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ABSTRACT

Additively Manufactured Thin-wall Inconel 718 specimens commonly find appli-

cation in heat exchangers and Thermal Protection Systems (TPS) for space ve-

hicles. The wall thicknesses in applications for these components typically range

between 0.03-2.5mm. Laser Powder Bed Fusion (PBF) Fatigue standards assume

thickness over 5mm and consider Hot Isostatic Pressing (HIP) as conventional heat

treatment. This study aims at investigating the dependence of High Cycle Fatigue

(HCF) behavior on wall thickness and Hot Isostatic Pressing (HIP) for as-built Ad-

ditively Manufactured Thin Wall Inconel 718 alloys. To address this aim, High Cy-

cle Fatigue Tests were performed on specimens of seven different thickness (0.3mm,

0.35mm, 0.5mm, 0.75mm, 1mm, 1.5mm and 2mm) using a Servohydraulic Fatigue

Testing Machine. Only half of the specimen underwent HIP, creating data for both

HIP and No-HIP specimens. Upon analyzing the collected data, it was noticed that

the specimens that underwent HIP had similar fatigue behavior to that of sheet

metal specimens. In addition, it was also noticed that presence of Porosity in No-

HIP specimens make them more sensitive to changes in stress. A clear decrease in

fatigue strength with decrease in thickness was observed for all specimens.
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Chapter 1

INTRODUCTION

In this chapter, an attempt has been made to provide important background infor-

mation on Additive Manufacturing (AM), Inconel 718, fatigue and other informa-

tion that can be used to establish the research topic of this thesis. It is to help the

reader understand the chosen research problem, and its relevance in today’s man-

ufacturing industry. This chapter summarizes the discovered research gap and the

scope of this thesis.

1.1 Additive Manufacturing (AM)

Additive Manufacturing (AM), as the name suggests, is a method of manufactur-

ing in which the components are fabricated by adding one layer on top of the other.

Unlike the conventional, subtractive method of manufacturing, AM is an efficient

way of creating parts with complex geometries and the one with intrinsic designs.

Another key accomplishment of AM is that it can be fully automated which in

turn could result in lower manufacturing costs and shorter lead times. The first

modern AM part was created by 3D systems in the year 1992 (Goldberg (2018)).

Since 1992, AM have has shifted from prototyping to producing parts commercially.

The steps involved in Additive Manufacturing are mentioned below: (Gibson et al.

(2014))

1. A CAD (Computer Aided Design) file is created using a design software to

describe the geometry of the part to be printed.

2. The file is then converted to .stl format, which digitally slices the part into

1



thin layers.

3. The STL File is transferred to the AM machine and some parameters are ad-

justed to optimize the printing.

4. The build parameters like the material constraints, energy source, layer thick-

ness, timings, etc are adjusted in the AM machine to enhance the printing

process. The printing can take place without any supervision, requires some

superficial monitoring to ensure that the process is running smoothly.

5. Once the parts are completely printed, they are separated from the build

plate. The parts are then sent for Post-processing. In some cases, the post-

processing must done while the parts are still attached to the build plate.

Figure 1.1: Steps involved in Additive Manufacturing (Gibson et al. (2014))
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Additive Manufacturing (AM) can be briefly classified into different process tech-

nologies such as: Material Extrusion, Vat Polymerization, Powder Bed Fusion (PBF),

Material Jetting, Binder jetting, Direct Energy Deposition and Sheet Lamination.

Powder Bed Fusion is a sub class of AM, which can further be grouped on the ba-

sis of heat source used for melting, as Selective Laser Melting (SLM) and Electron

Beam Melting (EBM). (ASTM-B637-18 (2018))

Figure 1.2: Types of Additive Manufacturing

1.1.1 Laser Powder Bed Fusion (LPBF)

As the name suggests, Laser Powder Bed Fusion (LBPF) is an Additive Manufac-

turing technique in which pre-alloyed powder and a laser is used to layer-wise build

the part. Selective Laser Melting (SLM)- Powder Bed Fusion (PBF) involves de-

flecting the laser beam using physical mirrors in the direction of the specified ge-

ometry. The sequence of operation includes, laying a layer of pre-alloyed powder on

the previous layer / the build plate, selectively melting the powder as per the de-

sign using a laser as heat source and then lowering the build platform by one thick-

ness layer (King et al. (2015)). The sequence is iterated until the part geometry is

complete. The melting process re-melts the previously solidified layer, which en-

sures proper fusion between the two layers. (Moussaoui et al. (2018)). The entire

process takes place in inert atmosphere.

3



Figure 1.3: Laser Powder Bed Fusion (Criales et al. (2017))

1.1.2 Benefits and Limitations

AM processes are useful to produce near-net- geometries; in particular, Powder

Bed Fusion (PBF) has created a new design space which could not be accessed

with conventional subtractive manufacturing (Gibson et al. (2014)). AM has some

unique advantages which includes capabilities to manufacture a part with material

complexities, functional complexities, shape complexities etc.(Johnson et al. (2019))

Another major advantage of Additive Manufacturing is that it creates geometries

without molds or dies, making the time for manufacturing shorter. AM also gener-

ates less material waste, has shorter lead time and is better suited for low-volume-

high-customization production environment (Vayre et al. (2012)).

One major disadvantage of AM is relatively poor surface finish and intrinsic de-

fects such as porosity and lack of fusion which drastically affects both static and

dynamic mechanical properties. Repeatability and reliability is another challenge

4



that the industry faces when it comes to Additive Manufacturing. (Balachandra-

murthi et al. (2019))

1.2 Nickle−Superalloy: Inconel 718

Inconel is a Nickel-based superalloy which was first developed in the 1940’s (Gold-

berg (2018)). These alloys frequently find their application in jet turbines. Inconel

718 is precipitation hardened member of the Inconel family, which was developed

in the 1960’s, is also known as Huntington Alloy (Barker (1989)). Its name comes

from its aging processes; when held at 718 ◦C for 8 hours - precipitates Ni3Nb also

referred to as γ” is formed (Porter III et al. (2008)). Inconel is resilient to corro-

sion from a wide range of organic and inorganic solutions throughout acidic and

basic environments. It is also resistant to Chloride induced stress corrosion crack-

ing (Balachandramurthi et al. (2018)). Inconel 718 is a valued aerospace alloy that

finds application in heat exchangers, jet turbines, rocket engine thrusters and other

high temperature environments, and has great potential to broaden its applicability

through AM.

Nickel has high tolerance for alloying without any phase instability (Balachan-

dramurthi et al. (2019)), which is what makes this class of superalloys successful.

Nickel-based super alloys therefore have more than 10 alloying elements, making

its chemical composition complex and unique. The chemical composition of Inconel

718 is presented in Table 1.1.

Table 1.1: Chemical Composition of Inconel 718(Balachandramurthi et al. (2019))
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1.2.1 Microstructure

Principally being a Nickel based alloy, Inconel 718 retains the characteristic struc-

ture of pure Nickel - i.e. it retains Face Centered Cubic (FCC) structure. Common

phases noticed in the alloy are γ, γ’, γ”, δ, (Nb,Ti)C, TiN and Laves; other phases

such as σ and M6C have not been observed in the alloy (Amato et al. (2012)).

The γ’ and γ” are the strengthening phases in Alloy 718, which exist coherently

in the matrix (Devaux et al. (2008)). Inconel 718 primarily obtains its strength

from the γ” phase because of higher volume fraction and higher coherency hard-

ening (Tian et al. (2014)). The δ phase is an equilibrium phase and contributes to-

wards decrease in ductility when present in access (Konečná et al. (2016)). When

present in minimal quantities, it enhances the notch rupture strength. Laves phase

is a brittle, low melting phase that act as crack initiation site and provides a crack

propagation path (Sui et al. (2017)).

The microstructure of the part manufactured by Additive Manufacturing have been

observed to be different from the wrought Inconel 718. Since, AM parts are man-

ufactured layer-by-layer, a columnar microstructure form in the direction of melt-

ing when viewed parallel to the build direction (Aydinöz et al. (2016)). The small

laser spots, a very fine-grained microstructure and intrinsic defects in the AM parts

made of alloy 718, induces anisotropy in the material properties and potentially

causes part design challenges. (Kirka et al. (2017)).

1.3 Fatigue Behavior

Research on Inconel 718 has shown that both grain size and γ” precipitates affect

the fatigue behavior of the alloy (Pei et al. (2019)). In the case of parts manufac-

tured using AM technologies, defects, surface finish and grain size of the manu-
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factured alloy become the contributing factors towards the fatigue behavior of the

part (Pegues et al. (2018)). Post-processing like Hot Isostatic Pressing (HIP) have

shown positive signs towards improving the fatigue strength (Balachandramurthi

et al. (2018)). Some authors have also observed direct relation between the Fatigue

life and surface roughness of the manufactured parts, which is discussed in detail in

the later chapters.

Yang et al. in their work have used the concept of Basquin Slopes to better rep-

resent fatigue behavior. Romano et al. has also used the idea of these slopes to

compare the fatigue behavior of three differnt types of specimen. The equation for

the Basquin Slopes is shown in Equation 1.1. The slope value of these plots is oc-

casionally also defined as the ”k-factor”. It is argued in SEIMENS (2019) that as

the k-factor gets larger, small increases in load (i.e. stress) create larger and larger

changes in life.

b =
− (logS1 − logS2)

logN2 − logN1

(1.1)
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Figure 1.4: Basquin Slope and k-factor description (SEIMENS (2019))
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1.3.1 Applications - Thin Wall

Nickel-based superalloys are widely used in the hottest parts of heavy equipment.

In addition to gas turbines of commercial and military aircrafts, Inconel 718 is also

being used in marine propulsion and power generation. Some specific applications

include heat exchangers, heat-pipes and fins, wave-guides, as well as more generally

in the field of cellular materials such as Honeycombs (Metallic Thermal Protection

System (TPS) in Space Vehicles) and lattices. Despite of such wide range of thin

wall applications, limited data has been published on Thin wall behavior of Inconel

718 manufactured using Laser Powder Bed Fusion. Some Literature that studies

this behavior has been listed below (Table 1.3). Some studies argue that both Ul-

timate tensile Strength (UTS) and Yield Strength degrade with reduction in the

sample thickness (Dzugan et al. (2018)). Some authors have also observed higher

surface roughness with decreasing sample thickness (Gockel et al. (2019)). This is

likely to affect the fatigue properties as well, which is unstudied.

1.4 Problem and Research Gap

Table 1.3 consists a list of Authors who have studied the High Cycle Fatigue (HCF)

Behavior of Inconel 718 manufactured using Laser Powder Bed Fusion (LPBF).

Looking at the data presented by the authors, it is clear that most of the research

was on specimen that have thickness /diameter above 2mm. Wan et al. has studied

the effects of Heat Treatment on 0.2mm specimen but have not focused on how the

fatigue properties get affected by varying thicknesses.
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Au-
thor
(Year)

Method of
Manufactur-
ing

Spec-
imen
Type

Machined Heat Treated
Sample Size (mm)
-Cylindrical Dia

Yang
et al.
(2020)

AM
Hour-
glass

Conventionally processed 3.00

Witkin
et al.
(2020).

AM
Hour-
glass

As-printed ST+DA 6.35

Wan
et al.
(2018)

AM Dog-bone As printed SA,HA,SHA 0.20

Witkin
et al.
(2020)

AM Dog-bone
Machined to test
dimensions

HIP+SA 2.36

Sheri-
dan
et al.
(2021)

AM Dog-bone As-printed None 5.00

Sol-
berg
et al.
(2018)

AM
Hour
Glass

As-printed No heat Treatment 5.00

Bal-
achan-
dra-
murthi
et al.
(2019)

AM Dog-bone
As-printed, Ma-
chined

HIP+ST 10.00

Table 1.3: Literature Review HCF Data for Thin Wall LPBF IN718
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1.5 Motivation

Dzugan et al.; Algardh et al. have studied the effect of thickness on Additively

Manufactured Ti-6Al4-V and have concluded that as the thickness decreases the

tensile strength of the material decreases. Chastand et al. in their work have ob-

served fatigue properties of AM Ti-6Al4-V are affected by surface texture. While a

lot of work has been established on the fatigue behavior of AM Inconel 718, MM-

PDS and ASTM standards on PBF fatigue assume thicknesses over 5mm. All of

these standards assume HIP as a part of normal heat treatment for AM, hence do

not have data on specimens that do not undergo HIP.

Figure 1.5: Effects of Thickness and Orientation on the Small Scale Fracture Be-

haviour of Additively Manufactured Ti-6Al-4V (Dzugan et al. (2018))
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Figure 1.6: Thickness dependency of mechanical properties for thin-walled titanium

parts manufactured by Electron Beam Melting (EBM) (Algardh et al. (2016))

1.6 Research Question

To help close the above-mentioned gaps, this research is focused on characterization

of the fatigue behavior of Inconel 718 Thin Wall specimen created using Laser Pow-

der Bed Fusion (L-BPF) technique. Seven different thicknesses, and Hot Isostatic

Pressing condition (HIP) will be considered in this research. The results of these

parameters will be used to provide some insights on the following research question:

How and why does the high cycle fatigue behavior of as-built Laser Pow-

der Bed Fusion Inconel 718 change as a function of wall thickness and

HIP condition?
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Chapter 2

DESIGN AND MANUFACTURING

In this chapter, the design and manufacturing processes used for this research work

are presented. The chapter includes details pertaining to the specimen design, man-

ufacturing and post-heat treatments.

2.1 Specimen Design

In this project, the specimens were designed as per the ASTM E466 standard (ASTM-

E466 (2015)). The standard suggests four different geometries (Refer to Figure 2.1).

Two important elements of this study are to understand the effect of size and to

determine where the crack initiates. Flat specimens are expected to be more repre-

sentative of thin walls (as opposed to cylindrical specimens), making them suitable

for the study (i.e. Type (b) and Type (d)). To understand why the crack initiates,

specimens were designed with a Uniform Test Section i.e Figure 2.1 (d). The Stress

Concentration Factor (SCF (Kt)) for the specimen was calculated to be 3.1% which

is depicted in Figure 2.2. Some important factors that were taken into considera-

tion are listed below:

1. The radius of the bending fillet is eight times that of the specimen test sec-

tion to minimize the Kt of the specimen.

2. The ratio of width to thickness of the test specimen is between two to six.

3. The test section length is 2.5 times the gauge width of the test specimen.

4. To ensure test section failure, the grip cross-section area is 1.5 times that of

the gauge width.
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(a) Specimens with Tangentially Blending Fillets

Between the Test Section and the Ends

(b) Specimens with Continuous Radius Between

Ends

(c) Specimens with a Continuous Radius Be-

tween Ends

(d) Specimens with Tangentially Blending Fillets

Between the Uniform Test Section and the Ends

Figure 2.1: Specimen Design presented in ASTM E466 (ASTM-E466 (2015))
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Figure 2.2: FEA on Fatigure Specimen to calculate the Stress Concentration Factor

(SCF (Kt))

2.2 Manufacturing

The specimens were manufactured using virgin Inconel 718 powder using the 400W

Concept Laser M2 LPBF machine within the Arizona State University facility. The

laser and scan parameters are given in Table 2.3. Using the below mentioned pa-

rameters, the density achieved was >99 % while the surface roughness (Arithmetic

Mean Height(Sa)) value remained close to, or lower than 6µm.
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Scanning Strategy 45◦raster+ single contour

Power (P) 130W

Velocity (v) 481 mm/s

Spot diameter (d) 50 µm

Layer thickness (t) 30 µm

Trace Width (w) 130 µm

Beam Compensation 65 µm

Table 2.1: Laser and Scan Parameters selected for printing the Fatigue Specimen

using Laser Bed Powder Fusion ( LPBF)

2.3 Post- Heat Treatment

All specimens underwent thermal residual stress relief and solution treating and

double aging heat treatment process but only half of the specimen were sent for

Hot Isostatic Pressing (HIP). The sequencing of Post-Processing is given in Figure

2.3.
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Figure 2.3: Sequence of Manufacturing the AM Specimen

2.3.1 Thermal Residual Stress Relief

Residual stress affects the geometric resolution and mechanical performance of

the formed components Wang and Chou (2019). To eliminate the effect of inter-

nal stresses on fatigue behaviour, all specimens were sent to Phoenix Heat Treat

for stress relief process while they were still attached to the build plate (performed

as per ASTM-F3055-14a (2014) ). For the Stress Relief Process, the furnace tem-

perature was ramped up to 1400 ◦F and was held for 2 hours. The temperature

was then increased to 1950 ◦F where the specimens were soaked for another 1 hour

30minutes. To avoid deformation in thin specimen, the thermocouples were at-

tached to the build place for temperature monitoring purposes. Figure 2.4 present

the stress relief process.
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Figure 2.4: Stress Relief Process (Temperature versus Time Graph)

2.3.2 Hot Isostatic Pressing (HIP)

One of the major disadvantages of Additive Manufacturing (AM) is the presence

of porosity in the printed specimens / parts. Hot Isostatic Pressing (HIP) is often

used to close the internal porosity (Moussaoui et al. (2018)). The process of HIP

was carried out on half of the specimens as per ASTM-F3055-14a (2014) standard.

The specimens were soaked at 100 MPa pressure for 4hours at a temperature of

1120 ◦ C. Figure 2.5 represents the Hot Isostatic Pressing (HIP) process. Figure 2.6

shows the effect of Hot Isostatic Pressing (HIP) on 3.5mm specimen.
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Figure 2.5: Stress Relief Process (Temperature versus Time and Pressure versus

Time Graph)
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(a) Pre − Hot Isostatic Pressing (HIP)

(b) Post − Hot Isostatic Pressing (HIP)

Figure 2.6: Effect of Hot Isostatic Pressing (HIP) Treatment on 3.5mm specimen

2.3.3 Solution Treating and Double Aging

Huang et al. in his work has presented that the best mechanical properties of In-

conel 718 is exhibited by specimens that underwent Solution Treating and Double
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Aging process. The specimens used for this study was Solution Treated and Double

Aged at Phoenix Heat Treat as per ASTM-F3055-14a (2014) standard. The tem-

perature versus time graph for the process is presented in Figure 2.7.

Figure 2.7: Solution Treating and Double Aging (Temperature versus Time and

Pressure versus Time Graph)
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Chapter 3

EXPERIMENTAL RESULTS

This chapter constitutes of the different methods that have been used to charac-

terise the fatigue behavior. In this chapter, an attempt has been made to under-

stand how the Porosity , the surface roughness and Hot Isostatic Pressing (HIP)

affects the fatigue strength.

3.1 Archimedes Density

The Archimedes Density for each Additively Manufactured (AM) specimen was

measured using the Porosity Measurement Kit with Cole Palmer HR-250A Galaxy

Analytical Balance (Figure 3.1).

Figure 3.1: Porosity Measurement Kit with Cole Palmer HR-250A Galaxy Analyti-

cal Balance
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For the purpose of density calculation, three dry weight measurements and three

wet weight measurements were taken. The measurements were then averaged out

respectively. To calculate the Archimedes density, the below mentioned formula was

used.

ρ(g/cm3) =

(
d

d− w

)
× (ρw − ρa) − ρa (3.1)

Where,

ρ = Archimedes Density of the Specimen

d = Dry weight of the Specimen

w = Wet weight of the Specimen

ρa = Density of Air

ρw = Density of Water

Figure 3.2 presents a variability chart to compare the HIP versus No HIP specimen.

A significant increase in density and decrease in standard deviation is observes for

the HIP specimens across all thicknesses (Figure 3.2).
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Figure 3.2: Archimedes Density Comparison for HIP versus No HIP Specimen

When the densities were compared as per the thicknesses, it was observed that HIP

is more effective on the thicker specimen (Figure 3.3).
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(a) HIP Specimen (b) No HIP specimen

Figure 3.3: Effect of Hot Isostatic Pressing (HIP) Treatment on Archimedes Den-

sity

3.2 Surface roughness

Gockel et al. in their work presented that surface roughness parameter Sv is in-

versely proportional to fatigue Life of a material (Figure 3.4). In other words, when

Sv value increases, they found that the fatigue life decreases. To establish this de-

pendence of fatigue on surface texture, the surface roughness values for all AM

specimens were collected using Keyence VR− 3200 optical scanning microscope.

This method collecting surface roughness data is a non-contact type, which pre-

vents further damage to specimen.
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Figure 3.4: Surface Roughness and Fatigue Relation presented by Gockel et al.

(Gockel et al. (2019))
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Figure 3.5: Keyence VR-3200 Optical Scanning Microscope

Studying the variability chart for both Sa and Minimum Pit Height (Sv), it was

concluded that the surface roughness values for the No− HIP specimen is lower

for all thicknesses. The standard deviation for the No −HIP specimen was also ob-

served to be lower.
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(a) Arithmetic Mean Height(Sa)

(b) Minimum Pit Height (Sv)

Figure 3.6: Effect of Hot Isostatic Pressing (HIP) Treatment Surface Roughness
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When the surface roughness behavior was analysed as per the thicknesses, it was

noticed that the mean surface roughness values were not significantly different for

the different thicknesses.

(a) HIP (b) No HIP

Figure 3.7: Sa Thickness-wise comparison as per Heat Treatment

(a) HIP (b) No HIP

Figure 3.8: Sv Thickness-wise comparison as per Heat Treatment

29



3.3 Fatigue Behavior

All the High Cycle Fatigue (HCF) tests were performed using Instron 8801 Servo-

hydraulic fatigue testing system. The machine setup presented in Figure 3.7 and

the specifications are mentioned in Table 3.1.

Figure 3.9: Instron 8801 Servohydraulic Fatigue Testing System Setup

Table 3.1: Specifications of Instron 8801 Servohydraulic Fatigue Testing System
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Most of the authors presented in Section 1.4 used an R ratio of 0.1 and a cycle

range between 105 to 107. As per the ASTM-E466 (2015) as long as the frequency

is between 10− 2 to 102, the fatigue results are not significantly different. Therefore,

the parameters were selected as per the literature review presented in Section 1.4

and in accordance with the ASTM-E466 standard. The parameters are presented in

Table 3.2. 70 fatigue tests were performed on AM specimen and 10 tests were per-

formed on No−HIP Sheet Metal Specimen. The data for the fatigue tests is avail-

able in Section A.1 of APPENDIX.

Table 3.2: Selected Parameters for Fatigue Testing

The results for the AM fatigue test were plotted as per the Heat Treatment in the

form of Log− Log S− N plot, which is presented in Figure 3.8 and Figure 3.9. The

sheet metal specimen were plotted independently but were only used for compari-

son purposes.
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Figure 3.10: Log−Log S−N plots for HIP specimens

Figure 3.11: Log−Log S−N plots for No HIP specimens

On observing the Log−Log plot, it was noticed that the fatigue life decreases as

the thickness decreases. To validate this behavior, the data collected for this re-

search project was compared to the work of Sheridan et al. (2021). Sheridan et al.

have come up with a new test method to rapidly quantify important fatigue charac-

teristics and behavior. In their paper, 3.175mm —as-printed Dog-Bone (flat) with
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uniform test section Inconel 718 specimens (Specimen type same as the one used

for this work) were used to predict fatigue life of the specimen using compliance

method. Figure 3.12 clearly shows that data collected in this work lies below the

work of Sheridan et al. (2021) which indicates that the size effect noticed is real

and not an artifact of testing conditions.

Figure 3.12: Log−Log S−N plots comparing 2mm Specimens to Literature (Sheri-

dan et al. (2021))

3.4 Scanning Electron Microscopy(SEM)

Following fatigue tests, the Fracture Surfaces were examined via Scanning Electron

Microscope. Using Scanning Electron Microscopy (SEM) to predict where the crack

initiated is one of the most commonly used techniques. For this project, Scanning

Electron Microscopy (SEM) images were captured using FEG XL30 (FEI) (Figure

3.13) whose specifications are mentioned below in Table 3.3.
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Figure 3.13: SEM FEG XL30 (FEI)

Table 3.3: SEM FEG XL30 (FEI) Specification

One of each type (i.e. AM−HIP, AM− No−HIP and Sheet Metal−HIP) of speci-

men that failed close to 100K cycles were imaged under the SEM. Each specimen
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was divided into three different zone as per Figure 3.14 to predict where the crack

initiated.

Figure 3.14: Predicting Fatigue Crack Initiation

On the basis of the method presented in Figure 3.14, the crack initiation points

were predicted for both HIP and No-HIP specimens. In Figure 3.15, a feathering

feature was observed which project potential sub-surface crack initiation in the AM

HIP specimen. Scanning through the SEM images of the No−HIP specimen, pre-

sented in Figure 3.16, it could be concluded that the crack initiated just under the

surface. Further investigation is required in this area to better understand the crack

initiation mechanisms for both HIP and No-HIP specimen.
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(a) Crack Initiation

(b) Feathering pointing to Crack initiation

Figure 3.15: Crack Initiation in AM HIP Specimen which failed close to 100K cy-

cles
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(a) Crack Initiation

(b) Crack Initiation

Figure 3.16: Crack Initiation in AM No-HIP Specimen which failed close to 100K

cycles
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Chapter 4

DISCUSSIONS

The purpose of this chapter is to understand the data that was presented in Chap-

ter 3. The main focus of this chapter will be to connect the results and understand

the phenomena noticed.

4.1 Thickness Effect on Fatigue Strength

After completing the fatigue tests for one set of specimens, the results were plotted

on a log−log S−N plot to understand the fatigue behavior of the specimen. It was

observed that the fatigue strength reduced with reduction in thickness. The reduc-

tion in thickness also caused a reduction in maximum runout stress (i.e.the stress at

which the specimen reaches 10 million cycles). In Section 3.1 and 3.2 we notice that

there is a decrease in density and increase in surface roughness for thin specimens.

In Figure 4.1, it can also be argued that there is higher localization of stresses in

thinner specimens, though this hypothesis needs to be validated using Finite Ele-

ment Analysis(FEA). These could potentially be the reasons why such a thickness

dependence is noticed.
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Figure 4.1: Stress Localization for 0.35mm Specimen and 2mm Specimen

4.2 HIP versus No− HIP Fatigue Behavior

When the slopes of the of the log−log S−N plots in Figure 4.2 were studied, it was

noticed that the Basquin slopes (Refer to section 1.3) of the specimen that under-

went HIP were shallower. This points out that the HIP specimens tend to be less

sensitive to the stress in comparison to the specimen on which HIP was not per-

formed. Another interesting observation on these slopes was that the slopes of the

HIP specimens are not significantly different from that of the sheet metal speci-

mens; which can be used to point out that the fatigue behavior of HIP specimen

is closer to that of the sheet metal specimen and less dependent on LPBF specific

defects such as porosity. The increase in slope value can be justified on the basis of

porosity. The pores present in the No−HIP could be making these specimens more

sensitive to stresses (Murakami et al. (2019)) .

Even though the HIP specimens have better fatigue performance in the higher stress

regime, it was observed that the specimens that did not undergo HIP have higher
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values of maximum runout stress, and therefore perform better at lower stresses

(Figure 4.4).

Figure 4.2: Comparison between the Slopes of AM-HIP, AM-No HIP and Sheet

Metal Specimen
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Figure 4.3: One-way Analysis of Slopes by Heat-Treatment

Figure 4.4: Effect of Porosity on the Slopes of Log−Log S−N plots
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(a) AM-No HIP (b) AM-HIP (c) Sheet Metal-No HIP

Figure 4.5: Comparison between the Maximum Runout Stresses for AM-HIP, AM-

No HIP and Sheet Metal Specimen

This behavior could be a result of different crack initiation mechanisms. While

porosity might be the dominant failure mode at high stresses, surface roughness

and/or microstructure could dominate failure initiation at low stresses. To validate

this hypothesis, in-situ Computed Tomography (CT) could be performed.

Using Figure 4.6(b), it was noticed that there is reduction in mean width, as mea-

sured using a caliper for all the tested specimens that underwent HIP. Tammas-

Williams et al. in their work have identified that there is change in volume with

HIP treatment. The difference in section area of HIP and No HIP could poten-

tially be affecting the HIP versus No HIP fatigue behavior identified in Section 3.3,

though the reduction in width was incorporated in the stress calculation, so is un-

likely to be a major contributor.
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(a) Thickness Comparison for HIP versus No HIP

Tested Specimen

(b) Width Comparison for HIP versus No HIP Tested

Specimen

Figure 4.6: Effect of Hot Isostatic Pressing (HIP) on Thickness and Width
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Chapter 5

CONCLUSION AND FUTURE WORK

The research conducted for this thesis is towards understanding the fatigue behav-

ior of additively manufactured Inconel 718 thin wall specimens. The core objective

was to understand how the size and Hot Isostatic Pressing (HIP) affects the Fatigue

Strength of the Thin walls. This final chapter presents the summary of answers to

the research questions that were defined in the Introduction chapter. This chapter

also discusses future work.

5.1 Conclusion

On the basis of the results presented in the previous chapter, it is clear that the fa-

tigue strength of a material is dependent on specimen thickness for the range stud-

ied. As the thickness of the specimen reduces, the fatigue life reduces. Reduction

in thickness tends to depreciate the maximum runout stress for all the three types

of specimen (i.e.the AM−HIP, the AM−No HIP and the Sheet Metal Specimen).

This effect of size on fatigue is potentially caused by a combination of porosity and

corner stress localization.

On observing the log-log S-N plots presented for the AM-HIP specimens and the

AM− No HIP specimen, it can be concluded that No-HIP specimens have a shal-

lower Basquin slope than specimens that were subjected to HIP. It was also noticed

that the behavior of specimen that underwent HIP is closer to that of the sheet

metal specimen. Although, HIP improves life at high stress, the improvement is

eliminated at the lower stress regime. The likely cause of this behavior is porosity

dominating the failure in the higher stress regime but for the lower stress regime −
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the surface roughness and/or the microstructure drives the failure.

5.2 Future Work

Fatigue properties of thin wall LPBF AM Alloy 718 will remain as the primary re-

search area in this future work − statistically controlled High Cycle Fatigue tests

will be conducted to establish the fatigue limit for the AM specimens and to vali-

date the behavior noticed. In addition, a deeper evaluation will be done to better

understand the effect of the surface roughness, porosity, corner stress localization

and microstructure, in relation to the fatigue properties. Further, to evaluate where

the crack initiates for the different stress, fractography will be performed on speci-

mens at multiple stress levels.
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APPENDIX A

HIGH CYCLE FATIGUE DATA

A.1 HIP

Table A.1: High Cycle fatigue Data for AM Specimen that underwent Hot Isostatic
Pressing(HIP)
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A.2 No HIP

Table A.2: High Cycle fatigue Data for AM Specimen that did not undergo Hot
Isostatic Pressing(HIP)
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A.3 Sheet Metal

Table A.3: High Cycle fatigue Data for Sheet Metal Specimen that did not undergo
Hot Isostatic Pressing(HIP)
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APPENDIX B

ARCHIMEDES DENSITY DATA

53



Table B.1: Archimedes Density Data for 2mm AM Specimen
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Table B.2: Archimedes Density Data for 1.5mm AM Specimen
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Table B.3: Archimedes Density Data for 1mm AM Specimen
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Table B.4: Archimedes Density Data for 0.75mm AM Specimen
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Table B.5: Archimedes Density Data for 0.5mm AM Specimen
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Table B.6: Archimedes Density Data for 0.35mm AM Specimen
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Table B.7: Archimedes Density Data for 0.3mm AM Specimen
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APPENDIX C

MATLAB CODE FOR PLOTTING LOG-LOG S-N PLOTS
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%% 2mm HIP
S_2_HIP=[703
601
512
435
];
N_2_HIP=[131102
252553
378427
1194345
];
log_S_2_HIP=log10(S_2_HIP);
log_N_2_HIP=log10(N_2_HIP);
% Fit: ’HIP_2mm’.
[x_2, y_2] =
prepareCurveData( log_N_2_HIP, log_S_2_HIP );

% Set up fittype and options.
ft = fittype( ’poly1’);

% Fit model to data.
[fitresult_2, gof_2] = fit( x_2, y_2, ft );
%% 1.5mm HIP
S_1_5_HIP=[704.055
601.647
448.035
512.04
];
N_1_5_HIP=[98462
231820
766033
482009
];
log_S_1_5_HIP=log10(S_1_5_HIP);
log_N_1_5_HIP=log10(N_1_5_HIP);

% Fit: ’HIP_1.5mm’.
[x_1_5, y_1_5] =
prepareCurveData( log_N_1_5_HIP, log_S_1_5_HIP );

% Fit model to data.
[fitresult_1_5, gof_1_5] = fit( x_1_5, y_1_5, ft );

%% 1mm HIP
S_1_HIP=[693
592.0542636
466.0852713
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447.1899225

];
N_1_HIP=[119160.5
202570.5
551469.5
706390.5
];
log_S_1_HIP=log10(S_1_HIP);
log_N_1_HIP=log10(N_1_HIP);

% Fit: ’HIP_1mm’.
[x_1, y_1] =
prepareCurveData( log_N_1_HIP, log_S_1_HIP );

% Fit model to data.
[fitresult_1, gof_1] = fit( x_1, y_1, ft );

%% 0.75mm HIP
S_0_7_5_HIP=[657
570
471
438
];
N_0_7_5_HIP=[122600.5
217549.3
602235
621079.5
];
log_S_0_7_5_HIP=log10(S_0_7_5_HIP);
log_N_0_7_5_HIP=log10(N_0_7_5_HIP);

% Fit: ’HIP_0_7_5mm’.
[x_0_7_5, y_0_7_5] =
prepareCurveData( log_N_0_7_5_HIP, log_S_0_7_5_HIP );

% Fit model to data.
[fitresult_0_7_5, gof_0_7_5] = fit( x_0_7_5, y_0_7_5, ft );

%% 0.5mm HIP
S_0_5_HIP=[657
549
442
406
];
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N_0_5_HIP=[105991.3
154804
543805.5
687678.5
];

log_S_0_5_HIP=log10(S_0_5_HIP);
log_N_0_5_HIP=log10(N_0_5_HIP);

% Fit: ’HIP_0_5mm’.
[x_0_5, y_0_5] =
prepareCurveData( log_N_0_5_HIP, log_S_0_5_HIP );

% Fit model to data.
[fitresult_0_5, gof_0_5] = fit( x_0_5, y_0_5, ft );

%% 0.35mm HIP
S_0_3_5_HIP=[448
560
370
353

];
N_0_3_5_HIP=[241764.5
125755.5
554417.5
1031323.5
];
log_S_0_3_5_HIP=log10(S_0_3_5_HIP);
log_N_0_3_5_HIP=log10(N_0_3_5_HIP);

% Fit: ’HIP_0_3_5mm’.
[x_0_3_5, y_0_3_5] =
prepareCurveData( log_N_0_3_5_HIP, log_S_0_3_5_HIP );

% Fit model to data.
[fitresult_0_3_5, gof_0_3_5] = fit( x_0_3_5, y_0_3_5, ft );

%% 0.3mm HIP
S_0_3_HIP=[440
560
350
380
];
N_0_3_HIP=[254684.5
105062.5
701499
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433494
];
log_S_0_3_HIP=log10(S_0_3_HIP);
log_N_0_3_HIP=log10(N_0_3_HIP);

% Fit: ’HIP_0_3mm’.
[x_0_3, y_0_3] =
prepareCurveData( log_N_0_3_HIP, log_S_0_3_HIP );

% Fit model to data.
[fitresult_0_3, gof_0_3] = fit( x_0_3, y_0_3, ft );
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%% 2mm No_HIP
S_2_No_HIP=[656
592
508
];
N_2_No_HIP=[66806
170511
369230
];
log_S_2_No_HIP=log10(S_2_No_HIP);
log_N_2_No_HIP=log10(N_2_No_HIP);
% Fit: ’No_HIP_2mm’.
[x_2_NH, y_2_NH] =
prepareCurveData( log_N_2_No_HIP, log_S_2_No_HIP);

% Fit model to data.
[fitresult_2_NH, gof_2_NH] = fit( x_2_NH, y_2_NH, ft );
%% 1.5mm No_HIP
S_1_5_No_HIP=[589
564
480
442
];

N_1_5_No_HIP=[97495
176971
381349
849952
];

log_S_1_5_No_HIP=log10(S_1_5_No_HIP);
log_N_1_5_No_HIP=log10(N_1_5_No_HIP);

% Fit: ’No_HIP_1.5mm’.
[x_1_5_NH, y_1_5_NH] =
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prepareCurveData( log_N_1_5_No_HIP, log_S_1_5_No_HIP);

% Fit model to data.
[fitresult_1_5_NH, gof_1_5_NH] = fit( x_1_5_NH, y_1_5_NH, ft );

%% 1mm No_HIP
S_1_No_HIP=[637
462
549
];
N_1_No_HIP=[84642
650969
155961
];

log_S_1_No_HIP=log10(S_1_No_HIP);
log_N_1_No_HIP=log10(N_1_No_HIP);

% Fit: ’No_HIP_1mm’.
[x_1_NH, y_1_NH] =
prepareCurveData( log_N_1_No_HIP, log_S_1_No_HIP);

% Fit model to data.
[fitresult_1_NH, gof_1_NH] = fit( x_1_NH, y_1_NH, ft );

%% 0.75mm No_HIP
S_0_7_5_No_HIP=[479
553
442
503
];
N_0_7_5_No_HIP=[453728
135133
1144337
203265
];
log_S_0_7_5_No_HIP=log10(S_0_7_5_No_HIP);
log_N_0_7_5_No_HIP=log10(N_0_7_5_No_HIP);

% Fit: ’No_HIP_0_7_5mm’.
[x_0_7_5_NH, y_0_7_5_NH] =
prepareCurveData( log_N_0_7_5_No_HIP, log_S_0_7_5_No_HIP);

% Fit model to data.
[fitresult_0_7_5_NH, gof_0_7_5_NH] = fit( x_0_7_5_NH, y_0_7_5_NH, ft );
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%% 0.5mm No_HIP
S_0_5_No_HIP=[533
438
485
426
];

N_0_5_No_HIP=[154335
579162
309187
631874
];

log_S_0_5_No_HIP=log10(S_0_5_No_HIP);
log_N_0_5_No_HIP=log10(N_0_5_No_HIP);

% Fit: ’No_HIP_0_5mm’.
[x_0_5_NH, y_0_5_NH] =
prepareCurveData( log_N_0_5_No_HIP, log_S_0_5_No_HIP);

% Fit model to data.
[fitresult_0_5_NH, gof_0_5_NH] = fit( x_0_5_NH, y_0_5_NH, ft );

%% 0.35mm No_HIP
S_0_3_5_No_HIP=[490
439
404
422
];
N_0_3_5_No_HIP=[197431
271612
847135
279656
];
log_S_0_3_5_No_HIP=log10(S_0_3_5_No_HIP);
log_N_0_3_5_No_HIP=log10(N_0_3_5_No_HIP);

% Fit: ’No_HIP_0_3_5mm’.
[x_0_3_5_NH, y_0_3_5_NH] =
prepareCurveData( log_N_0_3_5_No_HIP, log_S_0_3_5_No_HIP);

% Fit model to data.
[fitresult_0_3_5_NH, gof_0_3_5_NH] = fit( x_0_3_5_NH, y_0_3_5_NH, ft);

%% 0.3mm No_HIP
S_0_3_No_HIP=[550
450
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380
360
];
N_0_3_No_HIP=[92153
179265
422975
863359
];
log_S_0_3_No_HIP=log10(S_0_3_No_HIP);
log_N_0_3_No_HIP=log10(N_0_3_No_HIP);

% Fit: ’No_HIP_0_3mm’.
[x_0_3_NH, y_0_3_NH] =
prepareCurveData( log_N_0_3_No_HIP, log_S_0_3_No_HIP);

% Fit model to data.
[fitresult_0_3_NH, gof_0_3_NH] = fit( x_0_3_NH, y_0_3_NH, ft);

%% Sheet metal
%% 2mm Sheet Metal -No HIP
S_2_Sheet=[730
610
460
490
];
N_2_Sheet=[97664
195000
802563
588507
];
log_S_2_Sheet=log10(S_2_Sheet);
log_N_2_Sheet=log10(N_2_Sheet);
% Fit: ’Sheet_2mm’.
[x_2_Sheet, y_2_Sheet] =
prepareCurveData( log_N_2_Sheet, log_S_2_Sheet);

% Fit model to data.
[fitresult_2_Sheet, gof_2_Sheet] = fit( x_2_Sheet, y_2_Sheet, ft );
%% 0.4mm Sheet Metal -No HIP
S_04_Sheet=[650
550
400
450
];
N_04_Sheet=[110754
178461
812679
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334685
];
log_S_04_Sheet=log10(S_04_Sheet);
log_N_04_Sheet=log10(N_04_Sheet);
% Fit: ’Sheet_0.4mm’.
[x_04_Sheet, y_04_Sheet] =
prepareCurveData( log_N_04_Sheet, log_S_04_Sheet);

% Fit model to data.
[fitresult_04_Sheet, gof_04_Sheet] = fit( x_04_Sheet, y_04_Sheet, ft );

%% Plot
hold on

% HIP
%
plot( fitresult_2, x_2, y_2);
% scatter(log10(10^7), log10(384))
%
% plot( fitresult_1_5, x_1_5, y_1_5 );
% scatter(log10(10^7), log10(384.03))
%
%
% plot( fitresult_1, x_1, y_1 );
% scatter(log10(10^7), log10(377.91))
%
%
% plot( fitresult_0_7_5, x_0_7_5, y_0_7_5 );
% scatter(log10(10^7), log10(384))
%
%
plot( fitresult_0_5, x_0_5, y_0_5 );
% scatter(log10(10^7), log10(358))
%
% plot( fitresult_0_3_5, x_0_3_5, y_0_3_5 );
% scatter(log10(10^7), log10(325))
%
%
plot( fitresult_0_3, x_0_3, y_0_3 );
% scatter(log10(10^7), log10(300))
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%No HIP

% Plot fit with data.
plot( fitresult_2_NH, x_2_NH, y_2_NH);
% scatter(log10(10^7), log10(386))
%
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%
%plot( fitresult_1_5_NH, x_1_5_NH, y_1_5_NH );
% scatter(log10(10^7), log10(384))
%
%
%plot( fitresult_1_NH, x_1_NH, y_1_NH );
% scatter(log10(10^7), log10(375))
%
%plot( fitresult_0_7_5_NH, x_0_7_5_NH, y_0_7_5_NH );
% scatter(log10(10^7), log10(393))
%
plot( fitresult_0_5_NH, x_0_5_NH, y_0_5_NH);
% scatter(log10(10^7), log10(402))
%
%plot( fitresult_0_3_5_NH, x_0_3_5_NH, y_0_3_5_NH );
% scatter(log10(10^7), log10(365))
%
plot( fitresult_0_3_NH, x_0_3_NH, y_0_3_NH );
% scatter(log10(10^7), log10(350))

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% sheet Metal

plot( fitresult_2_Sheet, x_2_Sheet, y_2_Sheet );
%scatter(log10(10^7), log10(400))

plot( fitresult_04_Sheet, x_04_Sheet, y_04_Sheet );
%scatter(log10(10^7), log10(350))
%

hold off

% Label axes
% xlabel( ’log_N’, ’Interpreter’, ’none’ );
% ylabel( ’log_S’, ’Interpreter’, ’none’ );
% grid on
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APPENDIX D

STANDARD OPERATING PROCEDURE FOR PERFORMING FORCE
CONTROLLED CONSTANT AMPLITUDE AXIAL FATIGUE (HIGH CYCLE

FATIGUE) TEST ON THIN SPECIMEN
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D.1 Terminology:

1. Fast Track Controller 8800

2. Chiller

3. Hydraulic System

4. Instron 8801 (Fatigue Tester)

5. Desktop

Figure D.1: Complete Fatigue Test Setup
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D.2 Main Setup

1. Turn on the CPU, the Fast Track Controller 8800 and the Instron Console
Application on the desktop. Wait for a minimum of two minutes.

2. Turn on the Chiller and the Hydraulic system; wait for it to stabilize.

3. Restore Calibration.

4. Turn on the Actuators for the cross-heads by pressing “I” on the Fatigue
Tester (Press until there is a change in the noise from the hydraulic system)
and then press “II” to activate high pressure.

D.3 Position Control settings

1. Bring the bottom cross-head back to position 0mm by entering the position
using the “set point” tab. (Can also adjust using the remote control on the
machine)

2. Adjust the top crosshead as per the size of your specimen using the manual
clamps on the machine.

3. Turn off specimen protect.

4. Setup the position limits by pressing “Position”>> ”Primary Limits” be-
tween -70mm and 70mm. Press “Arm all limits in this test group”.

5. Do not change “Position Control” settings.
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Figure D.2: Adjusting the top Cross-head using Manual Controls
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Figure D.3: Position Primary Limits Setup

D.4 Load Control Calibration

1. Turn off the load limits by going to “Load” >> “Primary Limits”>> “Dis-
arm all limits in this test group”. Let the load cell warm up for 30minutes.

2. Click on “Calibration Wizard”, hit “Next” (4 times) until you reach the Cali-
bration page.

3. Press “Start”.

4. Then press “Finish” and “Cancel” on the next steps.

5. Now set load limits between -50 kN and 50 kN and press “Arm all limits in
this test group”. (Do not transfer to Load control while setting the Primary
Load Limits.)
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Figure D.4: Calibration Wizard Page

D.5 Placing the Specimen

1. Place a thick metal bar between the cross-heads and clamp them. This will
make sure that the cross-heads are in parallel position to each other.

2. Unclamp the bar.

3. Hold the Specimen using the calipers between the two cross-heads.

4. Place your specimen by aligning it with the ALIGNERS on both ends.

5. Clamp the top grip section first and then clamp the bottom grip section of
the specimen.

6. Close the door and latch it.
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Figure D.5: Aligners

D.6 Loop Tuning

1. Transfer to Load control by pressing “Load” >> “Transfer” >> “Immedi-
ately”.(The Load tab will turn green once it transfers to Load control)

2. Press “Load”>>“Control”>> “Loop Tuning”. Set the proportional to “0”.
Change the Mean Load, Amplitude and Frequency values as per the require-
ment and hit play.

3. Increase the “Proportional” until the green wave reaches 80-90% of the red
wave.

4. Hit stop and return to the main menu.

5. Transfer back to Position control by pressing “Position” >> “Transfer”>>
“Immediately”. (The Position Tab will turn green again)

6. Turn on the Specimen Protect.
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Figure D.6: Loop tuning

D.7 Running the test

1. Open “Wave Matrix” by pressing the icon on the desktop.

2. Click on “Test”.

3. Select “New Project” or “Continue Project” and press “Next”. (Enter the
name of your project if starting a new project)

4. Select the test method (Method used for thin wall specimen: America Makes
Fatigue Test) and press “Next”.

5. Go to “Methods” tab and in “Step-1”; change your mean load under “End
Point (Absolute Value)”. (Click on where red boxes are in Fig. 7.1 to enter
the correct step setting page.)

6. In Step-2; change the amplitude value under “Amplitude”, the “Number of
cycles” to 10million cycles and “Enable Amplitude Control”.

7. Under Step-2 -”Events” tab; change the “Threshold Value” to ’0’ .

8. Check the parameters in Step 3 and then press the “Start” test button (d)
under the “Test” tab. (End point should be 10mm)

9. Check the minimum and maximum load values that the test is achieving to
make sure your test is running as per the requirements.
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Figure D.7: Method tab

• Refer to the Instron 8801 when in doubt.

• To run a new test after the first test, follow steps 5 through 7.

D.8 Shutting down the Machine

1. Remove the specimen from the machine.

2. Turn off the Actuator (i.e press “0”).

3. Close the Instron Wave Matrix application.

4. Exit the Instron Console Application.

5. Turn off the Hydraulics.(Always Turn off the hydraulics before shutting down
the chiller)

6. Turn off the chiller.

7. Switch off the Fast Track Controller 8800.
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