 7: NECSA CT Scanning results
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1 Introduction

Results are generated at the SANCRAT (South African Centre for Radiography and
Tomography) that forms part of the National Beam LUine Center located at Mecsa. The flow
diagram below indicates where in the organizational structure of Mecsa the work was
performed.

Radiation
Science

m

SANCRAT is part of the South African National System of Innovation and hosts 4 facilities
(MI¥RAD; SAMNRAD: HEXRAD and GAMRAD) utilizing penetrating radiation such as X-rays,
neutrons and Gamma-rays. The MIXRAD is currently operational while the SANRAD undergoes
massive upgrade and the [atter are in a planning phasa.

For this project the Micro-focus ¥-ray Computed Tomography (MIXRAD) facility was utilized that
offers a very attractive radiation based research technigue since high quality micron-level
information of the interior as well as composition of samples can be obtained non-invasively and
non-destructively. This application of Micro-focus X-ray tomography investigations is thersfore
ideal in the study of porosity measurements, porosity distribution, pore size distribution and
guantification of these properties.
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2 Client

Table 1: Client Information

Company Name Designation Tel no Email
&g&' M";ia;:'d‘ E?;’;ffer +27 51 507 3530 hmiva@cut.ac.za

3 Aim of the Project

Through the Micro-focus X-Ray tomography technique, the porosity of the Titanium samples
were investigated:

4 MIXRAD Facility
Table 2: Micro-focus X-ray Machine Characteristics

e l’oten(t'i:,l)l‘ange 0'"?":&"')3“9" Max Power Detector
NIKON Perkin Elmar
i 30 -0225 Oto1l 30w (2048 x 2048)

Figure 1: Micro-focus X-ray Machine (MIXRAD)
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5 Experimental Set-up
The following MIXRAD scanning parameters for this project have been zpplied:
Table 3: Specific Scanning Parameters
Potential Current Exposure time per projection Projections
(kv) (uA) (sec) per sample
185 200 4 2000

6 Samples

The samples were supplied by CUT-CRPM and scanned using the parameters specified in Table
3 in order to obtain sufficient X-ray penetration (minimum of 10% is required) for optimal
image contrast, The resolution obtained for each of the sample is reflected in Table 4.

Table 4: Resolution

Sample Scanning resolution
1D (um)
X1 8.2
Y1 8.2
Zih 8.2
Z1 8.2
Z3 10.5
74 10.5
Z5 10.5
Z7 10.5
Z8 10.5
£11 10.5
Z12 10.5
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7 Tomography Process
The tomography process consists of reconstructing raw 2D-projections into a 3D virtual volume
by means of Nikon developed reconstruction software. The virtual digitized volume is analyzed

in VGStudioMax 3.2.0 volume rendering software, which makes quantitative determination of
the physical properties like porosity, mineral inclusions, fracturing, etc. possible.

8 Qualitative Results

Figures 2 — 12 depicts the 2D Slice representation of the sample.

8.1: X1 Sample — thin part

Figure 2: X1 Sample: 2D Slice in top view
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8.2: Y1 Sample — thin part

P AP SR 1y (<5 1 | [

Figure 3: Y1 Sample: 2D Slice in top view
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8.3: Z1b Sample — thin part

| S P | [

(%]

Figure 4: Z1b Sample: 2D Slice in top view

The cloctroza: versicn of tes docarsent withan the Dochie Systen & rogedad ax the officad documest

Page8of 17

Last prigad

RESTRICTED

126 |

© Central University of Technology, Free State



O

Central University of
Technology, Free State

Radiation Science necsa A

This document I the property of NEC3A and shall not be used
reproducad, Tansmitad or dscosed wihout priar written pammizzion

8.4: Z1 Sample

Figure 5: Z1 Sample: 2D Slice in top view

e cloctronac verseon of tea docuraerd wethen (be Dochen Syxem o regedod ax e officsd document Pzgeo of17
ROV NGH 168 ] X

Last pred 2

RESTRICTED

127 |

© Central University of Technology, Free State



O

Central University of
Technology, Free State

Radiation Science necsa /

This document. |2 the property of NEC2A and shail not be uzed, Eie
reproduced, ansmitad or dscosed wihout pricr wrtien penmiszion

)f’

8.5: Z3 Sample

Ea e ey pn oo o 00D NI

Figure 6: Z3 Sample: 2D Slice in top view
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8.6: Z4 Sample

A e 7 10) ) |

Figure 7: Z4 Sample: 2D Slice in top view
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8.7: Z5 Sample

Figure 8: Z5 Sample: 2D Slice in top view
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8.8: Z7 Sample

| OO N S |V oS 6 m m

Figure 9: Z7 Sample: 2D Slice in top view
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8.9: Z8 Sample

Figure 10: Z8 Sample: 2D Slice in top view
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8.10: Z11 Sample

4 mm eyl

Figure 11: Z11 Sample: 2D LEFT: Slice in to view showing a arack on the edge and
2D RIGHT: Slice in top view showing a crack on the edge and pores in the aack
region
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8.11: Z12 Sample

Figure 12: Z12 Sample: 2D Slice in top view
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9 Quantitative Results

The samples were scanned at the resolution 8.2 and 10.5 due to different region of interest
thicknesses. Mo porosity information was detected on the 23, 74, Z5 and Z12 samples. This is
due to the porosity information being smaller than the scanning resolution. However, porosity
information could be detected on sample X1, Y1, Z1b, 71, Z7, Z8 and Z11. Sample Z11 had the
largest guantified porosity information because the crack was better defined and more pores
were detected around the crack area given the scanning resolution. The quantified porosity
information was based on visual and detectable pores to minimize over quantification of the

porosity information which will include sample information,

Table 5: Porosity information

Sample Scanning Porosity % | Comment
ID resolution (pm)
X1 8.2 0.0029
¥l 82 0.0033
Zlb 8.2 0.0013
Z1 82 0.0011
73 10.5 Non-detected
74 105 Mon-detected
75 10.5 Mon-detected
77 105 0.0050
Z8 10.5 0.0034
Z11 10.5 0.116 Crack
712 105 MNon-detected
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TENSILE AND FATIGUE TESTING
OF
Ti6A4V AM SPECIMENS

Submitted to Mr. Miya Hlakae
Central University of Technolozy
Enzineenng Technology Building
1 Park Road

Bloemfontein
9301

Prepared by Chns McDuling
CSIR - Manufacturing Cluster
Mechanical Testing Laboratory
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EXECUTIVE SUMMARY

The Manufactunng Cluster of the C5IE. was requested by the Cenfral University of Technolozy to
conduct tensile and fatigue testmg on Ti6A14V AM specimens 1n accordance with ASTAM E 8M and
ASTM E 466 respectively.

The test results are summanzed on pages 5 to 7.
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1. INTRODUCTION

The Manufacturing Cluster of the CSIR. was requested by Mr. Miva Hlalae of the Central University
of Technology, to conduct tensile and fatigue testing on Ti6AMV specimens in accordance with
ASTME 8M and ASTM E 466 respectively. Thirty as manufactured specimens. ten each from the
x, v and z directions were submitted for testing. Three specimens from each direction were tensile
tested and the remaining seven from each direction were fatigne tested. The gange section of the
specimens were not machined according to the specification The purpose of the testing was to
compare the fatigue life of the as manufactored surface of the specimens from the x. v and =z

directions.

2. TEST PROCEDURES

© Central University of Technology, Free State

Tensile Test
Test standard ASTMESM
Procedure LM-WP-402
Equpment Instron 50kN 1342
Temperature 20°C
Test rate 0. 5Smm/mmn.
Fatigue Test
Test standard ASTME 466
Procedure LM-WP-403
Equipment Instron 50N 1342
Temperature 20C
Control mode Load control — sinusoidal wave form
Frequency 10 H=
E - matio 0.1
Run out cycles 5x10%
3. TEST EESULTS
Tensile Test
Tercale sress an Modube: (Chard ., B s
Length Area Yoeld (Odffse 0.2 150 MPa - 800 uTs
Specisan Libal ) ) " MPa) MPa) E;.I'D?u nl'r'ﬂ:u
EEE=ges s ==
ﬁ""‘:lﬂ % 00 u-.ms:l Lown BAr T 12 .r:u
[ Rarge T o ] 2 BAT T ¥
| Mmiram =009 2 o] 13 > FV ]
| MererT o l= ] -1 Bl ds Al AR L2 il 430 1
| Magjupn, 2000 La% BT 15 TFEN] 550 X
Tensile stress ar Mdodnbes (Chord % Eoduction
; Lenglh | Asen | Yield (Offse 02 150 MPa - GO0 UTs )
Specimentabel | oy | (o) ) WPl (MPa) ET:EE:"' "rlg;‘
1FA iG]
¥ TS E11 e i, T g =
¥ 73 05 Eil #6015 T, TS 190 %,
3 [ J0.0E BE 5671 1. 41,14 .05 [TH
Hian .08 B FRILAT 1T, a0 [KE] A,
EE::M L= ) (=1 047y 2812 0. A HASH L4 Ban
e PEE A i
H 2000 13.8% a3 t%: % 1%.05% *1.2
[Hedan__ T - T R 1181 G158 14,90 .0
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Teusile stressat | Modulus (Chord % Reduction
. Length |  Aren Yield (Offset 0.2 150 MPa - 600 UTS o
Specimenbabel | ") | (ruan2) %) MPs) ooy | T T
% (GPa)
i F3) 3080 | 13100 652,57 FENE 503
2 22 20420 1425 78048 109.5 094,81 15.60 494
L k] £3 2060 1425 781.3 1¢0.5 891.61 18.135 304
L Moan 2080 1428 2886 109.2 291,65 15.83 200
Qs 000 | 0am 0.457 0.703 0.353 1796 1.008
"Rangn 0.00 6.55 is 629 | Q.55 1.0
| Standard Duviaticn 0.0%0 090 3146 | 0386 | 0Se0
L MSnimym 2080 425 124,78 198.5 868,52 15.60 948
" Masimam 2020 1432 MLl 1100 ~mosml 181k L S04
L Medan 2000 | 1423% J8048 100.5 093.61 15,78 0.3
Specimen 1 10 3
1200
Z !
z r—]
7 /
g
2
8
=
1 2 3
Tensile straun (%6)
Specumen label
i —K —
Specumien L to 3
1200
g 1000 i ERTE
E 800 B
600
3 400
200
"o 1 2 5
Tensile stoawn (o)
Specizsen label
Yi__— ¥3 - vl
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Specimen 1 e 3
1 200
E 10007
£ I
5
£
i
2 3
Tewmbe abrian (%)
Fatigue Test
Specimen [abel X4 X5 X9 N6 X7 X10 N8
Maximmm Stress MPa 360 300 270 230 210 200 190
MNumber of cycles at 147027 218190 | 346930 313876 | B93273 1133381 3000000
failure
Specimen Label Y4 Y5 Y9 Y8 pil:] Y10 Y7
Maxinmm Stress MPa 360 300 270 250 230 200 190
Number of cycles at 132859 304007 @ 434787 338903 | 598800 1002143 3000000
failure
Specimen Label Z4 Z5 Z6 Z10 i Z9 Z8
Maximmm Stress MPa 450 418 360 300 270 250 225
Number of cycles at 50142 61584 | 123395 | 483996 | 370439 | 730494 | 000000
failure
Max. stress vs fatigue life
500
S3sp w
§ 300 H‘l
% 230 )
E 200 & Sin :
g 150
100
E 50
i]
i] 1000000 2000000 3000000 4000000 5000000 BO00000

n- Cveles

#¥-zenes @Z-zenes &Y -senes
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4. GENEEFAL EEMAREKS

4.1 These test results apply cnly to the specimens supplied to the CSIE. for testing and the CSIR
accepts no responstbility for any product differences due to manofactoring variations.

42 The CSIE takes no responsibility for the applicability of the test results to real life operating
conditions of the product.

43 The CSIE cannot be held responsible for any failure or consequential damage resulting from
such failure.
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