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ABSTRACT 

Self-reacting friction stir welding (SR-FSW) is one of the processes used in the 

fabrication of the liquid oxygen and hydrogen tanks that comprise NASAôs Space Launch 

Systemôs (SLS) rocket. One weld tool component of interest is manufactured from MP159. 

Failure of the welding tool during production would result in downtime and require structural 

mitigation of the rocket body. Given the Certified Weld Procedure (CWP) used during 

production, the lineal inches of weld in a single production ñpassò, and the requirement for 

frequent tool replacement, a weld pin-tool failure during production would result from low cycle 

fatigue (LCF) damage accumulation. Unfortunately, there is limited data available in the 

literature for this materialôs fatigue behavior at elevated temperatures. This work has generated a 

statically significant strain life curve of MP159 at 800°F with fully reversed loading at a 

frequency of f = 1 Hz. Subsequent tests have produced data to support an exploratory strain life 

curve at a frequency of f = 2.4 Hz. Additionally, a combined kinematic and isotropic hardening 

constitutive model has been calibrated to the materials elevated temperature cyclic response. The 

constitutive model is used to determine the history-dependent deformation response of the tool at 

critical geometric locations as a function of loading conditions, boundary conditions and weld 

pin tool material evolution. Finally, a weld pin tool failure analysis engine has been implemented 

in MATLAB. This engine estimates the life of the weld pin tool as a function of accumulated 

damage resulting from any number of loading scenarios, or combined loading scenarios. Failure 

of the pin tool is predicted by use of Minerôs rule. The failure algorithm has the ability to 

combines damage from weld start up, steady state operation, and tool ñpull outò as well as any 
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combination of these individual operational components. The analysis engine may be used to 

determine safe operational conditions for the weld tool given weld procedures, or it may be used 

to redesign welding pin tool geometry to mitigate failures during production, thereby reducing 

production cost and schedule as well as ensuring the most structurally sound weld possible. 
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CHAPTER 1 INTRODUCTION 

1.1  Research Motivation 

Friction Stir Welding (FSW) is an advanced welding process that joins workpieces 

through large-scale plasticity enhanced by localized frictional heating. FSW is a solid-state 

joining process as there is no melting and re-solidification of the workpieces. The benefits of the 

reduced joining temperatures, as compared to arc welding, often include the mitigation of full 

dissolution of precipitate strengthening particulates, mitigation of unwanted microstructural 

phase changes, and mitigation of joining-induced residual stresses. A schematic created by 

Mishra et al. of a typical FSW setup is shown below in Figure 1.1 [1]. 

 

 
 

Figure 1.1: A typical FSW setup. A backing plate on the bottom surface (not shown) reacts the 

downward forces applied by the pin. Images created by Mishra et al. [1] 
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The welding tool consists of a shoulder and a pin section, which is rotated and plunged into the 

two workpieces intended to be joined. For Conventional FSW (C-FSW), the plunging forces are 

reacted by a backing pate. The weld is formed by traversing the welding pin tool across the joint 

to continuously heat and stir new incoming workpiece material. 

FSW processes are currently used by NASA to fabricate spacecraft pressure vessels. 

Conventional-FSW processes may be used to longitudinally join curved panels together to form 

rings. Several rings are then joined circumferentially to form pressure vessels. It is not practical 

to use a backing plate for circumferential welds. Instead, the welding tool is modified to 

incorporate a reaction surface by incorporating a second shoulder into the welding pin tool. This 

type of welding tool is known as Self-Reacting Friction Stir Welding (SR-FSW). A schematic of 

the SR-FSW process of interest is shown in Figure 1.2 [2]. 

 

 
 

Figure 1.2: The SR-FSW process of interest. The retractable pin tool (RPT) design allows for the 

independent actuation of the Crown and Root Shoulders. Image created by NASA in the MSFC 

Technical Standard ñEM30ò [2]. 
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Welding loads on the root shoulder are superimposed onto the body forces resulting in the pin 

section of the SR-FSW tool. The combination of pin and shoulder loads contribute to 

significantly higher stresses on SR-FSW pin tools when compared with similar tools for C-FSW 

pin tools [3]. Properly estimating safe operating conditions for SR-FSW pin tools is critical so 

that the tools are retired prior to failure.  

The SR-FSW pin tools used to manufacture pressure vessels for the SLS rocket 

occasionally fracture during production welds. Tool failure results in structural and 

microstructural damage to the workpiece, causing considerable delays to the projects schedule 

while the damage is remediated. To avoid further delays, NASA is requesting a life estimation 

algorithm be developed which estimates the durability of the SR-FSW pin tool design for the 

current welding procedure. A brief survey of retired welding tools was conducted. The retired 

pin tools appeared pristine when inspected visually and did not show any signs of wear. Closer 

visual inspection of the pin tools with a microscope, however, resulted in the discovery of 

approximately one third of the tools containing circumferential cracks at threads in the ñpinò 

section of the welding tool. This discovery suggests that cracks initiate during production 

welding in approximately one third of the pin tools inspected. These findings agree with other 

failure analyses of SR-FSW pin tools which concluded that the threaded pin section is prone to 

fracturing due to fatigue loading [3,4]. An understanding of the underlying damage mechanisms 

experienced by the pin tool material during operational conditions is required to accurately 

estimate the total damage accumulated during production welding. This is a complex 

undertaking due to the highly interrelated process parameters associated with the FSW process 

and the combined thermal and mechanical loading experienced by the pin tool, making it 

difficult to isolate the different effects each parameter has on pin tool damage accumulation.  
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1.2  Research Objectives 

The objective of this research was to develop a life estimation methodology for SR-FSW 

pin tools for NASA applications that accounts for the geometry of the pin tool, material 

properties, and service loads and temperatures. The local strain life approach was applied to the 

threads on the middle ñpinò section of the  welding tool to estimate the total damage accumulated 

from the measured load history. The novel life estimation tool developed for this work also 

captures cyclic material evolution, notch effects and mean stress effects.  

Several methods are used to validate the models used in this work. This includes 

microscopy of the fracture surfaces of tensile specimens to confirm the primary damage 

mechanisms present at specific loading regimes. A finite element model was used to justify 

parameters used in the life model such as the stress concentration factors, mean stresses, and 

strain amplitudes experienced by the SR-FSW pin tool during the welding procedure. A 

sensitivity study was used to investigate the effects different input parameters have on the life 

estimate of the numerical life algorithm. 

 

1.3  Overview of Thesis 

CHAPTER 2 is comprised of a literature review focusing on the FSW process. Existing 

models and failure case studies of FSW pin tools will be reviewed. Material properties for both 

the workpiece and pin tool will be summarized. CHAPTER 3 summarizes the nominal operating 

conditions of the SR-FSW pin tool. CHAPTER 4 details experimental results from mechanical 

testing of MP159. CHAPTER 5 details the life modeling techniques used in this work. 

CHAPTER 6 provides validation to the proposed model for this work. 
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CHAPTER 2  LITERATURE REVIEW 

2.1  Introduction 

 A preliminary literature review was performed to guide the development of the life 

estimation algorithm. Mechanistic models for Conventional Friction Stir Welding (C-FSW) were 

applied to the SR-FSW process to estimate the stress state as a function of the measured load 

history. Strain-controlled tests were performed to characterize the SR-FSW pin tool material, 

MP159, and to captures the different dominant damage mechanisms. A numerical life estimation 

algorithm then uses the strain-life curve to estimate damage as a function of the strain history. 

Notch analysis methods and mean stress correction methods provided reasonable bounds for the 

life estimates. Lastly, damage summing techniques provided a method to estimate the total 

accumulated damage for the load history. Each of these analysis methods will be briefly 

introduced in this chapter.  

 

2.2  Overview of Friction Stir Welding 

It is essential to understand the loading conditions on the tool during the production of a 

satisfactory weld.  Therefore, the weld will be described in detail, including the metallurgical 

zones created during the welding process. This  supports the numerical modeling effort quantify 

the complex interactions that occur between the SR-FSW pin tool and the workpiece. 

Friction between the pin tool and the workpiece creates frictional heating and shearing 

stresses between the weld tool and the workpiece. At a critical temperature the frictional shearing 

stresses will exceed the shear strength of the workpiece resulting in a plasticized material which 
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flows around the welding pin tool [1,5-9]. The welded material can be separated into different 

zones such as those depicted in Figure 2.1. 

 

 
 

Figure 2.1: A representation of the different interfaces between the welding pin tool and the weld 

metal. Image created by Nunes, 2018 [9]. A volume of material, bounded by the sticking surface 

and shearing surface, rotates with the welding pin tool. A C-FSW pin tool is shown, though a 

similar relationship is expected for SR-FSW pin tools. 

 

At the interface between the welding tool and the workpiece, the material either sticks-to or 

slips-against the welding pin tool. This is analogous to the shearing of a metal ñchipò during 

metal cutting processes where the material builds up on the cutting tool before being released [9-

11]. The shearing surface boundary layer is the primary location for large-scale plastic 

deformation, occurring where the required torque energy is minimized [9]. Parallel to the shear 

surface is a network of dislocations that result in grain refinement and formation of new grains 

through dynamic recrystallization [9]. The optimal weld microstructure is highly dependent upon 

weld process parameters and weld tool geometry, which are commonly determined through trial 
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and error [3]. An example of a FSW with desirable dimensional characteristics is given in 

NASAôs technical standard MSFC-SPEC-3679, shown in Figure 2.2: 

 

 
 

Figure 2.2: Cross sections of welded joints that exhibit desirable weld nugget dimensional 

characteristics of FSW processes. The top image is characteristic of a weld made using C-FSW 

process. The bottom image is characteristic of a weld made using SR-FSW processes. Images 

created by NASA MSFC in technical standard MSFC-SPEC-3679 [2]. 

 

For C-FSW processes, the cross section of welds with desirable characteristics has a trapezoidal 

shear layer extending from the crown shoulder to the base of the pin section. A SR-FSW weld 

with desirable characteristics has an hour-glass shaped shear layer that extends from both the 

crown and root shoulders and surrounds the pin section. The pin tool geometry, workpiece 
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strength, welding temperature, and welding process parameters all influence the shear layer 

boundary, and subsequently the weld nugget and thermo-mechanically affected zone (TMAZ) 

profiles [1,5,9].  

Higher mechanical inputs are required to produce microstructurally optimal welds for stronger 

material. The likelihood of fatigue failure and mechanical erosion increase as the loads applied to 

the FSW pin tool increase [11]. The life estimation algorithm provided herein supplements the 

SR-FSW development process by estimating the durability of the welding pin tool with respect 

to fatigue failure. 

 

2.3  Friction Stir Welding Load Distribution 

The total damage accumulated by the FSW pin tool depends on the stresses and strains 

experienced by the welding pin tool during the welding process. This section focuses on 

modeling the loading distributions on C-FSW as a function of the process parameters and 

welding tool geometries so that the welding pin tool stresses and strains can be estimated. 

Models for estimating the shear layer state will be introduced fi rst. Subsequent models that 

estimate the torque, transverse force, and lateral force loading distributions on the pin tool will 

build off the shear layer models. The models discussed in this section will be applied in Chapter 

3 to estimate the stress-state of the SR-FSW pin tool as a function of the measured load history. 

 

2.3.1  Shear Layer Modeling 

The flow stress decreases with elevated temperature, forcing the deforming weld material 

in the shear layer to achieve high strain rates to maintain mechanical energy equilibrium [9]. The 

velocity of the material within the shear layer can be correlated to the power required to rotate 
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the FSW pin tool [8,12-14]. The velocity of the flowing material can be quantified using the slip 

ratio, ŭ, which relates the velocity of the shear layer to the welding pin tool rotational velocity. 

One means of estimating the slip ratio and coefficient of friction for C-FSW processes is based 

upon a model for Cross-Wedge Rolling (CWR) forging process [8,15]. The relationship was 

developed for AA1100 workpieces using finite element simulations and confirmed with 

experimental results [12]. The slip ratio relationship is given in equation 2.1: 

‏ πȢσρὩὼὴ
Ȣ

        Eq. 2.1 

where ɤ is the rotational rate of the FSW tool, 2 is the shoulder radius of the FSW tool , and ‏ 

is the slip ratio. This model was experimentally validated for rotational speeds of ʖ2 = 0.1 m/s 

to 1.6 m/s. Estimates within this range bound the slip ratio estimate between ŭ = 0.2 to 0.8, 

which agrees with other estimates for the slip ratio from the literature [15]. A similar relationship 

is established for estimating the coefficient of friction based on the CWR process [5]: 

А πȢυ Ὡὼὴ‏ʖ2        Eq. 2.2 

where А is the coefficient of friction between the FSW tool and the workpiece [5]. Roth et al. 

set up an experiment to estimate the coefficient of friction using Equation 2.3 by measuring the 

motor torque required to plunge a C-FSW pin tool into AA5083-H111 workpieces [12]. The 

equation is as follows: 

А ὓȾςὊ Ὤ        Eq. 2.3 

where ὓ  is the experimentally measured torque acting on the FSW pin tool, Ὂ is the axial force 

on the pin tool, Ὑ is the tool shoulder radius, Ὑ  and Ὤ are the radius and length of the threaded 

section of the tool, respectively. The experiment estimated that the coefficient of friction ranged 

from А = 0.3 to 0.4, which agrees with the CWR model and other literature sources [13,15]. The 
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results of this experiment also indicated that the coefficient of friction remains independent of 

the workpiece temperature from T = 330°C to 530°C (626°F to 986°F) [13]. The life estimation 

algorithm provided herein will estimate the slip ratio and friction coefficient for steady state 

conditions and assume they are constant for the entire weld duration. 

 

2.3.2  Torque Modeling 

The slip ratio and coefficient of friction estimates can be extended further to estimate the 

torque required by the welding pin tool. One model proposed by Roth et al. estimates the torque 

requirement on a C-FSW pin tool, given by Equation 2.4 [12] 

ὓ  ς“†ὅέὲὸὥὧὸὙ Ὤ       Eq. 2.4 

where ὓ is the total torque required to rotate the C-FSW pin tool and †  is the total shear 

stress on the FSW pin tool due to the combination of deformational work and friction against the 

workpiece. The total shear stress is defined in equation 2.5 [7,12]: 

† †‏  ρ ɿА       Eq. 2.5 

where ‏ is the slip ratio, † is the workpiece shear strength, А is the coefficient of friction 

between the tool and the workpiece, & is the axial force on the FSW tool, and Ὑ is the radius of 

the tool shoulder. This model assumes that the material sticking to the pin tool has a maximum 

value based on the workpiece shear strength. The remaining torque is developed from the friction 

between the rotating pin shoulder and the shearing workpiece material. This model was validated 

by plunging a C-FSW pin tool into AA5083-H111 workpiece material, the results of which are 

shown in Figure 2.3: 
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Figure 2.3: A comparison between the measured experimental torque (Me) to three predictions 

from the torque model proposed by Roth et al [12]. The torque model assumed a constant 

coefficient of friction of µf = 0.3 for a welding pin with Rp = 5 mm and Rs = 13 mm. The 

measured temperature (T) is also plotted. All of the torque estimates capture the general trend of 

the of the experimental data as the temperature increases 

 

This analysis indicates that the slip ratio for this experiment is bounded between ŭ = 0 to 0.2. The 

ŭ = 0 case does not capture the abrupt shift in measured torque from the experimental data 

(shown within the two dashed black boxes between t = 80s to 120s). Regardless of which, this 

model provided reasonable estimates to the total torque experienced by the welding pin tool. 

Nunes at NASA MSFC established a physics-based approach to determine the total 

torque acting on the pin tool. Tool torque can be calculated using equation 2.6 if the temperature 

and pressure fields acting on the shear surface are known or can be estimated [9].  

ὓ Ḁ†ὶ ρ ά Ὠ—Ὠᾀ Ḁ†ᾀ πὶὨ—Ὠὶ   Eq. 2.6 

ά           Eq. 2.7 
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Where ὓ is the total torque acting on the pin tool, † is the shear stress, ὶ is the polar coordinate 

about the tool axis, m is the instantaneous slope of the shear surface, and ᾀ is the coordinate from 

the tool shoulder plane. By manipulating the shear flow stress term, the total moment acting on 

the pin tool is simplified to equation 2.8 [9]: 

ὓ ς“ ”ὅὝ Ὕ ᷿      Eq. 2.8 

where Ὧ is the thermal conductivity of the workpiece, ” is the weld metal density, ὅ is the 

specific heat, Ὕ  is the melting temperature of the workpiece, Ὕ is the ambient temperature, 

and Ὑ is the distance from the pin tool center to the location where the workpiece temperature is 

sufficiently close to the ambient temperature. Equation 2.8 simplifies equation 2.6 by assuming 

that the shear surface can be simplified as a truncated cone [9]. While more complex than the 

previous model (equation 2.4), this model agrees well with experimental data for two different 

C-FSW processes, shown in Figure 2.4: 

 

 
 

Figure 2.4: Comparison of the Nunes torque model predictions to experimental data. (Left) 

results from Example 1, C-FSW of 2219-T87 at 8 in/min using a pin tool with Rp = 0.5 in,       

Rs = 1.2 in. (Right) results from Example 2, C-FSW of 2219-T87 at 4 in/min to 15 in/min using 

a pin tool with Rp = 0.19 in, Rs = 0.48 in [9]. 
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Both examples in Figure 2.4 demonstrate the robustness of the Nunes torque model over a wide 

range of rotational speeds, traversing speeds, and tool geometries.  

 

2.3.3  Axial Force Modeling 

For C-FSW, the pin tool plunging forces are reacted by the backing plate. This allows C-

FSW pin tools to plunge directly into the middle of a plate without a lead-in or pre-drilled hole. 

Both the pin and shoulder sections will exert an inertial pressure on the workpiece as it presses 

the workpiece against the backing plate. Threaded or profiled geometries on the pin generates 

viscous forces within the shear layer which could have an axial force component. 

Atharifar et al. performed finite element (FE) simulations of the C-FSW of AA6061-T6 

workpieces. A coupled thermal and fluid flow analysis was used to elucidate the thermal and 

mechanical loads on the welding pin tool [6]. One of the primary outcomes of this work was the 

estimated axial, transverse, and lateral force components generated by the threaded and shoulder 

sections of the pin tool. The simulation estimated that approximately 90% of the total axial force 

is generated by the pressure force of the tool shoulder pressing against the workpiece across a 

wide range of rotational and traversing speeds [6]. 

 

2.3.4  Traversing Force Modeling 

The FSW pin tool must translate across the workpiece to join the material. The role of the 

pin section of the C-FSW pin tool is to crush and stir incoming material to support the large-

scale plasticity generated by the tool shoulder [9]. Translation of the pin tool is resisted by 

inertial pressures and viscous flow interactions between the welding pin tool and the workpieces 

[6]. Of great interest to this work is the fully reversed bending loads applied to the side of the pin 
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shank as the tool rotates and traverses through the workpiece. Arora et al. proposed that the 

traversing force on the threaded section of the C-FSW pin tool is a function of the flow stress of 

the workpiece as a function of distance from the shoulder, given by equation 2.9 [8]: 

„ ᷿ ᾀήᾀὨᾀ   Eq. 2.9 

where „  is the maximum net bending stress on the pin, ήᾀ is the force distribution as a 

function of the distance from the crown shoulder. Figure 2.5 displays a typical loading 

distribution for C-FSW pin tools [8].    

 

 
 

Figure 2.5: Loading distribution, q(z), in the welding direction as a function of the distance from 

the shoulder. The model assumes that the temperature, and consequently the flow stress, changes 

as the distance from the shoulder increases. Image created by Arora et al. [8]. 

 

This model predicts that the largest traversing forces exists at the end of the pin where the 

workpiece material is coolest. Estimating the temperature and flow shear strength gradient of the 
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workpiece is a non-trivial task. Atharifar et al. established a FE model simulation of the C-FSW 

process for welding of AA6061 workpieces and compared the results to experimental data [6]. 

The FE model estimated the inertial and viscous loads acting on the C-FSW pin tool as a 

function of traversing speed and rotational rate. The study concluded that the transverse, or drag, 

force increases as the rotational rate decreases and as the traversing speed increases [6]. These 

findings support the similar conclusions from other sources [3,7-8,13,15-17]. Additionally, the 

viscous forces generated by the tool shoulder contribute to approximately 75% of the total 

welding force, whereas the inertial forces on the pin only contributed to approximately 15% of 

the total force [6]. The remaining 10% of the total force is generated by viscous forces on both 

the pin and shoulder sections of the welding pin tool [6].  

Debroy et al. established an analytical method for estimating the stresses acting on 

circular and non-circular pin C-FSW pin tools which included a means of estimating the loading 

distribution expected for C-FSW pin tools [18]. The shoulder component of the transverse force 

for C-FSW pin tools can be estimated by use of Coulombôs law of friction and the slip-ratio, 

given in equation 2.10 [18]:  

Ὂ  ᷿  АὊς“ὶὨὶ               Eq. 2.10‏

Where the shoulder force, Ὂ , is the total frictional force applied to the slipping material 

integrated across the entire area on the shoulder of the C-FSW pin tool. 

Nunes also estimated the traversing force as a function of process parameters with 

equation 2.11: 

Ὂ  ᷿ ὖÃÏÓ— †ρ ά ÓÉÎ—ὶὨ—Ὠᾀ             Eq. 2.11 
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where P is the pressure acting on the shear surface, † is the shear stress acting on the shear 

surface, and m is the instantaneous slope of the shear surface defined in equation 2.7. Both terms 

must be defined as a function of the polar coordinates of the shear surface. This definition is 

depicted graphically in Figure 2.6 [9]. A comparison between the computed and measured drag 

forces is given for two examples in Figure 2.7 [9]: 

 

 
 

Figure 2.6: Definition of the pressure and shear stresses acting on the shear surface. Image 

created by Nunes [9]. 
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Figure 2.7: Comparison of the Nunes drag force model predictions to experimental data. (Left) 

results from Example 1, C-FSW of 2219-T87 at 8in/min using a pin tool with Rp = 0.5 inch,    

Rs = 1.2 inch. (Right) results from Example 2, C-FSW of 2219-T87 at 4 in/min to 15 in/min 

using a pin tool with Rp = 0.19 inch, Rs = 0.48 inch. Images created by Nunes [9]. 

 

The estimates made using equation 2.11 tends to capture the general trend of the experimental 

data but are not as accurate as the torque model (equations 2.6-2.8) [9]. The examples considered 

by Nunes resulted in the computed values being off by as much as a factor of three [9]. 

 

2.3.5  Lateral Force Modeling 

Traversing the welding tool across the workpieces generates an effective uniform flow of 

incoming workpiece material. Different relative velocities of the weld material on the advancing 

and retreating sides will result in a lateral pressure due to the Magnus effect [3,6]. The pressure 

will generate a force that pushes the FSW pin tool towards the retreating side of the weld, as 

shown with Figure 2.8 [3]: 
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Figure 2.8: The rotating pin tool within a uniform flow will experience a lateral pressure 

differential due to the magnus effect. The flow field is visualized from the perspective of the 

FSW pin tool. In this example the tool is traversing to the left, resulting in a perceived flow of 

material from left to right. Image originally created by Hilgert and subsequently modified to 

include the original joint line [3] 

 

Finite element simulations performed by Atharifar et al. also provided insight into the lateral 

loading distribution. Their study estimated that 95% of the total lateral load was generated by the 

tool shoulder and 5% of the total lateral force was generated by the pin section and ultimately 

can be neglected [8]. 

An alternative definition of the lateral force term is defined in the Nunes model [9]. The 

lateral force component given by equation 2.12 takes on a similar form as the drag force term 

defined in equation 2.11, where the combined pressure and shear forces on the shear surface 

result in a net lateral force acting on the pin tool: 
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 Ὂ  ᷿ ὖÃÏÓ— †ρ ά ÓÉÎ—ὶὨ—Ὠᾀ             Eq. 2.12 

A comparison of the lateral force estimate to measured force data is provided in Figure 2.9: 

 

 
 

Figure 2.9: Comparison of the Nunes lateral force model predictions to experimental data. (Left) 

results from Example 1, C-FSW of 2219-T87 at 8 in/min using a pin tool with Rp = 0.5 in,         

Rs = 1.2 in. (Right) results from Example 2, C-FSW of 2219-T87 at 4 in/min to 15 in/min using 

a pin tool with Rp = 0.19 in, Rs = 0.48 in. Images created by Nunes [9]. 

 

This model does not effectively capture the general trend of the experimental data, implying that 

the relationship defined in the Nunes model is not accurately estimating the lateral force acting 

on the C-FSW pin tool [9]. 

 

2.4  Description of MP159  

The SR-FSW pin tool of interest is manufactured from MP159, a nickel-cobalt based 

alloy with excellent mechanical properties at elevated temperatures [19-23]. The 

MULTIPHASEÊ alloys are designed based on an assumed phase transformation of face 

centered cubic (FCC) plates along the {111} planes into finely twinned hexagonal close packed 
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(HCP) structures that occurs as a result of cooling pure cobalt below 420°C [19-22]. The 

resulting alloys achieves high-strength, ductility, and corrosion resistance up to a maximum 

operating service temperature of 593°C (1100°F) [19-23]. MP159 has the following nominal 

chemical composition [19]: 

 

Table 2.1: Chemical composition of MP159 alloy. The nominal chemical composition results in 

gamma prime phase precipitates forming during age hardening. [19]  
 

MP159 Ni Co Cr  Fe Mo Ti  Cb Al  

Weight Percent [%] 25.5 35.7 19.0 9.0 7.0 3.0 0.6 0.2 

 

Each chemical constituent plays an important role in MP159ôs strength, ductility, and corrosion 

resistance at elevated temperatures. The combination of nickel, cobalt, chromium, and 

molybdenum strengthen the matrix through solid-solution and are believed to induce phase 

transformations (FCC to HCP) through cold-working [21]. Nickle also stabilizes the FCC phase 

and lowers the martensite start temperature to just below ambient temperatures [24]. Titanium, 

aluminum, and niobium develop into gamma prime strengthening precipitates within the 

microstructure [21]. The addition of iron was required to control the sigma phase and has the 

added benefit of reducing the mix cost [21]. Carbon and boron are added to strengthen the grain 

boundaries [21].  

One typical heat treat schedule for this material is defined by AMS 5843 [25]. This 

specification requires that the component is first solution heat treated at 1038°C-1052°C 

(1900°F-1925°F) for 4-8 hours, followed by water quenching. The component is then cold 

worked by 48% to produce strain hardening mechanisms. The material is then aged at 649°C-

677°C (1200°F-1250°F) for 4.0-4.5 hours before air cooling to room temperature [25]. Cold 

working and age hardening create the conditions necessary for the gamma prime precipitate to 
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form which largely contributes to MP159ôs elevated temperature strength. Figure 2.10 displays 

the mechanical strength of MP159 as a function of cold working and operating temperature.  

 

 
 

Figure 2.10: Mechanical properties of MP159 taken from Latrobe [19]. The mechanical strength 

is evaluated as a function of cold working (left) as well as testing temperature.  

 

The Air Force Materials Laboratory (AFML) characterized the mechanical strength of MP159 at 

room temperature and at elevated temperatures of 427°C (800°F) and 649°C (1200°F). The 

stress-life curve generated by this work is shown in Figure 2.11.  
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Figure 2.11: A stress-life curve based on the research from AFML using smooth (top) and 

notched (bottom) specimens. Tests performed using a loading ratio of R = 0.1 and loading rate of 

f = 20 Hz. Figure and experimental data produced by AFML [26] 
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The stress life curves for smooth fatigue specimen (Kt = 1) tested at different temperature 

regimes appear to be relatively equivalent within the stress amplitudes tested. The highest stress 

amplitude tested in each of the temperature regime is less than the monotonic yield stress, so the 

specimens were expected to primarily deform elastically. Additional testing of notched specimen 

introduced limited plastic deformation at the notch root. A larger reduction in life is present for 

notched specimen at elevated temperatures. This indicates that the combination of elastic, plastic, 

and viscoelastic damage mechanisms reduce the damage tolerance of the material at elevated 

temperatures.  

C. Collier investigated the suitability of multiple alloys for FSW pin tool use including 

MP159. Their experiment thermally conditioned test samples at multiple different elevated 

temperatures for several different duration to mimic the thermal effects of the FSW process. 

Material qualification for FSW pin tool purposes was determined based on the fracture toughness 

of the different test samples through IZOD impact testing at room temperature and at elevated 

temperatures [27]. SEM images of the fracture surfaces of the baseline room temperature 

specimen are shown in Figure 2.12. Additional imaging of a specimen which was thermally 

conditioned at 500°C for 50 hours is shown in Figure 2.13 [27]: 
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Figure 2.12: SEM images of MP159 specimen from IZOD fracture tests taken at the central area 

(left) and at shear lips (right). Fracture test performed at room temperature without any thermal 

conditioning. Images captured by C. Collier [27]. 

 

 
 

Figure 2.13: SEM images of MP159 specimen from IZOD fracture tests taken at the central area 

(left) and at shear lips (right). Fracture test performed after 50 hours at 500°C to simulate 

welding conditions. Images captured by C. Collier [27]. 

 

The study found little evidence of variation between fracture surfaces of baseline specimen and 

the specimen conditioned at 500°C [27]. Both specimens failed by ductile fracture though 

microvoid coalescence process [27]. A varied dimple size within the center area is attributed to 

non-uniformity of nucleating particles, while the dimpling in the shear lips were uniform and 
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equiaxed [27,28]. This indicates that beyond a critical range the plastic deformation is similar at 

both room temperature and elevated temperature (T = 500°C). 

 

2.5  Strain-Life Fatigue Method  

The existing literature data for MP159 used stress-controlled fatigue testing to 

characterize the fatigue response of the material [26]. The stress-life fatigue method is well 

suited for constant amplitude loading histories that result in longer lives [29]. The SR-FSW tool 

used for production of pressure vessels for NASA, however, fails at shorter lives where plastic 

strains are believed to play a more significant role. The threads in the pin section act as a stress 

concentration which cause localized plasticity at the thread roots. The material surrounding the 

thread root elastically restrains the localized plastic deformation in a strain-control manner [29]. 

Thus, strain-control fatigue testing is the best method of characterizing the pin tool material 

deformation response at a notch. The life estimation algorithm provided here will estimate 

fatigue failure of the SR-FSW pin tool using the local strain-life method, which is well suited to 

handle the sequencing of the SR-FSW process and will capture the mean stress state changes 

during the measured load history [29]. This section will briefly introduce the local strain-life 

fatigue method for analyzing notched components.  

 

2.5.1  Constitutive Modeling of the Pin Tool Material 

Strain-controlled testing was used to precisely prescribe a constant strain amplitude. The 

proportion of elastic and plastic strain can be determined for each loading cycle by use of a 

hysteresis loop, or contour of stress and strain. An example of a hysteresis loop is given in Figure 

2.14. The material experiences elastic straining, Ў‐, during unloading and loading for each 
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reversal within a hysteresis loop. Loading beyond the proportional limit will result in 

unrecoverable plastic straining, Ў‐ [29]. Strain-control tests performed at a constant strain 

amplitude will capture the evolution of the material, such as cyclic strain hardening or strain 

softening [29]. An example of strain hardening is shown in Figure 2.15 [29]: 

 

 
 

Figure 2.14: Example hysteresis loops showing the elastic and plastic strain components. This 

figure is taken from Fundamentals of Metal Fatigue Analysis by J. Bannantine et al. [29] 
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Figure 2.15: Cyclic strain-hardening. For a constant amplitude strain-controlled test the stress 

amplitudes increase over time. Figure created by Bannantine et al. [29] 

 

For the strain hardening, the cyclic stress amplitude increases over time whereas the stress 

amplitude decreases over time during strain softening. The amount of strain hardening or strain 

softening can depend on the plastic strain amplitude [30]. After an initial transient behavior, the 

material will typically become cyclically stable [29]. It is common to determine fatigue 

properties using the half-life cycle, or 50% of the total life, such that the stabilized response is 

used [29]. The cyclic stress-strain curve is defined using the stabilized response from multiple 

tests. An example of the cyclic stress-strain curve is provided in Figure 2.16:  
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Figure 2.16: A cyclic stress-strain curve developed from the peaks of multiple hysteresis loops. 

This figure is taken from Fundamentals of Metal Fatigue Analysis by J. Bannantine et al. [29] 

 

A cyclic stress-strain curve is fit to the peaks of each unique hysteresis loop. The cyclic stress-

strain curve will capture the different stabilized deformation responses as a function of different 

strain amplitudes.  

The cyclically stable response is also used to determine the strain-life fatigue properties. 

The strain life plot, shown below in Figure 2.17, characterizes the fatigue life based on the 

combination of elastic and plastic strain amplitudes of multiple fully reversed strain-controlled 

fatigue tests for the stabilized cycle [31]. 
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Figure 2.17: A typical strain-life curve for a ductile metal. The size of the hysteresis plots 

increases as the plastic strain amplitude component increases, resulting in lower life. Figure 

created by R.W. Landgraf [31]. 

 

Basquin developed a curve fit for the elastic component of the strain amplitude using the 

following power law fit relationship: 

Ў
 ςὔ                   Eq. 2.13 

Where 
Ў

 is the true elastic strain amplitude, „  is the fatigue strength coefficient, E is the 

modulus of elasticity, ςὔ is the number of reversals to failure, and ὦ is the fatigue strength 
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exponent. Coffin-Manson developed similar relationships for the plastic component of the strain 

amplitude: 

Ў
 ‐ᴂςὔ                   Eq. 2.14 

Where 
Ў

 is the true plastic strain amplitude, ‐ᴂ is the fatigue strength coefficient, E is the 

modulus of elasticity, and ὧ is the fatigue ductility exponent. Combining the elastic and plastic 

strain amplitudes yields the following equation: 

Ў Ў Ў
 ςὔ ‐ᴂςὔ                Eq. 2.15 

 

where the total strain amplitude, 
Ў

, is the sum of the elastic and plastic strain amplitude 

components. Numerical methods must be used to estimate the number of reversals to failure for a 

given total strain amplitude. 

 

2.5.2  Stress Concentrations and Notch Effects 

Threads on the middle section of the SR-FSW pin tool act as stress concentrations which 

adversely affect the fatigue life of the tool [4,29]. Stress concentrations are caused by 

discontinuous geometries in a component and result in local increase in stress and strain 

experienced at the notch. The ratio of local stresses and strains to nominal stresses and strains is 

quantified as the stress concentration factor, Kt. The relationship between local notch stresses 

and nominal stresses in the net section remains constant to the proportional limit. At the onset of 

yielding the stress and strain responses are no longer linearly related, resulting in the local stress 

concentration, ὑ , to decrease and the local strain concentration, ὑ, to increase with respect to 
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the nominal stress concentration [29]. Neuber proposed that the effective stress concentration 

beyond yielding can be estimated by the geometric mean of the local stress concentration and the 

local strain concentration, which is shown in Equation 2.16 [29]:  

ὑ  ὑὑ                  Eq. 2.16 

There are two prominent models to determine the true notch tip stresses and strain 

beyond the proportional limit. The model proposed by Neuber stipulates that the product of 

stresses and strains derived from elastic estimates is equal to the true notch stresses and strains 

derived from the cyclic stress-strain curve [29]. When the component remains nominally elastic 

Neuberôs rule takes the following form [29]: 

ὑ ὛὩ „‐                   Eq. 2.17 

where ὑ is the monotonic stress concertation factor, Ὓ and Ὡ are the net section stresses and 

strains, and „ and ‐ are the true stress and true strain at the notch tip. This version of Neuberôs 

rule assumes that yielding has only occurred at the notch root and that the surrounding material is 

elastic. When limited plastic deformation occurs in the net section of the component the 

engineering stress and strain values must be determined from an elastic-plastic constitutive 

model such as the cyclic stress-strain curve [29]. 

Glinka proposed an alternative method for determining the notch response. This method 

equates the strain energy density between the linear-elastic and elastic-plastic material responses. 

Glinkaôs equation has the following form [32,33]: 

ὑ                 Eq. 2.18 
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where ὑ is the stress concertation factor, Ὓ is the net section stress, Ὁ is the modulus of 

elasticity, „ is the true stress and true strain at the notch tip, and ὑ and ὲ are the strength 

coefficient and strain hardening exponent which define the cyclic stress-strain response. 

Banaszkiewicz et al. performed a study to determine whether the Glinka or Neuber 

method is better at estimating the true stresses and strains for notches located on turbine rotors 

[34]. This study used finite element simulations to estimate the true notch response as a function 

of different startup conditions. Figure 2.18 shows the conclusions made in this study: 

 

 
 

Figure 2.18: Results of the finite element study performed by Banaszkiewicz et al. [34]. Three 

different startup conditions were simulated for a turbine method. The solutions of the finite 

element simulations are compared to the estimates made by both Neuber and Glinka. 
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The simulation results from 18 notches in the FE model were compared to the estimates given 

using Neuber and Glinkaôs method. The study concluded that Neuberôs rule overestimated the 

strain amplitude predicted by the FE simulation by +20% while Glinkaôs method underpredicted 

the strain amplitude by -18% [34]. The absolute difference between both analytical methods and 

the finite element solution increased as the strain amplitude increased [34]. The life estimation 

algorithm herein will compute both formulations to bound the notch tip solution set.  

 

2.5.3  Mean Stress Effects 

Cyclic fatigue properties for MP159 were experimentally estimated using fully reversed, 

constant strain-amplitude fatigue tests. The SR-FSW pin tool is expected to have a non-zero 

mean stress because it experiences a combination of constant and alternating loads. The life of 

the component is expected to increase for a compressive mean stress and decrease for a tensile 

mean stress [29]. This section will introduce several mean stress theories that will be used by the 

life estimation model provided herein to properly correct the life estimations for non-zero mean 

stresses. 

Some engineering materials exhibit mean stress relaxation at high strain amplitudes and 

the mean stress will trend towards zero mean stress [29]. The Morrow mean stress method is 

appropriate for materials that exhibit mean stress relaxation because it only corrects the elastic 

portion of the strain life curve, as shown by Figure 2.19 [29].  
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Figure 2.19: Morrow correction method for tensile mean stresses. Image created by Bannantine 

et al. [29]. 

 

The Morrow correction method has a minimal effect on loading regimes where plastic strains 

dominate the deformation response and a full effect on loading regimes where plastic strains are 

negligible. There are two variants of the Morrow mean stress correction. The original Morrow 

mean stress correction is given in equation 2.19:  

Ў
ςὔ ‐ ςὔ                Eq. 2.19 

where 
Ў

 is the strain amplitude, „  is the fatigue strength coefficient, „  is the mean stress, Ὁ is 

the cyclic modulus of elasticity, ὦ is the fatigue strength exponent, ‐  is the fatigue ductility 

coefficient, ὧ is the fatigue ductility exponent, and ςὔ is the number of reversals to failure.  

Another mean stress correction method was proposed by Smith, Watson, and Topper 

(SWT). The SWT mean stress theory corrects both the elastic and plastic portions of the strain 

life curve, as shown by Figure 2.20 [29]: 
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Figure 2.20: SWT correction method for tensile mean stresses. Image created by Bannantine et 

al. [29]. 

 

The SWT mean stress method is given by equation 2.21: 

„
Ў

ςὔ „‐ ςὔ               Eq. 2.21 

where „  is the maximum stress experienced by the component. This method is prone to 

overestimating the mean stress effect on lower lives where mean stress relaxation can occur 

[29,35]. Despite violating the constitutive relationship, the SWT method generally provides an 

accurate account for mean stress effects of most structural material [29,35]. 

The last mean stress method considered is the Walker method. The Walker mean stress 

method is a more robust approach to mean stress effects because it can be calibrated directly 

from fatigue life data [38]. A single fitting parameter, ɔ, is fitted to multiple strain-life curves 
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developed at different mean stresses. The Walker mean stress relationship can be applied to the 

strain-life equation in the following form: 

Ў
ςὔ ‐ ςὔ             Eq. 2.22 

where R is the load ratio, or ratio of minimum load to maximum load, and ɔ is the Walker fitting 

parameter. Because this model is calibrated to experimental data it can provide superior results, 

such as the example shown in Figure 2.21: 

 

 
 

Figure 2.21: Example of the Walker mean stress calibration for 42CrMo4 Steel. Figure created 

by Dowling [36]. 

 

In this example the strain life curves of three different mean stresses are compressed to a single 

fit curve by use of the Walker method. In situations where there is insufficient data to calibrate 

the Walker method it is recommended to assume a default value of ɔ = 0.5, which takes on the 

form of the SWT mean stress equation [36].  
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2.5.4  Damage Summing Techniques 

The SR-FSW process experiences variable-amplitude fatigue loading due to the transient 

nature of FSW. Variable amplitude fatigue requires specialized damage summing techniques to 

account for the total damage accumulated by the material. One common method for summing 

variable amplitude cyclic loading is by use of the rainflow counting algorithm. The rainflow 

counting algorithm was original developed by T. Endo and M. Matsuishi in 1968 to extract all 

completed loading cycles for a variable amplitude loading history [29]. An example of the 

rainflow cycle counting predicted hysteresis loops for a variable amplitude load history is given 

in Figure 2.22 [35]: 

 

 
 

Figure 2.22: Estimates for the materials response to the variable amplitude loading history. This 

process captures the ñmemory effectò of the material and allows for the mean stress to be 

estimated for each loading cycle. Figure created by Dowling [35]. 
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The rainflow cycle counting process captures the mean stress and material evolution by use of 

the memory effect. This process ñremembersò the state of the yield surface for previous loads 

which resulted in maximum or minimum stresses and strains. In the case of the previous 

example, loading from point C to D completes an intermediate cycle of B-C-B. The rainflow 

cycle counting algorithm retrieves the previous maximum of point A from its ñmemoryò and 

redefines the stress and strain amplitude base on points A-D. For this example, all loading cycles 

result in a completed hysteresis loop because the load history starts and ends at the same 

maximum value.  

 Damage for each loading cycle is estimated using the strain life curve. Once the number 

of cycles to failure by crack initiation have been identified the damage per cycle was determined 

using the following equation: 

Ὀ                    Eq. 2.23 

where Ὀ is the damage for a block of loading, ὔ is the total occurrences of a particular loading 

block and ὔ is the life estimated for the loading amplitude for the loading block.  

Palmgren-Minerôs rule is a linear damage summing rule that allows for the total damage 

accumulation to be estimated, which is given as equation 2.24: 

ВὈ  ВὈ                  Eq. 2.23 

where Ὀ  is the total damage summed across all loading blocks. Failure of the material is 

predicted when the total damage accumulation term equals one. For this work failure is defined 

as the initiation of a crack in the SR-FSW pin tool.
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CHAPTER 3 ï WELDING LOAD HISTORY AND DISTRIBUTION 

3.1  Introduction 

A schematic of the SR-FSW welding pin tool assembly used by NASA to 

circumferentially weld pressure vessels is shown in Figure 3.1 [4]. 

 

 
 

Figure 3.1: A schematic of the SR-FSW pin tool. Failure of the current pin tool design (left) 

most commonly occurs in the ñpinò section, or threaded portion, of the tool between the crown 

and root shoulders (detail, right). Images from [4]. 

 

The SR-FSW pin tool must produce a preliminary qualification weld for microstructural 

evaluation before creating a production weld. A graphical representation of the process flow 

diagram for one of NASAôs SR-FSW processes is given by Figure 3.2: 



 

39 

 

 
 

Figure 3.2: NASAôs SR-FSW process requires each tool to produce a qualification weld. The 

same SR-FSW tool is used for a production weld if the qualification weld is satisfactory. 

 

The welding process begins with the ñDwellò stage where the SR-FSW pin tool rotates at a 

specified rate without translating to locally heat the workpiece. The tool then ñstarts-upò by 

traversing across the workpiece. The start-up stage transitions into the steady state stage when 

the welding forces and local workpiece temperature reaches an equilibrium state. The process 

ends with the tool slowing to a stop before being extracted from the workpiece. The sequencing 

of events of the qualification weld and the production weld are assumed to be identical, with the 

primary difference being the duration of time spent in the steady-state stage. Thus, the 

production weld history can be simulated using the qualification load history so long as the 

assumed steady state duration is adjusted to account for differences in weld length. 

This section will focus on the mechanical and thermal loads experienced by the SR-FSW 

pin tool for the welding procedure. A loading distribution will be estimated by applying 
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mechanistic models for C-FSW pin tools to the SR-FSW pin tool investigated in Chapter 2. The 

thermal history of the SR-FSW pin tool will also be investigated. 

3.2  Mechanical Load History 

The load data measure on the qualification welding station includes the total tool force 

measured in the transverse (Ὂ), lateral (Ὂ), and axial (Ὂ) directions as well as the total tool 

torque (T). The axial forces in the crown and root shoulders assemblies are measured separately. 

The combined torque on the crown shoulder and pin-root shoulder assemblies are acquired as 

one measurement. Figure 3.3 provides the total force and torque tool feedback, as a function of 

time, for the nominal weld parameters dictated in the welding procedure. The definition of the 

force vectors is shown in Figure 3.4. 

 

 
 

Figure 3.3: Load history for joining AA2219-T87 by use of the SR-FSW pin tool specified in the 

welding procedure. The SR-FSW pin tool is begins to rotate in the dwell stage (ñ1ò) and 

traverses during the start-up (ñ2ò) and steady state (ñ3ò) stages. The SR-FSW pin tool stops 

traversing and is extracted in the final stage (ñ4ò). 
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Figure 3.4: Coordinate system for a SR-FSW pin tool [4]. This work will use an identical 

coordinate system. 

 

The loads for the SR-FSW process generally increase at first to a maximum state in the start up 

stage, after which the loads decrease slightly during steady state conditions.  

A loading distribution for SR-FSW pin tools must be established for the life estimation 

algorithm to estimate the damage per cycle. To date very little modeling has been performed on 

SR-FSW pin tools [3]. This work used models for C-FSW pin tools to estimate the load 

distribution on the SR-FSW pin tool. A detailed review of the existing models for C-FSW pin 

tools can be found in Chapter 2. The primary assumption for modeling SR-FSW pin tools is that 

they behave similarly to two conventional C-FSW tools placed back to back, which is supported 

by other literature [3,9]. This work also assumes that the symmetrical appearance of the SR-FSW 
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cross-section, such as the example with desirable characteristic provided in Figure 2.2, is 

evidence that the shear layers generated by both tool shoulders are similar in magnitude [2].  

Two different models were investigated for estimating the total tool torque acting on the 

C-FSW pin tool. Both the model proposed by Roth et al, equation 2.4, and the Nunes model, 

equation 2.6, were investigated in Chapter 2. An initial calibration was performed on the Roth et 

al. model (Eq. 2.4) because it is relatively simple and easy to implement. The results of this 

analysis are shown below: 

 

 
 

Figure 3.5: Comparison between the measured tool torque (solid) versus the combined estimates 

for the root and crown shoulder of the pin tool using equations 2.1, 2.2, 2.4, and 2.5. This 

comparison assumed steady state welding conditions which included a workpiece temperature of 

427 °C, workpiece shear strength of Ű = 3440 psi, a slip ratio of ŭ = 0.322, and a coefficient of 

friction of µf = 0.466. The combined calculated torque for steady state conditions is 7.6% less 

than the measured steady-state torque value. 
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The estimate for total tool torque was within 10% of the total measured steady state torque using 

weld parameters estimated with equations 2.1 and 2.2. The methodology used above indicates 

that approximately 75% of the total torque acts on the root shoulder during steady state 

conditions, which is consistent with the literature on FSW and SR-FSW pin tools [3,6]. This 

simplistic approach was used to estimate the loading distribution for each loading cycle in the 

load history, not just steady state conditions. If a more robust estimate of the torque distribution 

is required, or if the torque value needs to be estimated based on new process parameters, the 

Nunes model would likely be a better approach. 

Three different models were considered for modeling the traversing force acting on the 

C-FSW pin tool. The literature survey suggested that the tool shoulder generates the largest 

component of total traversing force on the C-FSW tool [3,6-8,13,15-17]. This work used an 

approach of estimating the shoulder force components for the crown and root shoulders by use of 

equation 2.10. Since the total force is known, the pin force is estimated to be the difference 

between the measured total force and the estimated shoulder forces, shown in equation 3.1: 

Ὂ  Ὂ ВὊ                  Eq. 3.1 

For SR-FSW applications the traversing force from both shoulders are summed. For steady state 

conditions this method predicts that 83% of the total traversing force acts at the root shoulder, 

6% acts at the crown shoulder, leaving the remaining 11% to act on the pin section. This load 

distribution is consistent with finite element studies of C-FSW pin tools [6]. 

The traversing force generated by the shoulder is assumed to act on the root shoulder 

face. Similarly, the component acting on the pin is assumed to act in the center of the pin because 

the loading distributions are expected to be symmetrical for welds with desirable characteristics, 



 

44 

 

like the ones shown in Figure 2.2. Both traversing force components will generate a bending 

stress and can be modeled as a cantilevered beam using equation 3.2: 

„         Eq. 3.2 

where „  is the maximum bending stress occurring at the outer surface of a cantilevered 

beam. The notch in the pin section is located at the surface, so it is appropriate to determine the 

maximum bending stress value. The moment acting on the pin tool is a function of the force 

component, F, multiplied by the length of the cantilever arm, z. The moment of inertia, I, for the 

crown of the SR-FSW tool is one order of magnitude larger than the moment of inertia for the 

pin implying that the top of the tool is sufficiently stiff that the bending loads can be assumed to 

be grounded at the crown shoulder. Thus, the cantilever arm length (z) is the distance from the 

crown shoulder to the force component. 

The information collected during the literature survey suggests that the axial and lateral 

force components are primarily generated by the tool shoulder, allowing the pin components to 

be neglected [6]. Optimal SR-FSW welds are symmetrical (Figure 2.2) leading to the assumption 

that the crown and root shoulders generate equal shear layers fields and therefore equal lateral 

force magnitudes because of the shear layers. The lateral force acting on the root shoulder will 

result in an additional bending stress on the pin section of the SR-FSW pin tool.  

The axial force is a prescribed parameter in the welding procedure. The literature review 

in Chapter 2 indicates that the axial force component generated by the pin section can be 

neglected. Thus, the entire root shoulder axial force will generate an axial stress based on the 

following equation: 

„          Eq. 3.3 
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where the axial stress at the critical location of interest is a function of the total force on the root 

shoulder, Ὂ , and the cross section at the notched geometry in the pin section, Ὑ .  

Several loading distributions have been discussed in this section. Table 3.1 provides a 

summary of the loading distribution estimates for the SR-FSW pin tool for steady state welding 

conditions: 

 

Table 3.1: Summary of the loading distribution estimated to be acting on the SR-FSW pin tool. 

Loading distribution estimates are provided for the steady-state stage. 
 

SR-FSW: Steady State Fx Fy Fz T 

Crown 6% 50% 10% 30% 

Pin 11% - - - 

Root 83% 50% 90% 70% 

 

The life estimation algorithm detailed in Chapter 5 automatically calculates these parameters 

based on the tool geometry and weld process parameters. Due to superposition the force and 

torque components acting on the root shoulder are grounded through the pin section. The 

numerical constitutive model takes stresses generated both by the pin and root should into 

consideration when estimating the damage accumulated by the SR-FSW pin tool.  

 

3.3  Thermal Load History 

A series of experiments were performed at NASA MSFC to measure the change in 

temperature of the pin tool during the nominal SR-FSW process. A SR-FSW pin tool was 

retrofitted with a thermocouple located in the center of the tool to measure temperature of the 

tool during the welding process. The results of this experiment are shown in Figure 3.6: 
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Figure 3.6: Measured temperature of the pin tool as a function of the welding procedure of 

interest. This figure was generated by NASA MSFC. 

 

The data indicates that the temperature increases rapidly during the first dwell stage, which 

occurs within the first 10% of the experiment. The tool continues to heat up during the start-up 

phase, but at a decreasing rate. Steady state temperature conditions are reached by approximately 

80% of the experiment duration, just prior to the weld being completed. The results of the 

experiment indicate that the steady-state temperature approaches 760-800°F (404-427°C). As 

such, the life estimation algorithm described herein will use material property estimates based on 

fatigue tests performed at steady state temperatures (at or near 800°F).  
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CHAPTER 4  MECHANICAL TESTING OF MP159 

4.1  Introduction 

The numerical life estimation algorithm uses a constitutive model to determine the local 

strain history of the topmost thread on NASAôs SR-FSW pin tool as a function of the welding 

load history. The testing procedures required to characterize the fatigue properties of MP159 are 

reviewed in this chapter. Verification checkouts were performed to ensure the testing equipment 

could produce valid test results. A general overview of the specimen design and the equipment 

used for testing is provided as well as the relevant standards and requirements for testing.  

A material characterization effort proposed the existence of three dominant damage 

mechanisms for testing conditions that mimic the SR-FSW process (strain-controlled fatigue 

testing, R = -1, T = 427°C). Monotonic tests verified the mechanical properties from the 

literature. A statistically significant strain-life curve per ASTM E606-12 was estimated for 

MP159 at steady state welding temperatures. Other exploratory tests and surveys are included in 

the discussion of this chapter. 

 

4.2  Specimen Design 

The test material for this work was machined into round ñdog boneò shaped tensile 

specimens, per ASTM E606-12 [37]. Figure 4.1 provides a detailed schematic of the test 

specimen used in this work. NASA MSFC performed the machining, heat treatment, and cold 

working of the test specimens. 
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The final state of the customer-supplied material used for this work matches the specification of 

the production SR-FSW pin tools. 

 

 
 

Figure 4.1: Machining drawing for the tensile specimen used in this study. The gauge diameter 

of each specimen is individually recorded for each test. All dimensions are in inches. 

 

The gauge section of each specimen was polished with emery cloth to achieve an average surface 

roughness of approximately Ra = 0.2 µm. The specimens were polished in the longitudinal 

direction until circumferential markings were not visible using 20X optical zoom conditions. A 

minimum of three diametric measurements of the gauge section were recorded and averaged 

prior to testing. 

 

4.3  Equipment 

Tests were conducted on a servo-hydraulic MTS Landmark load frame equipped with 

hydraulic collet grips. The load frame was equipped with a commercially available load cell 

rated to 100 kN ± 0.080 kN. The specimen was heated with an induction coil powered by a 

Trumpf TruHeat 3010 frequency generator. The induction coil was adjusted so that it produced 
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consistent temperatures within the gauge section per ASTM E606-12 [37].  A commercially 

available extensometer with 85mm (3.35ò) ceramic extension rods and a 12.7 mm (0.5ò) gauge 

length was used for all tests.  

 

4.4  Standards for Testing 

A series of tests were performed to characterize the fatigue life of the pin tool material 

and generate a statistically significant strain-life curve. This work also performed monotonic 

tests to establish a baseline to literature results for this material. Lastly, exploratory fatigue tests 

were performed to investigate the effects of strain-rate on the deformation mechanisms.  

As previously discussed, the supplied dogbones were machined per ASTM E606-12 [37]. 

The requirements can be found in Appendix A of this work. The specimen geometry selected for 

fatigue testing is not in accordance with ASTM E8-16 because the gauge length is not at least 

four times greater than the gauge diameter. ASTM E8-16 was used as a basis of understanding 

for performing monotonic testing.  

The ASTM E739-10 code requires a minimum of six tests, with 33% replication, to 

achieve a statically significant strain-life curve for ñResearch and Developmentò purposes [38]. 

Exploratory tests are also performed at different loading rates. The exploratory tests will 

elucidate what effects, if any, the loading rate has on the materials elevated temperature 

deformation response.  

The bending strain must be minimized to ensure validity of the fatigue test. For this 

testing the required alignment was taken from ASTM E606-12 which allows for a bending strain 

up to 5% of the minimum axial strain range [37]. The permissible bending strain per ASTM 

E606-12 for a strain amplitude of ʀ = 0.00300 mm/mm is ʀ  = 0.00030 mm/mm. The 
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maximum bending strain was measured to be ʀ  = 0.00018 mm/mm at f = 1 Hz. The load 

frame is sufficiently aligned per ASTM E606-12 for the proposed testing matrix.  

Prior to each monotonic test the load frame actuator is warmed up to normal operating 

temperatures. The specimen gauge diameter measurements are recorded on a material traveler 

for the specimen. The load cell is zeroed out prior to the specimen being installed. The specimen 

is loaded in force control with a setpoint of zero load to avoid prematurely stressing the 

specimen. A modulus of elasticity (E) check is performed at room to ensure that the 

extensometer is installed correctly and that the system is producing results as expected. Stress 

and strain data was collected during the loading and unloading portions of the check. The 

modulus of elasticity is estimated by the line of best fit of the unloading stress-strain data. For 

this work, the measured modulus must be within E ± 10% of the value found in the literature 

listed in Chapter 2 before proceeding with the test. If the measured modulus of elasticity exceeds 

this tolerance the specimen is re-gripped, and the extensometer is re-set.  

When testing at elevated temperature the specimen temperature must stabilize prior to 

testing. The specimen is determined to have stabilized once the thermocouples maintain a 

constant temperature within ῳὝ = ±1°C and the thermal strain measured with the extensometer is 

constant within ‐ =  ± 0.00005 mm/mm. The stabilized thermal strain is recorded on the 

specimen traveler. The extensometer is then zeroed out so that the test is controlling only 

mechanical strain. A modulus check is performed again at the test temperature of interest. 

Monotonic testing was used to confirm that the as-supplied material matches the 

literature material properties. The monotonic testing procedure for this work uses a constant 

crosshead displacement rate. This displacement rate corresponds with a specimen strain rate of 

0.5 mm/mm/min during the elastic-loading portion of the test. This procedure deviates from 
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ASTM E8-16 which requires a strain rate of ‐ = 0.0150 ± 0.006 mm/mm/min until yielding has 

occurred [39]. The extensometer measured the strain values up to fracture for both the room 

temperature and elevated temperature (T = 427°C) monotonic tests.  

As previously discussed in Chapter 2, isothermal strain-controlled testing is best suited to 

capture the active damage mechanisms in the SR-FSW pin tool. These tests are conducted at the 

steady state welding temperature to capture the dominant damage occurring during weld 

operation. Uniform heating of the gauge section is required per ASTM E606-12 when 

performing isothermal fatigue tests. The permissible temperature variability in the gauge section 

is the greater of the following: 

ῳὝ ςЈὅ έὶ ρϷ ὝȟЈὅ        Eq 4.1 

where ῳὝ is the temperature variance during the test, and Ὕ is the nominal test temperature [37]. 

A Trumpf TruHeat 3010 induction system was used to heat the specimens to Ὕ = 427°C 

(800°F). Per ASTM E606-12, the allowable temperature variation within the gauge section is 1% 

of Ὕ = 427°C, corresponding to an allowable difference in temperature of ῳὝ = ± 4°C. A series 

of six thermocouples were welded along the length of a tuning specimen as well as three 

additional thermocouples along the circumference at the center of the gauge section. The results 

of the induction coil tuning are provided in Appendix A.  

 

4.5  Monotonic Results 

Monotonic tests were performed at room temperature as well as at Ὕ = 427°C (800°F). 

The results of the monotonic tests are summarized below in Figure 4.2 and Table 4.1.  

 



 

52 

 

  
 

Figure 4.2: A summary of monotonic testing comparison of the specimen at room temperature 

(26°C) and at elevated temperature (427°F). Engineering values are plotted. 

 

Table 4.1: Monotonic testing results compared to literature data for MP159. The ñOverviewò 

data is an average taken across all monotonic and fatigue tests performed by this work. 

Literature data is taken from Latrobe [20]. The average modulus check values were determined 

from 18 elevated temperature modulus of elasticity checks and 20 room temperature modulus of 

elasticity checks. HT refers to a test performed at T = 427°C 
 

Specimen 
Temp. 

(°C) 

Modulus - 

RT (GPa) 

Modulus - 

HT (GPa) 

ůy 0.2% 

(MPa) 

ů UTS 

(MPa) 

Ůf 

(%) 

RT Mono 26 254.1 - 1900 1910 11 

HT Mono 427 264.5 248.7 1520 1530 17 

Modulus Check 

Averages 
- 249.3 ± 7.0 215.8 ± 6.5 - - - 

Literature  
21 241.3 - 1900 1930 8 

427 - 213.7 1600 1530 10 

 

The materials monotonic yield and ultimate strength at Ὕ = 427°C (800°F) both decreased by 

approximately 20% with respect to the room temperature specimen. These findings agree with 

the literature results [19-22]. Both the room temperature and elevated temperature monotonic 

specimens demonstrated post-yielding strain softening until failure. Note from Table 4.1, the 

0

400

800

1200

1600

2000

0.000 0.050 0.100 0.150

S
tr

e
s
s
 (

M
P

a
)

Strain (mm/mm)

Monotonic Comparison:

RT vs HT (427ÁC)

RT - Mono

HT- Mono

(427°C)



 

53 

 

elevated temperature modulus for specimen 5 was 16.3% higher than the literature data [20,21]. 

The modulus of elasticity recorded for the elevated temperature monotonic test was 

approximately five standard deviations greater than the average elevated temperature (T = 

427°C) modulus of elasticity for the entire testing matrix. This test is determined to be an outlier 

because it is greater than three times the standard deviation away from the mean value for 

modulus of elasticity at elevated temperature. The elongation to failure for this material was 

greater than the values from the literature.  

An error was made in the execution of the room temperature monotonic test resulting in 

the strain rate being well outside of the guidelines in ASTM E8-16. Despite the tests not 

conforming to ASTM E8-16, the results agree with the literature data presented in Table 4.1. 

 

4.6  Isothermal Strain-Controlled Fatigue Results 

The isothermal strain-life curve generated by this work was statistically significant per 

the requirements for ñResearch and Developmentò purposes per ASTM E739-10. Seven strain 

controlled tests were conducted at a temperature of Ὕ = 427°C (800°F) and a loading rate of 1 

Hz. Four unique strain amplitudes were duplicated to achieve 36% replication. The raw data is 

provided in Figure 4.3 along with the Basquin/Coffin-Manson strain life curve fits (equations 

2.13 and 2.14) in Table 4.2. The strain life curve is comprised of elastic and plastic components.  
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Figure 4.3: Strain life results for fully reversed (R = -1) strain-controlled tests performed at 

steady state welding temperature (T = 427°C). The elastic and plastic data points were 

determined for the half-life cycle for each test specimen. The failure cycle was determined using 

a 10% load drop criterion.  

 

Table 4.2: Strain Life curve parameters for MP159 tested at elevated temperatures (T = 427°C). 

The strain life equation is the addition of the Basquin power law fit (left) and Coffin-Manson 

power law fit (right). 
 

ůf' /E b Ůf'  c 

0.00962 -0.07139 22.190 -1.2490 

 

The point at which the elastic (blue) and plastic (green) curves intersect is referred to henceforth 

as the ñstrain life transition pointò. At this location in the strain life curve, both the elastic and 

plastic strains produced are contributing equally to the total strain. As a particular test falls 

further from the strain life transition point, the damage accumulation becomes more dominated 

by either the elastic straining or plastic straining of the specimen. All tests failed to the right of 
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the strain life transition point, indicating that each test is primarily dominated by elastic strain 

and viscoelastic deformations.  

A series of figures are plotted to investigate the elevated temperature deformation 

response of MP159. These figures attempt to characterize the cyclic deformation response of 

MP159 at Ὕ = 427°C (800°F) for tests that exhibited plastic strains greater than Ůp = 0.01%. 

Figure 4.4 plots the first hysteresis loops for four tests of interest. As previously discussed, this 

work uses a 10% load drop as a crack intiation criteria. The stabilized cycle was defined as the 

cycle halfway to crack intitation. The stabilized cycle will also be reffered to as the half-life 

cycle by this work. Figure 4.5 plots the stabilized cycle hysteresis loops for the same tests. 

Lastly, the peak force versus normalized life is plotted for these same tests in Figure 4.6. The 

peak force versus total life is plotted in Figure 4.7. The combination of all four of these plots 

provides insight on to the material evolution and damage mechanisms present. Tests used for this 

comparison fall within the LCF regime and all experienced some amount of plasticity. The 

plastic strain amplitude for the above tests is shown in Table 4.3: 
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Figure 4.4: Hysteresis loops of the first cycle for several strain-controlled tests. All tests were 

conducted at T = 427°C (800°F), R = -1, f = 1 Hz. 
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Figure 4.5: Hysteresis loops of the stabilized cycle for several strain-controlled tests. All tests 

were conducted at T = 427°C (800°F), R = -1, f = 1 Hz. Strain amplitudes listed have units of 

mm/mm. The stabilized cycle is based on being half the life to crack initiation. Crack initiation is 

based on a 10% load drop from the stabilized force response. 
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Figure 4.6: Normalized life for four different isothermal strain-controlled fatigue tests. All tests 

are conducted at T = 427°C (800°F), R = -1, and f = 1 Hz. Life is normalized with respected to 

specimen separation. 
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Figure 4.7: Total life for four different isothermal strain-controlled fatigue tests. All tests are 

conducted at T = 427°C (800°F), R = -1, and f = 1 Hz.  

 

Table 4.3: Plastic strain amplitude for several different strain-controlled fatigue tests. Tests were 

performed at T = 427°C (800°F), R = -1, and f = 1 Hz 
 

Specimen No. 3 No. 6 No. 7 No. 9 

Strain 

Amplitude 

(mm/mm) 

Total 0.0073 0.0060 0.0100 0.0050 

Plastic 0.0018 0.0006 0.0039 0.0001 

 

The specimens in this study demonstrated an increasing amount of strain softening as the total 

strain amplitude increased. From Figure 4.6, it appears that the material reaches a cyclically 

stable response within the first 20% of life for all tests. The stabilized response continues from 

approximately 20% to 80% of the normalized life. Interestingly the stabilized response 
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approached a singular stress amplitude for all strain amplitudes. This is particularly evident in 

the change in stress amplitudes from Figure 4.4, where they vary greatly, to Figure 4.5, where 

they all converge to approximately the same stress amplitudes. This suggests that MP159 reaches 

a dislocation equilibrium point once a sufficient amount of plastic deformation has occurred for 

the specific testing parameters used in this work (T = 427°C, R = -1, f = 1 Hz, strain-controlled 

fatigue testing).  

Initial results with the life estimation algorithm estimated that peak loading during the 

start-up stage results in very high strain amplitudes and Very (V) LCF. Therefore, a strain-

controlled test of ‐ = 2%, which was expected to last for Nf = 100 testing cycles based on an 

initial strain-life estimate, was conducted. When attempted this test, the specimen failed after the 

first reversal. The hysteresis loop data for this specimen is plotted in Figure 4.8: 
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Figure 4.8: The attempted hysteresis loop for specimen 22. This test was performed at T = 

427°C (800ÁF), Ůa = 0.0200 mm/mm, f = 1Hz, R = -1. Data was collected at 512 Hz. The sample 

failed in the compressive segment, only completing one reversal before failing. 

 

This sample overshot the commanded tensile strain amplitude and then failed in the subsequent 

compressive reversal. The tensile portion also experiences elastic unloading during the plastic 

portion of the curve. This behavior was further investigated by examining the force and strain 

time-series data. The time series data points are provided in Figure 4.9: 
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Figure 4.9: The strain and force measured during the loading and unloading segments of 

Specimen 22. This test was performed at T = 427ÁC (800ÁF), Ůa = 0.0200 mm/mm, f = 1 Hz,      

R = -1. Data was collected at 512 Hz. The sample failed in the compressive segment, only 

completing one reversal before failing. 

 

Visual inspection of the specimen grip section in conjunction with the data shown in Figure 4.9 

do not support the conclusion that the specimen slipped in the grips. It is possible, however, that 

extensometer slip occurred during this test. Similarly, the force and strain response may also be 

indicative of poor PID tuning of the hydraulic actuator. If the phenomenon present in the data is 

results from a material response, it could suggest that the material response appears to display the 

Portevin-Le Chatelier (PLC) effect. Studies of the PLC effect suggest that a dynamic interaction 

between dislocations and solute atoms cause the phenomenon, and is associated with a negative 

strain-rate sensitivity which appears as a serrated or ñjerkyò flow. The PLC effect has been 

observed in IN100, a nickel-based superalloy [40]. This would indicate that a dynamic 
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interaction may exist for this material at a strain rate command of ‐ = 0.090 mm/mm/s and 

higher. 

Because specimen 22 did not cyclically evolve or reach a repeatable strain amplitude it 

should not be included in the strain-life curve. This test provides insight to the damage limits of 

the material in the very (V) low cycle fatigue (LCF) regime. Within an engineering context, this 

test is useful to provide an upper bound of life at very high strain excursions. In which case, a 

power-fit curve to interpolate between this VLCF test and the LCF test of the strain life curve 

may be used. The proposed power-fit curve is shown in Figure 4.10 in conjunction with the 

strain-life curves fit to the successful strain-controlled fatigue tests. The combined curves 

(provided in yellow) will henceforth be used as an engineering Failure Assessment Diagram 

(FAD) for MP159 tested at 800°F. The FAD curve is implemented by using a piece-wise 

approach. The mathematical power fitting constants for the FAD engineering tool are given in 

Table 4.4:  
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Figure 4.10: Strain life results for fully-reversed (R = -1) strain-controlled tests performed at 

427°C (800°F). The elastic and plastic strain amplitudes are determined for the stabilized cycle 

of each test specimen. The stabilized cycle is assumed to be the ñhalf lifeò cycle to crack 

initiation. Data is plotted from specimens 3, 6, 7, 9-11, and 13-16 for the primary strain life 

curve. A fit between specimen 22 (Nf = 1) and 7 (Nf = 390) is proposed for VLCF estimates. 

 

Table 4.4: Strain Life curve parameters. The strain life equation is the addition of the Basquin 

power fit (left) and Coffin and Manson power fit (right). 
 

Region ůf'/E b Ůf' c 

VLCF - LCF 0.00962 -0.07139 0.00972 -0.1353 

LCF - HCF 0.00962 -0.07139 22.190 -1.2490 

 

The Basquin power fit coefficients are identical for both the VLCF estimate and the strain-life 

curve. The slope of the Coffin-Manson power fit coefficients is significantly different. The 

decrease in slope could be interpreted as an increased sensitivity to damage accumulated to 

plastic straining. Further, this difference is evident of the poor ability for the Coffin-Manson 

method to fit MP159 across the tested strain ranges. Cyclic loading that falls into this regime will 
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accumulate damage more rapidly than would be predicted by simply extrapolating the strain life 

curve.  

 

4.6.1      Comparison to Room Temperature 

Isothermal fatigue tests accumulate damage from both thermal and mechanical loads. A 

test was duplicated at a strain amplitude of ʀ = 0.0046 mm/mm at room temperature to match 

the test performed at T = 427°C (800°F) in an attempt to decouple the effects of temperature and 

mechanical straining. A comparison of maximum load versus cycles is shown below in Figure 

4.11.  

 

 
 

Figure 4.11: Peak force versus normalized life for the test duplicated at room temperature and 

elevated temperature. The room temperature, Specimen 08, tested at a strain amplitude of Ůa = 

0.0050 mm/mm, R = -1, f = 1 Hz. The elevated temperature response, Specimen 09, tested at a 

strain amplitude of Ůa = 0.0050 mm/mm, R = -1, f = 1 Hz, at T =  427°C (800°F). 
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Figure 4.12: Peak force versus total life for the test duplicated at room temperature and elevated 

temperature. The room temperature, Specimen 08, tested at a strain amplitude of Ůa = 0.0050 

mm/mm, R = -1, f = 1 Hz. The elevated temperature response, Specimen 09, tested at a strain 

amplitude of Ůa = 0.0050 mm/mm, R = -1, f = 1 Hz, at T =  427°C (800°F). 

 

The deformation response of MP159 transformed from cyclically softening at room temperature 

(Specimen 8) to being cyclically stable at steady state welding temperatures (Specimen 9, T = 

427°C). Cyclic softening indicates that the plastic strain amplitude for the elevated temperature 

specimen exceeds the dislocation equilibrium point. Cyclic stability indicates that the 

deformation is at the dislocation equilibrium point. Both specimens experienced approximately 

the same plastic strain amplitude (Ůp = 0.025%), suggesting that the transformation of the 

material can be attributed to an increase in dislocation equilibrium point. The damage 

mechanisms between the room temperature and elevated temperature specimen does not appear 
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to have changed significantly because the life to crack initiation is approximately equal (as seen 

in Figure 4.12). The crack extension damage mechanism is considerably different, with the 

elevated temperature specimen being quickly exhausted compared to the gradual drop-off in 

stress for the room temperature test. Thus, the difference in ductile fast fracture damage 

mechanisms is expected to be more pronounced than the difference in crack initiation and 

propagation damage mechanisms. Chapter 6 will perform SEM fractography to assess the 

conclusions made in this section. 

 

4.6.2      Comparison to Monotonic Response 

One way to capture the cyclic evolution of the material is by use of a cyclic stress-strain 

curve. The stabilized hysteresis loop is taken from each test performed at Ὕ = 427°C (800°F) 

and f = 1 Hz and combined within a single plot. A maximum stress and strain values are recorded 

for the stabilized cycle from each test. The plastic strain is calculated as the difference of the 

total strain amplitude and the elastic strain, shown in equation 4.2: 

‐ ‐          Eq. 4.2 

where ‐ is the plastic strain, ‐  is the total measured strain amplitude, „  is the maximum 

tensile stress, and Ὁ is the modulus of elasticity. A single power law curve is then fit to the 

plastic portion of this data by use of equation 4.3: 

„ ὑᴂ‐          Eq. 4.3 

where „ is the true stress, ὑᴂ is the cyclic strength coefficient, ‐ is the plastic strain, and ὲᴂ is 

the cyclic strain hardening exponent. The total stress for the cyclic stress-strain curve becomes 

the following equation: 
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„  ὑᴂ‐          Eq. 4.4  

where „ is the true stress, ὑᴂ is the cyclic strength coefficient, ‐ is the plastic strain, and ὲᴂ is 

the cyclic strain hardening exponent. The true stress can be solved for using numerical methods. 

Table 4.5 summarizes the cyclic stress strain power fit terms. The cyclic strengthening 

coefficient and cyclic strain hardening exponent were determined for the experimental data.  

 

 
 

Figure 4.13: Cyclic stress strain curves fit to all data. The fit is developed for the tensile response 

only and then applied to the compressive response. The two branch curves (ñBranch: Spec. 03ò 

and ñBranch: Spec. 07ò) evaluate the use of the cyclic stress-strain curve fit to the experimental 

data. Specifically, the branch curves use Massingôs hypothesis to solve for the reversing stress 

and strain from the maximum stress/strain point from the hysteresis loop data.  
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Table 4.5: Power fit terms for the cyclic stress strain curve. This curve fits to the stabilized 

response of specimens 7 and 3 and was checked against specimens 6 and 11. 

 

Kô (MPa) n' 

2550 0.13 

 

The calibration of the cyclic stress-strain curve was biased to the higher strain amplitude test 

specimens which exhibited cyclic strain softening. This decision improved the accuracy of the 

predicted compressive branches of the hysteresis loops for high strain amplitude tests at the 

expense of accuracy of modeling lower strain amplitudes. The cyclic stress-strain curve is fit up 

to specimen 7, which has a strain amplitude of ʀ = 0.0100 mm/mm. This relationship is 

extrapolated beyond ʀ = 0.0100 mm/mm for the FAD engineering life curve. For additional 

context, the cyclic stress strain curve is compared to the monotonic data at both room 

temperature and Ὕ = 427°C (800°F) in Figure 4.14: 
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Figure 4.14: Room temperature and elevated temperature T = 427°C (800°F) datasets compared 

to the elevated temperature cyclic stress strain curve developed in this work. The cyclic stress-

strain curve was calibrated from fatigue tests performed at 1 Hz and T = 427°C (800°F). 

 

Data presented in figure 4.14 indicates a significant decrease in yield strength of the cyclically 

evolved material when compared to the monotonic response. The cyclic stress-strain curve will 

be used to conservatively estimate damage accumulation in the life estimation scheme presented 

in Chapter 5. 

 

4.6.3      Loading Rate Exploratory Testing 

Five exploratory tests were performed following the completion of the strain life curve at 

a loading frequency of f = 1 Hz. The loading frequency was increased to f = 2.4 Hz to match the 
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loading rates experienced during production weld procedures. Note that the test frequency is 

directly related to the strain rate experienced by the specimen. As some materials exhibit strain 

rate sensitivities under elevated temperature LCF conditions, one must ensure that this effect is 

accounted for in life modelling of components. An additional exploratory test is duplicated at   

ʀ = 0.0050 mm/mm at a frequency of f = 0.42 Hz (or f = 1/2.4 Hz). A comparison between the   

f = 2.4 Hz, f = 0.42 Hz, and f = 1 Hz data produced for the MP159 material at Ὕ = 427°C 

(800°F) is shown in Figure 4.15: 

 

 
 

Figure 4.15: Strain-life curve at f = 1 Hz, with exploratory results at f = 2.4 Hz and f = 0.42 Hz 

overlayed on top. All tests are performed at T = 427°C (800°F). 
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MP159 exhibits a similar life for all strain rates/frequencies tested in this work. These results 

would suggest that it is acceptable to use the data from the f = 1 Hz study for examining the pin 

tool life during production welding conditions when estimating life. The cyclic evolution of 

material for the exploratory tests is investigated and superimposed on top of the strain life curve 

in Figure 4.17:  
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Figure 4.16: Material response for the three primary loading rates. The red dots represent three 

of the f = 2.4 Hz tests on the f = 1 Hz strain life curve. Specimen 17, 19 and 20 are fully reversed 

tests performed at f = 2.4 Hz. The subplots show the peak force vs cycles. 

 

The tests performed at f = 2.4 Hz display similar cyclic damage manifestation to the tests 

performed at f = 1 Hz. That is, the material remains cyclically stable for all tests at the different 

loading rates tested.  
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Figure 4.17 displays the elastic and plastic components of the stabilized strain amplitude 

for the exploratory tests. The strain life curve fits are also provided for tests performed at f = 1 

Hz. 

 

 
 

Figure 4.17: The elastic and plastic strain amplitude components. The plastic strain amplitude is 

effectively zero, resulting in the elastic strain component dominating the total strain value. 

 

These results are in-family with the results found when testing at f = 1 Hz. The plastic strain 

component is less than ʀ = 0.01% for all exploratory tests, which can be assumed to have a 

negligible effect on life based on the earlier conclusions from Section 4.6. This suggests that the 

predominantly elastic deformation mechanisms are strain rate independent. 
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CHAPTER 5  LIFE MODELING 

5.1  Introduction 

This section details the proposed components of a numerical life modeling tool that 

estimates the damage accumulated by the SR-FSW pin tool. The numerical life estimation 

algorithm will provide a computationally efficient alternative to Finite Element Analysis (FEA). 

The numerical life estimation algorithm is comprised of multiple key modeling components. The 

first modeling component estimates the nominal constitutive response of the SR-FSW pin tool as 

a function of the measured load history and loading distribution discussed in Chapter 2 using the 

cyclic stress-strain curve. A cycle counting algorithm combined with local notch analysis 

methods accounts for sequencing effects when estimating the local constitutive response at the 

thread root. The Failure Assessment Diagram (FAD) introduced in Figure 4.10 is used to 

evaluate the number of cycles to failure by crack initiation for the estimated strain amplitudes 

experienced at the thread root of the SR-FSW pin tool. A numerical mean stress correction 

model is implemented to adjust the FAD to account for different damage accumulation estimates 

as a function of the local mean stress state. Lastly, the life estimation model uses Palmgren-

Minerôs rule to estimate the total damage accumulated by the SR-FSW pin tool. 

Each of the modeling components in the numerical life estimation algorithm was refined 

using finite element analyses. The FE model uses a combined isotropic-kinematic hardening 

material model to accurately capture the cyclic evolution of the material. Exploratory FE studies 

ensured that the applied boundary conditions accurately reproduced the local constitutive 

response of the SR-FSW pin tool. FEA results were also used to calibrate and verify the outputs 
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of the numerical local constitutive model. Once calibrated, the life estimated from the FEA and 

numerical life model is compared.  

 

5.2  Constitutive Modeling 

Two constitutive models are required to estimate the life of the SR-FSW pin tool. The 

first constitutive mode estimates the bulk response of the SR-FSW tool based upon the applied 

load history. The nominal constitutive response is estimated using the loading distribution 

models discussed in Chapter 3. Table 3.1, which formalized the loading distribution for steady 

state conditions, is provided again below for completeness: 

 

Table 5.1: Replication of Table 3.1. Summary of the loading distribution estimated to be acting 

on the SR-FSW pin tool. Loading distribution estimates are provided for the steady-state stage. 
 

SR-FSW: Steady State Fx Fy Fz T 

Crown 6% 50% 10% 30% 

Pin 11% - - - 

Root 83% 50% 90% 70% 

 

The global nominal constitutive response is estimated from the cyclic stress-strain curve for 

MP159 tested at T = 427°C. The cyclic stress-strain curve shown in Figure 4.13 and reproduced 

in Figure 5.1: 
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Figure 5.1: Previously shown in Figure 4.13. The cyclic stress strain curve was calibrated to the 

compressive segments of the hysteresis loops and was then applied to the tensile regime. The 

discrepancy between the tensile experimental hysteresis tips and the cyclic stress-strain curve is 

believed to be due to widespread cracking within the gauge section of the specimen. 

 

The elevated temperature cyclic stress-strain curve is used to estimate all loading cycles, 

including the initial stages of the SR-FSW process where the material is not yet up to steady state 

temperatures and has not cyclically evolved. The comparison between the monotonic and cyclic 

response of MP159 originally presented in Figure 4.14, is also reproduced below for 

completeness: 
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Figure 5.2: Previously shown in Figure 4.14. The cyclic stress strain response compared to the 

room temperature and elevated temperature (T = 427°C) monotonic responses. 

 

A maximum and minimum Von Misses stress is estimated for each of the loading sequences, 

which are subsequently parsed into alternating and mean nominal stress components. Figure 5.2 

demonstrates that for stress-derived calculations the cyclic stress-strain curve will provide the 

largest strain estimate for strains up to Ů = 0.0400 mm/mm. The life estimation algorithm will 
































































































































