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ABSTRACT

Selfreacting friction stir welding (SIRSW) is one of the processes used in the
fabrication of the | iquid oxygen and hydrogen
Systembébs (SLS) rocket. One weld tool componen
Falure 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 | ineal i nches ofuirementfam i n a si
frequent tool replacement, a weld ftool failure during production would result from low cycle
fatigue (LCF) damage accumulation. Unfortunately, there is limited data available in the
|l iterature for this madtemperadreS.Shisfwark haggereratbdeah a v i
statically significant strain life curve of MP159 at 800°F with fully reversed loading at a
frequency of = 1 Hz. Subsequent tests have produced data to support an exploratory strain life
curve at a frequency 6 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 histtggendent deformation responsehsf 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 lakgin 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 Miner6

combines damage fromweldtart up, steady state operation,



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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Slip ratio
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Fatiguestrength coefficient
Angle about the traversing plane
Frictional coefficient

Weld metal density

True stress

Maximum bending stress occurring at the outer surface of a cantilevered beam

Fatigue strength coefficient
Mean stress

Maximum net bending stress on the pin

Axial stress in the pin section of a FSW and SRV pin tool

Total shear stress acting on the FSW pin tool due to the combination of
deformational work and frictioagainst the workpiece

Workpiece shear strength

Rotational speed of the FSW tool
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Threaded pin section length.

Thermal coductivity of the workpiece
Instantaneous slope of the shear surface

Strain hardening exponent
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polar coordinate about the tool axis

Force distribution as a function of the distance fronctioevn shoulder
coordinate from the FSW tool shoulder plane
Workpiece specific heat

Damage for a block of loading

Modulus of elasticity

Axial force, parallel with the FSW tool axis
Moment of inertia

Strengthcoefficient

Cyclic strength coefficient

Local strain concentration factor

Local stress concentration factor

Monotonic stress concentration factor

Total tool torque, experimentally measured
Cyclic strain hardening exponent

Total occurrences of a particular loading block
Pressure acting on the shear surface

Load ratio

Distance from the FSW tool where ambient temperatures are reached

FSW tool threaded section radius
FSW tool shoulder radius
Engineering stress

Ambient temperature

Melting temperature of the workpiece
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CHAPTER 1INTRODUCTION

1.1 Research Motivation

Friction Stir Welding (FSW) is an advanced welding process that joins workpieces
through largescale plasticity enhanced by localiZedtional heating. FSW is solid-state
joining processasthere is no melting and+solidification of theworkpiecesThe 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 joiringucedresidual stresseé. schematic created by

Mishra et alof a typical FSW setui shown below in Figure 1.1 [1].

| '//f //
owr/\y,vard orce Welding
y 4 Direction

Friction Stir//'
Welded Region
y

Retreating —»
Side

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]



Thewelding toolconsists of a shoulder and a pin sectiwhichis rotated and plunged into the
two workpiecesntended to be joinedror Conventional FSWC-FSW), the plunging forces are
reacted by a backing pate. The weld is formettdyersing the welding pin tool across the joint
to continuously heat and stir new incoming workpiece material.

FSW processes are currently ubgdNASA to fabricatespacecraft pressure vessels.
ConventionalFSW processes may hesed to longitudinally join curved panels together to form
rings.Severakings are then joined circumferentially to form pressure vedsedsot practical
to use a backing pia for circumferentialvelds Insteadthewelding tool is modified to
incorporate a reaction surfalbg incorporatinga second shouldanto the welding pin toolThis
type ofwelding toolis known as SelReacting Fiction Stir Welding (SRFSW). A schemaéc of

the SRFSW process of interest is shown in Figure 1.2 [2].

Tool Holder Spindle/Crown Shoulder

(attached to Spindle) Position and Force
(Spindle Travel)

Nut

Root Shoulder
Position and Force

‘Work Piece

Pin Tool
Rotation

/-Travel Rate

Root Side Shoulder

Retractable 2 /
% Crown Side Shoulder

Pin Tool (RPT)
Shaft

SR-FS‘Weld

Figure 1.2: The SRFSW process of interest. The retractable pin tool (RPT) design allows for the
independent actuation of the Crown and Ralbulders. Image created by NASA in the MSFC
Technical Standard AEM300 [ 2].



Weldingloads on the root shoulder are superimposed ontodthg forcegesulting inthe pin
sectionof the SR-FSWtool. The combinationof pin and shoulder loads contribute to
significantly higher stresses &R-FSWpin tools when compared with similar tools fofFSW
pin tools[3]. Properly estimating safe operating conditions forFRV pin tools is critical so
that the tools are retideprior to failure

The SR-FSW pin tools usedo manufacture pressure vessels for the SLS rocket
occasionallyfracture duringproduction weld. Tool failure results in structural and
microstructural damage to the workpiece, causmsiderable delays to the projects schedule
while the damage is remediatdah avoid further delays, NASA is requesting a life estimation
algorithmbe developed whichstimates the durability of tIf&R-FSW pin tool desigifor the
currentwelding procedureA brief survey of retired welding tools was conductElde retired
pin toolsappeared pristineghen inspected visuallgnd dd notshowanysigns of wearCloser
visual inspection of the pin toolgith a microscopehowever, resulted in trdiscovery of
approximately one third of the tools containtigcumferential cracks dhreadsn thefipino
section of the welding tooT his discovery suggests that cracks initdteing production
weldingin approximately one third of the pin tools iesped.These findings agree with other
failure analyses of SIRSW pin toolsvhich concluded that the threaded pin section is prone to
fracturing due to fatigue loadiri§,4]. An understanding dhe underlying damage mechanisms
experienced byhe pin tool materiadluring operational conditioris required to accurately
estimate the total damage accumulatedng production weldingThis is acomplex
undertakingdue to the highly interrelated process parameters associated evitBW process
and the combined thermal and mechanical loading experienced by the pmadkipigit

difficult to isolate the different effeceachparametehason pin tooldamage accumulation



1.2 Research Objectives

The objective of this research wasdevelop a life estimation methodology for-6BW
pin tools for NASA applications that accounts for the geometry of the pin tool, material
properties, and service loads and temperatiitesiocal strain lifeapproach waapplied tathe
threadson he mi dd| e offhe weldidg talgoedtimate theéotal damage accumulated
from the measured load histofjhe novellife estimation tool developear this work also
capturesyclic material evolution, otch effects and mean stress effects.

Several methods are used to validate the models used in this work. Thigeclud
microscopy of the fracture surfaces of tensile specateenonfirm the primary damage
mechanismgresentat specific loading regime# finite element model was usedjtstify
parameters used in the life modekh as the stress concentration factmesan stresseand
strain amplitudes experienced by the-BR®W pin tool during thevelding procedureA
sensitivity study was used to investigate the effects different pgrameters 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. CHAPTERIBimarizes the nomal operating
conditions of the SHESW pin tool. CHAPTER dletails experimental results from mechanical
testing of MP159. CHAPTER details the life modeling techniquased in this work.

CHAPTERG provides validation tthe proposed model for this work.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

A preliminaryliteraturereview wasperformedo guide the development of the life
estimation algorithmMechanistic models faConventionalFriction Stir Welding (C-FSW) were
applied to the SHESW process to estimate the stress state as a function of the measured load
history. Strain-controlled tests were performeddiaracterizeéhe SR-FSW pin tool material,
MP159,andto captursthe different dominant damage nhanisms. Anumericallife estimation
algorithmthenuses the strattife curve to estimate damage as a function osthenhistory.
Notchanalysis methodand mean stres®orrectionmethodgrovidel reasonable boundsr the
life estimatesLastly, damage summing techniques providetethodto estimate the total
accumulated damage for the load hist&gch of these analysis methods will be briefly

introduced in this chapter.

2.2 Overview ofFriction 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 proca@$ss suppors the numeigal modeling effort quantify
the complex interactions that occur between thé=SRV/ pin tool and the workpiece.

Friction between the pin tool and the workpieceatedrictional heating and shearing
stresses between the weld tool and the workpi&tca critical temperaturehe frictional shearing

stressewvill exceed the shear strength of the workpiece resulting in a plasticized nvaltéchal



flows around the welding pin tool [B-9]. Theweldedmaterial can be separated into different

zones such as those depicted in Figure 2.1.

Sticking Surface Slipping Surface

Shearing Surface

Figure 2.1: A representation of the different interfaces between the welding pin tool and the weld
metal. Image created by Nun2§18 P]. A volume of material, bounded by the sticking surface

and shearing surface, rotates with the welding pin tool-AS@V pin tool is shown, though a

similar relationship is expected for SFEW pin tools.

At the interface between the welditapl and the workpiegehe material either stigkto or
slips-against the welding pin todlrhisis analogous to the shearingaohe t a | Achipo dur
metal cutting processes where the material builds up on the cutting tool lbefftgeaeleasefb-
11]. Theshearing surface bounddgayeris the primary location for larggcale plastic
deformation, occurring whetée requiredorque energys minimized[9]. Parallel to the shear
surface is a network of dislocatiotigtresult in grain refinement and formation of new grains

through dynamic recrystallizatioB][ The optimalweld microstructuras highly dependent upon

weld process parameters aweld tool geometry, which are commonly determined through trial



and error [3]An example of a FSW with desirable dimensional characteristgigas in

NASAOGs t echni c&PEC36F%ghava in Bigutd&.F C

Original
Joint

Thermo-Mechanically Affected Zone

Original
Joint

A

Side

Thermo-Mechanically Affected Zone

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 madekSihg C
process. The bottom image is characteristic of a weld made ustRr@GBRorocessesmages
created by NASA MSFC in technical standard MSEREG3679 [2].

For GFSW 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 s@c8BFSWweld
with desirable characteristibsis an houglassshaped shear lay#rat extends from both the

crown and root shoulders and surrounds the pin sedti@pin tool geometryworkpiece
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strengthweldingtemperature, and welding process parametemfience the shear layer
boundaryand subsequently the weld nugget #mefmoemechanically affected zon@ MAZ)
profiles[1,5,9].

Higher mechanical inputs are required to produce microstructurally optimal welds for stronger
material. Thdikelihood of fatigue failure and mechanical erosion increase as the loads applied to
the FSW pin tool increase]L The life estimation algorithmrovided hereisupplements the
SR-FSW development process by estimating the durability of the weldingg@iwith respect

to fatigue failure.

2.3 Friction Stir Welding Load Distribution

The total damage accumulatieglthe FSW pirtool depends on the stresses and strains
experienced byhe welding pin tooturingthe welding procesd his sectiorfocuses on
modeling thedading distribution®n GFSWas a function of thprocess parameteasd
weldingtool geomatiesso that the welding pin tool stresses and strains can be estimated
Models for estimating the shear layer state will be introdficst Subsequent modethat
estimate the torque, transverse force, and lateral force loading distributions on the pit tool
build off the shear layer modelShe models discussed in this section will be applied in Chapter

3 to estimate the strestate of theSR-FSW pin tool as a function of the measured load history.

2.3.1 Shear Layer Modeling
The flow stress decreases with elevated temperdarengthe deforming weld material
in the shear layeo achieve high strain rates to maintain mechanical energy equilid®juihle

velocity of the material within the shear layer can be correlated to the peguéred to rotate



the FSW pin tool$,12-14]. The velocity of the flowing materialan bequantified usinghe slip
ratioo U, related thevblocity of theshear layer to thevelding pintool rotational velocity.
One means of estimating thip ratioand coefficient of friction for €SW processeisbased
upon amodel forCrossWedge Rolling (CWR) forging proceg8,15]. Therelationshipwvas
developedor AA1100 workpiecs using finite element simulations and confirmed with

experimental resulfd 2]. Theslip ratiorelationship is given iequation 2.1
1 ™p Qw ﬁ8— Eqg. 21

wher e motatiorsal ratehoethe FSW tod, is the shoulder radius of the FSW toahd]

is the slip ratioThis modelwas experimentally validated for rotational speed$ 2f = 0.1m/s
to 1.6 m/s Estimates within this rand®undthe slip raticestimateo et ween G, = 0.
which agrees witlotherestimates for the slip ratioom the literaturg15]. A similar relationship

is established for estimating the coefficient of frictmased on the CWR procg$s:
A ™ Qwnis2 Eq. 2.2
whereA is the coefficient of frictiorbetween the FSW tool and the workpieBe Roth et al.

set up an experiment &stimatethe coefficient of frictiorusingEquation 2.3 by measuring the
motor torque required to plungeGFSW pin tool intctAA5083-H111workpieces[12]. The

equation is as follows:
A 0 FTco—-— —1Q Eq. 2.3

wherel is the experimentally measured torque acting on the FSW piri@oslthe axial force
on the pin tool}Y is the tool shoulder radiuy, andQare the radius and letigof the threaded
section of the toglrespectivelyThe experimengstimatedhat the coefficienof friction ranged

from A = 0.3 to 0.4which agrees witthe CWR model andther literaturesourceg13,19. The



resultsof this experimenalso indicatd that the coefficienof friction remains independent
the workpiece temperatufiem T = 330°C t0530°C(626°F to 986°F)13]. The life estimation
algorithmprovided hegin will estimate the slip ratio arfdiction coefficient for steady state

conditions and assume they are constant for the entire weld duration

2.32 Torque Modeling

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

torque required by theelding pin tool. One model proposed bgtR et al. estimates the torque

requiremenbn a GFSW pin too] given by Equation 2.AL2]
0 ¢"Tseeoado Y Q Eq. 24
wherel is the total torque required rotate the €SW pin tool and is the total shear

streson the FSW pin tool due the combination ofleformational work and friction against the

workpiece The total shear stressdefined inequation 5 [7,17:
T %" p 1A — Eq. 25

wherdg is the slip ratiojf is the workpiece shear streng#h, is the coefficient of friction

between the tool and the workpieée,is the axial force on the FSW tool, aidis the radius of

the tool shoulderThis 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 ahdshearing workpiece materidlhis model was validated
by plunging a @SW pin tool into AA5083H111 workpiece material, the results of which are

shown in Figure &



30

E 20+t
=
- @
© 3
3 ©
U‘ ) .
5 10 + “ | qﬁ)
fy b, I
Ay SR R
f Ms=0 R ey Y R
A I |_“fﬂ
0 | ] ] ! [ L 300
0 20 40 60 80 100 120
timetins

Figure 2.3: A comparison between the measured experimental torque (Me) to three predictions
from the torque model proposed by Roth et &].[The torque model assumed a constant
coefficient of friction of puf = 0.3 for a welding pin Wi Rp = 5mm and Rs = 18 m. 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 analysisndicates that the slip ratio for this experimeritis un d e d b @tob W2Tken U
U =0 case does not capture dimupt shift in measured torque frahe experimental data
(shownwithin the twodashed blackoxesbetween t = 80s to 12DdRegardlessf which, this
modelprovided reasonable estimates to the total torque experienced by the welding pin tool.
Nunes at NASA MSFC establishegblaysicsbased approach to determine tbial

torgueacting on the pin tool. Todbrquecan be calculated usiragjuation % if the temperature

and pressure fields acting on the shear surfacenarenor can be estimatg@).
0 Afi p & QQ& AtTd mi Q-QI Eq. 26

a — Eq. 2.7
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Wherel is the total torque acting on the pin tobls the shear stressjs the polar coordinate
about the tool axjam is the instantaneous skgf the shear surfacanda is the coordinate from
the tool shoulder plan®&y manipulating the shear flowrsss term, the total moment acting on

the pin tool is simplified to equation8].9]:

0 ¢*-—" 0Y Y _ — Eq. 28

>v

where'Qis the thermal conductivity of the workpieéeis the weld metal density, is the

specific heat]Y is the melting temperature of the workpiecéjs the ambient temperature,

and’Y is the distance from the pin tool center to the location where the workpiece temperature is
sufficiently close to the ambient temperatugguation 2.8 simplifies equation 2.6 agsunng

that the shear surfacan be simplified ast@uncated one[9]. While morecomplexthan the

previous model (equation 2,4his model agrees well wigxperimental data for two different

C-FSW processes, shown in Figurd:2.

200
e ©
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Figure 2.4: Comparison of the Nunes torque model predictions to experimental data. (Left)
results from Example 1,-ESW of 2219T87 at 8in/min using a pin tool with Rp 0.5in,
Rs=1.2in. (Right) results from Example 2-ESW of 2219T87 at 4in/min to 15in/min using
a pin tool with Rp= 0.19in, Rs=0.48in [9].
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Both example#n Figure 24 demonstrate the robustnesstod Nunestorquemodelover a wide

range of rotational speeds, traversing spemulds tool geometries.

2.33 Axial ForceModeling

For GFSW, the pin tool plunging forces are reacted by the backing plate. This alows C
FSW pin tools tglunge directly intahe middle of a plate without a leador predrilled hole.
Both the pin and shoulder sections will exert an inertiakpure on the workpiece as it presses
the workpiece against the backing pldatereaded or profiled geometries on the gamerates
viscous forces within the shear layehnich couldhave an axialorce component

Atharifar et al performed finite elemer{ffFE) simulations of the &SW of AA6061T6
workpiecesA coupled thermal and fluid flow analysis was used to elucidate the thermal and
mechanical loads on the welding pin togll [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 alparoximately 90% of the total axial force
is generated by theressurdorce of the tool shoulder presg against the workpie@eross a

wide range of rotational and traversing spgégls

2.34 Traversing Force Modeling

The FSW pin tool must translate across the workpiece to join the maféealole of the
pin sectionof the GFSW pin toolis to crush and stir incoming material to support the large
scale plasticity generated by tto®l shoulder §]. Translation of thein toolis resisted by
inertial pressureand viscoudlow interactions between the welding pin tool and the workpieces

[6]. Of great interest to this work is thdly reversedoending loads applied to the side of the pin
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shank as the toobtates andraverses through theorkpiece Arora et al. proposed that the

traversing force on the threaded section of tHeSBV pin toolis a function of the flow stress of

the workpiece as a function of distance from the shougieen byequation 29 [8]:

anaQa Eq. 29

” >v

where,, is the maximum net bending stress on the pin, is the force distributioms a
function of the distance from the crown shouldegure 25 displays a typical loading

distribution for GFSW pin tools §].

N\ N\ Shoulder

24,
R’ = 2 2x

Welding direction

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 Aabi&]et

This model predicts that the largéstversingforcesexistsat the end of the pin where the

workpiece material is coolest. Estimating the temperature and flow shear strength gradient of the

13



workpiece isanontrivial task Atharifar et al established &E modelsimulation of theC-FSW
procesdor weldingof AA6061 workpiecesand compared the results to experimental dita [
TheFE modd estimated the inertial and viscous loads acting on tR&\® pin tool as a
function of traversing speed and rotational ratee study concludkthatthe transverse, or drag,
force increases as the rotational rate decresaasdss the traversing speediease$6]. These
findings support the similar conclusions from other sourc&s43,3,1517]. Additionally, the
viscous forces generated by the tool shoulder contribwppmximately?5% of the total
welding force, whereas the inertial forces onghreonly contributed tapproximatelyl5% of

the total forcg6]. The remaining 10% of the total force is generated by viscous fordestion
the pinand shouldesectiors of the welding pin too]6].

Debroy et al. established an analytical methogftimating the stresses acting on
circular and nosctircular pin GFSW pin tools which included a means of estimating the loading
distribution expected for-€SW pin tools 18]. The shoulder component of the transverse force
for C-FSW pin toolscan be estimtedby use of Calombés law of friction and the slipatio,

given inequation 210 [18]:

O 1TAOC" 1 Qi Eq. 210

>v

Where the shoulder forcé) , is the total frictional force applied to the slipping material
integrated across the entire aozathe shoulder of the-ESW pin tool.
Nunes also estimated the traversing force as a function of process parameters with

equation 2.1:

"0 DAT-Otp & OEH 9 Eq. 2.1

>v
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where P is the pressure acting on the shear suffac#he sheastressacting on the shear

surface and m is the instantaneous slope of the shear suéioed in equation 2. Both terms
must be defined as a function of the polar coordinates of the shear surface. This definition is
depicted graphically in Figure@[9]. A comparison between the computed and measured drag

forces is given for two examples in Figur& [Q]:

Retreating Side

Advancing Side

Figure 2.6: Definition of the pressure and shear stresses acting on the shear surface. Image
created by Nune9®].
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Figure 2.7: Comparison of the Nunes drag force model predictions to experimental data. (Left)
results from Example 1,-ESW of 2219T87 at 8in/min using a pin tool with Rp = 0.5 inch,
Rs = 1.2 inch. (Right) results from Example 2F8W of 2219T87 at 4 in/min tdl5 in/min
using a pin tool with Rp = 0.19 inch, Rs = 0.48 inch. Images created by Nines [

The estimates made usiaguation 2.1tendsto capture the general trendtb& experimental

data butare notas accurate as the torque mo@ejuations 2.2.8)[9]. The examples considered

by Nunegesulted in the computed values being off by as much as a factor ofdhree |

2.35 Lateral Force Modeling

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

incomingworkpiecematerial. Different relative velocitied the weld materiabn the advancing

and retreating sides will result in a lateral pressure due to theudagfect [35]. The pressure

will generatea force that pushes the FSW paol towards the retreating side of the wedd

shown with Figure & [3]:

16



[ Force due to Magnus-Effect ]

Original
= 1 el - - R - = -» Joint
Leading Trailing
side side

Advancing side

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, resultingparceived flow of
material from left to right. Image originally created by Hilgert and subsequently modified to

include the original joint ling3]

Finite element simulationperformed by Atharifar et ahlso provided insight into the lateral
loading digribution. Their studyestimatedhat 95% of the totdhteralloadwasgenerated by the
tool shouldeland 5% of the total lateral force was generatethbypin sectiormndultimately
can beneglected8].

An alternative definition of the lateral force term is defined inNheesmodel P]. The
lateral force component given guation 2.2 takes on a similar form as the drag force term
defined in equation 211 where the combined pressure and shear facdke shear surface

result in a net lateral force acting on the pin tool:
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O DAT-Otp a OEH @ Eq. 2.2

>v

A comparison of the lateral force estimate to measured force data is providgure 29:
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Figure 2.9: Comparison of the Nunes lateral force model predictions to experimental data. (Left)
results from Example 1,-ESW of 2219T87 at 8in/min using a pin tool with Rp = 0if,
Rs = 1.2in. (Right) results fronExample 2, @FSW of 2219T87 at 4in/min to 15 in/min using
a pin tool with Rp = 0.1%h, Rs = 0.48n. Images created by Nune3.|

This model does not effectively capture the general trend of the experimental data, implying that
the relationship defineith theNunesmodel is not accuratelstimatingthe lateral forceacting

on the GFSW pin tool[9].

24 Description of MP159
The SRFSW pin tool of interest is manufactured from MP159, a nickélalt based
alloy with excellent mechanicakoperties at elevated temperaturEs23]. The
MULTI PHASEE al |l oys amassundeghmse gransfaimatiosf seed on a

centered cubic (FC@)latesalong the {111} planes into finely twinned hexagonal close packed
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(HCP)structureghat occursasa result ofcooling pure cobalt below 420°Q@422]. The
resulting alloys achieves higgtrength, ductility, and corrosion resistance up to a maximum
operating service temperature of 593°C (110018)23]. MP159 has the following nominal

chemicalcompositon [19]:

Table2.1: Chemical composition of MP159 alloy. The nominal chemical composition results in
gamma prime phase precipitates forming during age hardeni®j. [

MP159 Ni Co Cr Fe Mo Ti Cb Al
Weight Percent Po] 255 | 357 ] 19.0| 9.0 7.0 3.0 0.6 0.2

Each chemical <constituent stphgth)ydsctlity,/andicorrpsmnm t a nt
resistance at elevated temperatuiidge combination ohickel, cobalt,chromium, and
molybdenum strengthen tmeatrix through soliesolution and are believed to induce phase
transformations (FCC to HCP) through ceVdrking [21]. Nickle also stabilizes the FCC phase
and lowers the nmigensite start temperature to just below ambient temperatdgsTitanium,
aluminum, anchiobium develop into gamma prime strengthening precipitates within the
microstructure [2]. The addition of iron was required to control the sigma phadgehas the
added benefit afeducing the mix cost [@. Carbon andboron are added to strehgh the grain
boundaries [2].

One typical heat treat schedule for this material is defined by AMS 2843This
specification requires that the component is first solution heat treated at 10382¢CC
(1900°F1925°F) for 48 hours, followed by water quenching. The component is then cold
worked by 48% t@roducestrain hardening mechanisnihe material ishenaged at 649°C
677°C (1200°FL250°F) for 4.64.5 hours before air coolirtg room temperaturg?5]. Cold

working and ge hardeningreatethe conditions necessary for the gamma prime precipitate to
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form whichlargely contributestMP 1 59 6 s e | mtura strendth. Figurafdisplays

themechanicaktrength of MP159 as a function of cold working apeératinggemperature.

Elevated Temperature Tensile Data

Tensile Data vs. % CW + 1225°F/4 hrs/AC 48% CW + 1225°F (663°C)/4 his/AC
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Figure 2.10: Mechanical properties of MP159 taken from Latrob@.[The mechanicadtrength
is evaluated as a function of cold working (left) as well as testing temperature.

The Air Force Materials Laboratory (AFMicharacterizethe mechanical strength bfP159 at
room temperature and at elevated temperatures of 427°C (800°F) ad(6200°F). The

stresslife curve generated by this work is shown in Figude 2.
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Figure 2.11: A stresslife 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 AFNSL [2
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The stress life cungefor 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 monotonicegs|dkstthe
specimensvere 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 thatibieaiion of elastic, plastic,
and viscoelastic damage mechanisms reduce the damage tolerance of the material at elevated
temperatures.

C. Collierinvestigated the suitability ahultiple alloysfor FSW pin tooluse including
MP159. Their experiment theaty conditionedest samples at multiple differeslevated
temperaturefor several different duration taimic thethermal effects of thESW process
Material qualification for FSW pin tool purposes was determbvasgd orthefracture toughness
of thedifferent test samplatroughlZOD impact testingat room temperature and at elevated
temperaturef27]. SEM images of the fracture surfaces ofbaselineroom temperature
specimerare shown in Figure 221 Additional imagingof a specimenvhich wasthermally

conditioned ab00°C for 50 hourss shown in Figure 231[27]:
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Figure 2.12. SEM images of MP159 specimen from 1ZOD fracture tests taken at the central area
(left) and at shear lips (rightfracture test performed at room temperature without any thermal
conditioning. Images captured by C. Colliai]
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H WD =17 0mm Mag= 5.00KX Tira 124006 H WD =142mm Mag= 500KX Tima 129654

Figure 2.13: SEM images of MP159 specimen from 1ZOD fracture tests taken at the central area
(left) andat shear lips (right). Fracture test performed after 50 hours at 500°C to simulate
welding conditions. Images captured by C. Colli&f]
The study found little evidence of variation between fracture surfadessefine specimen and
the specimewgonditioned ab00°C R7]. Both specimens failed by ductile fracture though

microvoid coalescence proce&3]l A varied dimple size within the center area is attributed to

nortuniformity of nucleating particles, while the dimpling in the shear lips wai®um 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 StrainLife Fatigue Method

The existing literature data for MP159 used stizsgrolled fatigue testing to
characterize the fatigue response of the mater@hl The stresdife fatigue method is well
suited for constant amplitude loading histories that result in longer B@sThe SRFSW tool
used for production of pressuressels for NASA, however, fails at shorter lives where plastic
strains ardoelieved to play aore significantole. Thethreadsn the pin sectiomct asa stress
concentration which cause localized plasticity atthineadroots. The material surrounding the
thread rootlastically restrains thecalizedplastic deformation in a stracontrol manner29].
Thus, $rain-control fatigue testing is the baatthod of characterizing the pin tool material
deformation response at a notch. The life estimation algoptiovided heravill estimate
fatigue failure othe SRFSW pin tool using the local stralifie method whichis well suited to
handle the sequeimg of the SRFSW process and will capture the mean stress state changes
during the measured load histoB9]. This section will briefly introduce the local strdife

fatigue method for analyzing notched components.

25.1 Constitutive Modeling of thein Tool Material
Straincontrolled testing was used to precisely prescribenstanstrain amplitude. The
proportion of elastic and plastic strain can be determinedhafdr Ipading cycldy 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 strain‘ﬁg, , during unloading and loading for each
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reversal within a hysteresis loop. Loading beyond the ptiopal limit will result in

unrecoverable plastic straininij; [29]. Straincontrol tests performed at a constant strain

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

softening R9]. An example of stia hardening is shown in Figure 2.123[:

Aeg

e

Figure 2.14: Example hysteresis loops showing the elastic and plastic strain components. This
figure is taken from Fundamentals of Metal Fatigue Analysis Badnantine et al2[]
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Figure 2.15: Cyclic strainrhardening. For a constant amplitude st@ontrolled test the stress
amplitudes increase over time. Figure created by Bannantine 29]al. |

For the strairhardening, the cyclic stress amplitude increases ovemitmeecashe stress
amplitude decreases over tighgring strain softeningfhe amount of strain hardeningsirain
softeningcan dependn the plastic strain amplitudi@0]. After an initial transient behavior, the
material will typically become cyclically stabl2q]. It is common to determine fatigue
properties using the hdlife cycle, or 50% of the total life, such that the stabdizesponse is
used R9]. The cyclic stresstrain curve is defined using the stabilized response from multiple

tests An example of the cyclic stress$rain curve is provided in Figure B:1
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Cychic Stress-
o Siragin Curve

Yﬂ\

Figure 2.16: A cyclic stressstrain curve developed from the peaks of multiple hysteresis loops.

This figure is taken from Fundamentals of Metal Fatigue Analysis by J. Bannantine2é} al. [
A cyclic stressstrain curve igit 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 theldedatigue properties.

The strain life plot, shown below in Figure 2,tharacterizes the fatigue life based on the
combination of elastic and plastic strain amplitudiesultiple fully reversed strainontrolled

fatigue testdor the stabilized cyclg31].
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Figure 2.17: A typical strainlife 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.WLandgraf [3].

Basquin developed a curve fit for takastic component of the strain amplitudgng the

following powerlaw fit relationship

|

— ¢0 Eq. 2.8

Y

Where— is the trueelastic strairmamplitude,, is the fatigue strength coefficieli,is the

modulus of elasticityg is the number of reversals to failure, abig the fatigue strength
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exponentCoffin-Manson developed similar relationships for the plastic component of the strain

amplitude

<

- a0 Eq. 2.4

Where— is the true plastic strain amplitude,as the fatigue strength coefficient, E is the

modulus of elasticity, anéis the fatigue ductility exponent.ombining the elastic and plastic

strain amplitudegieldsthe following equation:

<
A
<

— ¢0 - a0 Eq. 2.5

where the total strain amplituda/-;-,—, is the sum of the elastic and plastic strain amplitude

componentsNumerical methodsustbe used t@stimate th@umber of reversals to failure for a

given total strain amplitude.

25.2 Stress Concentrations and Notch Effects

Threads on the middle demn of theSR-FSW pin toolact as stress concentrations which
adversely affect the fatigue life of the t¢4,29]. Stress concentrations are caused by
discontinuous geometries in a component and result in local ie¢nestsessand strain
experienced at the notch. Traio of localstresses and straitsnominal stresses and straisis
guantified as the stress concentration factor, Kt. The relationship between local notch stresses
and nominal stresses in the net section res@nstanto the proportional limitAt the onset of
yielding thestress and stramesponseare no longer linearly relategesuling in thelocal stress

concentrationy , to decreas@and the local strain concentratian, to increaseavith respect to
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the nominal stress concentrati@®]. Neuber proposed that the effective stress concentration
beyond yieldingcan be estimateoly the geometric mean of thecal stress concentration @dihe

local strain concentratigrwhich is shown in Equation 129]:

v VIV Eq. 216

There arewo prominent modelto determindghe true notch tigtresses and strain
beyond the proportional limiThe modebproposed byeuberstipulates thathe product of
stresses and straidsrived fromelastic estimates is equal to the true notch stresses and strains
derived fromthecyclic stressstrain curvg 29]. Whenthe component remains nominally elastic
Neuberds rule taR¥Fs the following form

o YQ , - Eq. 217
whereu is the monotonic stress concertation factéandQare the net section stresses and
strains, ang and- are the true stress and true strain at the notcfitipi s ver si on of
rule assumes thatelding has only occurred at the notch root andtfesurrounding material is
elastic.When limited plastic deformation occurs in the net section ofahgonent the
engineering stress and strain values must be determined from anm@stcconstitutive
model such as the cyclic strestsain curve 29].

Glinka proposed an alternative method for determining the notch response. This method
equates thetiain energy density between the linedaistic and elastiplastic material responses.

Glinkabs equation[83233%:s the following form

o — — — - Eq. 218
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wherel is the stress concertation factoY, is the net section stre€djs the modulus of

elasticity,,, is the true stress and true strain at the notch tippamadé are the strength

coefficient and strain hardening exponent which define the cyodisssttrain response.
Banaszkiewicz et al. performed a study to determine whether the Glinka or Neuber

method is better at estimating the true stresses and stram#dcbes located atirbine rotors

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

of different startup conditions. Figurel8.shows the conclusions made in this study:
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Figure 2.18: Results of the finite element study performed by Banaszkiewicz[8dhlThree
different startup conditions were simulated for a turbine method. The solutions of the finite
element simulations are compared to the estimates made by both NeuGéinkad
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The simulation results from 18 notches in BEemodelwere compared to the estimates given

using Neuber and Glinkads method. The study c
strain amplitudepredicted by thé&E simulationby +20%whileGli nkaés met hod wunder
the strain amplitude KYi8%[34]. The absolute differendeetweerbothanalytical methosland

the finite element solutioimcrease as the strain amplitude incred484]. Thelife estimation

algorithmheran will computeboth formulations to bound the notch tip solution set.

25.3 Mean Stress Effects

Cyclic fatigue propertiekor MP159 wereexperimentally estimateasingfully reversed
constanstrainamplitude fatigue test§he SRFSW pin toolis expected to have a naero
mean stress becaus@xperiences a combination @fnstant and alternatingads The life of
the component is expecteditereasdor a compressiveneanstress andecrasefor a tensile
mean stresg29]. This section will introduce several mean stress theories that will be used by the
life estimation modebrovided hereito properly correct the life estimations for Apero mean
stresses.

Some engineeringaterias exhibit mean stress relaxation at high strain amplitudes and
the mean stress will trend towards zero mean stg&ssThe Morrow mean stressiethodis
appropriatdor materials that exhibit mean stress relaxaliecause ibnly correctghe elatic

portion of the strain life curyeas shown by Figure 29[29].
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Figure 2.19: Morrow correction method for tensile mean stresses. Image created by Bannantine
et al. R9.

The Morrow correction method has a minimal effectaading regimesvhere plastic strains

dominate the deformation resporasel a full effecon loading regimewhere plastic strains are

negligible There are two variants of the Morrow mean stress caredthe originaMorrow

mean stressorrectionis given inequation 219:

<

W -0 Eqg. 219

9

where— is the strain amplitude, is thefatigue strength coefficient, is the mean stres§is

the cyclic modulus of elasticitgis the fatigue strength exponent, is the fatigue ductility
coefficient,is the fatigue ductility exponent, aqd is the number of reversals to failure.

Another mean stress correction method was proposed by SWathpn,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.R29]:
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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 methisdjiven byequation 2.2:

<

" — ¢U , - QU Eq. 2.2

where, Is the maximum stress experienced by the compombig.method is prone to
overestimating the mean stress effect on lower lives where mean stress relaxation can occur
[29,35]. Despiteviolating the constitutiveelationshipthe SWT methodenerally provides an
accurate account for mean stress effects of most structural m&28ysal.[

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

method isa more robust@proach to mean stress effects because it can be calibrated directly

from fatigue | ife dat a [figedl o multhlestainhfgdureesf i t t i ng
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developed atlifferentmean stresses. The Walker mean stress relationship can lesl apphe

strainlife equation in the following form:

<

qi] -

where Ristheloadratio or rat.i

parameter. Because this model is calibradeexperimental datih can provide superior results,

such as the example shown in Figurel2.2
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Figure 2.21: Example of the Walker mean stress calibration for 42CrMo4 Steel. Figure created

by Dowling [30].

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

fit curve by use of the ker methodln situations where there is insufficient data to calibrate

the Walker method it is recommended to assuidhefaulty a |

form of theSWT mean stress equatif86].
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25.4 Damage Summing Techniques

The SR-FSW process experiences variabhaplitude fatigue loadindue to the transient
nature of FSWVariable amplitude fatigue requires specialidamage summing techniques to
account for théotal damageaccumulated by the materi@ne common method fousiming
variable amplitudeyclic loading is by use of the rainflow counting algorithfhe rainflow
counting algorithm was original developed by T. Endo and M. Matsuishi in 1968 to extract all
completed loading cycldsr avariable amplitudéoading history 29]. An example of the
rainflow cycle counting predicted hysteresis loops for &bée amplitude load history is given

in Figure 2.2 [35]:
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Figure 2.22. Estimates for the materials response to the variable amplitude loading history. This
process captures the i mallovwsifoytheanednstredsstobeof t he
estimated for each loading cycle. Figure created by Dowlifg [3
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The rainflow cycle counting procesapturegshe mean stress and material evolution by use of
the memory effect . (thestatesof theryield sirfase foi prexious loadse r s 0
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®BBThe rainflow
cycle counting algorithm retriecge t he previ ous maxi mum of point
redefines the stress and strain amplitbdse orpoints A-D. For thisexampleall loading cycles
result in a completed hysteresis loop because the load history starts andtleadsuate
maximum viue.
Damage for each loading cyakeestimated usinthe strainlife curve. Once the number
of cycles tofailure bycrack initiationhave beemdentified thedamage per cycleas determined

using he following equation:

o — Eq. 2.3

whereO is the damage for a block of loading, is the total occurrences of a particular loading
blockand( is the life estimateébr the loading amplitudéor the loading block

PalimgreAMi ner 6 s r ul e i s g@ruléthatacavs fordha total Jasnage u mmi n

accumulation to be estimateahich is given asquation 2.24:
BO BO Eq. 2.23
whereO Is the total damage summed across all loading blé@kkire of the material is

predictedwhen the total damageecumulatiorterm equal®ne For this work failure is defined

as the initiation of a crack in the SFSW pin tool.
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CHAPTER371 WELDING LOAD HISTORY AND DISTRIBUTION
3.1 Introduction
A schematic of th&R-FSWwelding pin tool assembly used by NAS&

circumferentially weld pressure vessslshown in Figur&.1[4].

Pin tool

Root
Shoulder

ISOMETRIC VIEW
FOR REFERENCE ONLY
NO SCALE

Figure 3.1: A schematic of th&R-FSW pin tool. Failure of the current pin tool design (left)
most commonly occurs in the Apino section, or
and root shoulders (detail, right). Images from [4].
The SRFSWpin toolmustproduce a prelimingrqualificationweld for microstructural

evaluation beforereaing a production weldA graphical representation of tpeocess flow

diagramf or o ne o FFSWpkdses<es givBrRby Figure 3.2:
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QUALIFICATION WELD

Dwell > Start-Up > S;f;tiy Extraction>

{; I Evaluation <:

Dwell > Start-Up > S;f;tiy Extraction

PRODUCTION WELD

Figure 3.2: N A S AEBSYV prddess requires each tool to produce a qualification weld. The

same SR-SW tool is used for a production weld if the qualification weld is satisfactory.
The welding process begins with tfieD w estajevherethe SRFSW pin tool rotates at a
specified ratavithout translatingolocallyh e at t he wor kpi ecuep.0 Tbhye t ool
traversng across the workpiece. The stap stage transitions into the steady state stage when
theweldingforcesandlocal workpiecaemperature reachas equilibriumstate The process
ends with the toatlowing to a stop before being extracted from the workpi&be. sequencing
of events of the qualification weld and the production weldhaseimed to bielenticd, with the
primary difference being the duration of time spent in the stetadg stage. Thus, the
production weld history can be simulategingthe qualification load historgo long as the
assumed steady state duration is adjusted to account foeddés in weld length.

This section will focus on the mechanical and thermal loads experienced by-F&VBR

pin tool for thewelding procedureA loading distribution will be estimated by applying
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mechanistic models for-ESW pin tools to the SIRSW pin tool investigateith Chapter 2The
thermal history of the SIRSW pin tool will also be investigated
3.2 Mechanical Load History
Theloaddatameasure othe qualification welding statiomcludesthe total tool force
measured in the transvers@)( lateral {O), and axial O) directionsas well as theotal ool
torque ). The axial forces in the crown and root shoulders assemblies are measured separately.
The combined torque on the crown shoulder and@ut shoulder assemblies are acquired as
one measurement. Figure 3.3 provides the total force and torque tool feedbadknction of
time, for the nominal weld parameters dictated invtkr&ling procedureThe definition of the

force vectors is shown in Figure 3.4.

Normalized Force
o
Normalized Torque

o
H

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Time

Fz-Root = = =T

Fx Fy Fz - Crown

Figure 3.3: Load history for joining AA221987 by use of th&R-FSW pin tool specified in the
welding procedure. The SRSW pi n tool i s begins to rotate
traverses duringthestartp ( Ai20) and st eadyFSyipiatodstopsi 30) st
traversing and is extracted inthe finelage ( A4 0) .
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Fz (pin)
_

Fsp indlel I l Weld Direction

L Weld Mat’l

Fz (pin) gg

I
<

} 5

Figure 3.4: Coordinate system for a SRSW pin tool [4]. This work will use an identical
coordinate system.

Theloads for the SHESW process generally increase at first to a maximum state in the start up

stage, after which the loads decrease slighilyng steady state conditions.

A loading distribution for SHESW pin tools must be established for the life ediona

algorithmto estimate the damage per cyde date very little modeling has been performed on

SR-FSW pin tools [3]. This work used models fofFSW pin tooldo estimate the load

distribution on the SAESW pin tool. A detailed review of the existingpdels forC-FSW pin

toolscan be found in Chapter Zhe primary assumption for modeling $$W pin tools is that

they behave similarly to two conventionalFSW tools placed back to baakhich is supported

by other literaturg¢3,9]. Thiswork alsoassumes thahe symmetrical appearance of the-EBW
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crosssection such as the example with desirable charactepstigided in Figure 2, is
evidence thathe shear layers generated by both tool shoulders are smtegnitudd?2].

Two different nodels were investigated for estimating the total tool torque acting on the
C-FSW pin tool Both the modeproposed by Roth et,aquation 2.4and theNunesmodel
equation &, were investigated in Chapter 2. An initial calibration was performed oRdtieet
al. model(Eq. 2.4)because it iselatively simple and easy to implemenhe results of this

analysis are shown below:

SR-FSW Tool Torque Estimate

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Normalized Tool Torque

Calculated Measured: Total
m Stick: Root = Slip: Root mTotal: Root
& Stick: Crown Slip: Crown & Total: Crown mTotal: Both

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 conditihich included a workpiece temperature of
427 °C, workpiece shear strengthltf 3440 psi, a slip ratio of
friction of pr = 0.466. The combined calculated torque for steady state conditions is 7.6% less
than the measuresteadystate torque value.
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The estimatéor total tool torque wawithin 10% ofthetotal measuredteady statéorqueusing
weld parameters estimated with equations 2.1 andTA methodology used above indicates
that approximately5% of the total torque aobn the root shouldeaturingsteady state
conditions which is consistent with the literature on FSW andFRSRV pin tools [F]. This
simplistic approach was used to estimate the loading distributi@abbr loading cycla the
load history, not just steady state conditidha more robust estimate of the torque distribution
is required, or if théorquevalueneed to be estimated based naw process parameters, the
Nunesmodelwould likely beabetterapproach

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 dSWtool [3,6-8,13,1517]. Thiswork used an
approaclof estimating the shoulder force components for the crown and root shoulders by use of
equation 2.0. Since the total force is known, the pin force is estimated to be the difference

between the measured total force and the estinsaitmader forces, shown eguation 3.1.:
O O BO Eq. 3.1

For SRFSW applications th&aversingforce from both shoulders are summEdr steady state
conditions this method predicts that 83% oftibtal traversing force acts at the root shoulder,
6% acts at the crown shoulder, leaving the remaining 11% to act on the pin Sdusdoad
distribution is consistent with finite elemestudies of GFSW pin tools §].
The traversingforce 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 expectedoe symmetrical for welds with desirable characteristics,
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like the ones shown in Figure22Both taversingforce components will generate a bending

stress and can be modeled as a cantilevered beamegsatipn 3.2:
” - - Eq 32

where,, is the maximum bending stress occurring atamersurface of a cantilevered
beam. "he notchin 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 armhe.monent of inertia, I, for the
crown of the SRFSW tool isone order of magnitude largéran the moment of inertia for the
pin implying that he top of the tool is sufficiently stiff that the bending loads be assumdd
be groundeat the crown shoulder. Thube cantilever arm lengiz) is the distance from the
crown shoulder to the force component.

Theinformation collected during tHéerature survepuggestshat the axial and lateral
force components are primarily generated by the tool shoulder, allowing the pin components to
be neglectedd]. Optimal SRFSW welds are symmetrical (Figure 2.2) legdio 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 stresstia pin section of the SRSW pin tool.

The axial force is a prescribed parameter inviekeling procedur€eThe literature review
in Chapter 2 indicates thtte axial force component generated by the pin section can be
neglected. Thushe 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 ootthe r
shoulder;O , and the cross section at the notched geometry in the pin séttion,

Several loading distributions have been discussed in this section. Table 3.1 provides a
summary of the loading distribution estimates for$iReFSW pin tool for steady state welding

conditions

Table3.1: Summary of the loading distribution estimated to be acting on tHeSSRpin tool.
Loading distribution estimates are provided for the stestdye stage.

SR-FSW: Steady State Fx | Fy @ Fz T

Crown 6% 50% 10% 30%
Pin 11% - - -
Root 83%  50%  90% 70%

The life estimation algorithrdetailed in Chapter &utomatically calculates these parameters
based on the tool geometry and weld process paranmiBtexdo superposition the force and
torqgue components acting on the root shoulder are grounded through the pin section. The
numerical constitutive model takssesses generated both by the pin and root should into

consideration when estimating the damage accumulated by tR&®BRpin tool.

3.3 Thermal Load History

A series of experiments were performed at NASA MSFC to measure the change in
temperature of thpin tool during the nominal SRSW processA SR-FSW pin tool was
retrofitted with a thermocouplecatedin the center of the tool to measure temperature of the

tool during the welding procesBhe resuls of this experimenareshown in Figure3.6:
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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.

Thedata indicates that themperature increases rapidly during the fisell stagewhich
occurs within the first 10% of the experiment. The tool continues to heat up during thgstart
phase, but at a decreasing rate. Steady state temperature conditions atteapproximately
80% of the experiment duration, just priorthe weld being complete@he results of the
experimenindicate that the steaestate temperature approaches-860°F (404427°C).As
such, he life estimation algorithrdescribed hereiwill use material property estimates based on

fatigue tests péormed at steady state temperaty(ggor near 800°F)
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CHAPTER 4 MECHANICAL TESTING OF MP159

4.1 Introduction

The numerical life estimation algorithm uses a constitutieelel to determine thecal
strain history of t ISRFSWpip toalas 4 funttionroktteedldingn NASAO
load history The testing procedures required to characterize the fatigue properties of MP159 are
reviewedin this chapterVerification checkouts were performed to ensure the testing equipment
couldproduce validestresults A general overview of the specimen design and the equipment
used for testing is providexk well as theelevant standards and requiremdotgesting

A material characterization effgptoposed the existence of thiss@minart damage
mechanisms fotesting conditions that mimic the SFESW process (straicontrolled fatigue
testing, R =1, T = 427°C) Monotonic tests verni&dthe mechanical properties from the
literature. A statistically significant stralife curveper ASTME60612 was estimated for
MP159 at steady state welding temperatures. Other exploratory tests and surveys are included in

the discusen of this chapter

4.2 Specimen Design

Thetest material for thiswork wasa c hi ned i nt o r odtensile idog bon
specimes, per ASTM E60612 [37]. Figure4.1 provides a detailed schematic of thst
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 customsupplied material used for this work matches the specification of

the production SHESW pin tools.

4.00

1.25 -
Typ. 625 0 .500

i

R.8 T\yp. — ©.2500

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 specimas polished with emery cloth to achieve an average surface
roughness of approximatelyaR 0.2 um. The specimens were polished in the longitudinal
direction until circumferential markings were not visible using 20X opzgam conditions. A
minimum of three diametric measurements of the gauge section were recorded and averaged

prior to testing.

4.3 Equipment

Testswereconducted on a servoydraulic MTS Landmark load frame equipped with
hydraulic collet grips. The load frameas 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 se@@rmPASTM E60612[37]. A commercially

avail able extensometer with 85mm (350350huger a

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 statistically significant strattife 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 strate on the deformation mechanisms.

As previously discussed, the supplied dogbones were maclend®spM E60612 [37].
The requirements can be found in AppendigfAhis work The specimen geometry selected for
fatigue testing is nah accordance withASTM E8-16 because the gauge length is not at least
four times greater than the gauge diameter. ASTM.&®asused as a basis of understanding
for performing monotonic testing.

The ASTM E73910 code requires a minimum of gestswith 33% replicationto
achieve a statically significantstrdini f e curve for fAResear3h and
Exploratory tests are also performed at different loading rates. The exploratory tests will
elucidate what effects, if any, the loading rate has on therialatelevated 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 EBB6&vhich allows for a bending strain
up to 5% of thaminimum axial strain range}]. The permissible bending strain per ASTM

E60612 for a strain amplitude & = 0.00300 mm/mm ig =0.00030 mm/mm. The
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maximum bending strain was measured te be =0.00018 mm/mm &t=1 Hz. The load
frame is sufficiently aligned per ASTM E6QR 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 recordedeoialanaveler
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 isfpaned at roono ensurehat the
extensometer is installed correctly and that the system is producing results as egpexsed.
and strain data was collectddring the loading and unloading portions of the check. The
modulusof elasticityis estimatedy the line of best fit of the unloading strestgin data. For
thiswork, the measured modulus must be within E £ 10% of the value found in the literature
listed in Chapter Before proceeding with the test. If the measured modulus of elasticity exceeds
this tolerance the specimen isgepped, and the extensometer isset.

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
consant temperature withio “¥ £1°C and the thermal strain measured with the extensometer is
constant within = + 0.00005mm/mm The stabilized thermal strain is recorded on the
specimen traveler. The extensometer is then zeroed out so that thedasbitirny only
mechanical strain. A modulus check is performed agatimeatestemperaturef interest

Monotonic testingvas used to confirm that the-aspplied material matches the
literature material properties. The monotonic testing proceduriigowbrk uses a constant
crosshead displacement rate. This displacement rate corresponds with a specimen strain rate of

0.5 mm/mm/mirduring the elastidoading portion of the tesThis procedure deviates from
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ASTM EB816 which requires a strain rate-of 0.0150 + 0.006 mm/mm/min until yielding has
occurred B9]. The extensometer measured the strain values up to fracture fahéotom
temperature and elevated temperature (T = 42f@)otonic tests.

As previously discussed in Chapter 2, isothermal stcamirolled testing is best suited to
capture the active damage mechanisms in th& SR pin tool. These tests are conducted at the
steady state welding temperattweapture the dominant damage occurioging weld
operation. Uniform heatingf the gauge section is required per ASTM E@@6when
performing isothermal fatigue tests. The permissible temperature variability in the gauge section
is the greater of the following:

W'Y ¢déipb "Yh Eq4.1
wherew ¥ the temperature variance during the test, &hid the nominal test temperaty@&¥].
A Trumpf TruHeat 3010 induction system was usebeat the specimenst = 427°C
(800°F). Per ASTM E6042, the allowable temperature variation within the gauge section is 1%
of Y = 427°C, corresponding to an allowable difference in temperatupe ¥f+ 4°C.A series
of six thermocouples were welded along the lengthtohingspecimen as well as three
additional thermocouples along the circumference at the center of the gauge section. The results

of the induction coil tuningreprovided in Appendix A.

4.5 Monotonic Results

Monotonic tests were performed at room tengpure as well as a¥ = 427°C (800°F).

The results of the monotonic tests are summarized below in Fiduend Tablet.1.
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Monotonic Comparison:
RT vs HT (427C)

= 1200 - = RT - Mono

7

G 800 -

N + HT- Mono
(427°C)

0.000 0.050 0.100 0.150
Strain (mm/mm)

Figure 4.2: A summary of monotonic testing comparison of the specimen at teroperature
(26°C) and at elevated temperature (427°F). Engineering values are plotted.

Tabledl:Monot onic testing results compared to |
data is an average taken across all monotonic and fatigue tests performed by this work.

Literature data is taken from Latrobe(QR The average modulus check values were datexd
from 18 elevated temperature modulus of elasticity checks and 20 room temperature modulus of
elasticity checkddT refers to a test performed at T = 427°C

Specimen Temp. | Modulus - | Modulus- | 8y0.2% | & UT UOf
(°C RT (GP9 | HT (GP3 (MPQ) (MP3) | (%)
RT Mono 26 254.1 - 1900 1910 11
HT Mono 427 264.5 248.7 1520 1530 17
Modulus Check | | 5493170 215.8+6.5 - i i
Averages
Literature 21 241.3 - 1900 1930 8
427 - 213.7 1600 1530 10

The materials monotonic yield and ultimate strengtivat 427°C (800°F) both decreased by
approximately 20% with respect to the room temperature specimen. These findings agree with
the literature resultslp-22]. Both the room temperature and elevatechperature monotonic

specimenslemonstrategostyielding strain softening until failure. Note from Talld, the
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elevated temperature modulus for specimen 5 was 16.3% higher than the literatu2e,ddta [
The moduluf elasticityrecorded for the elevated temperatmm@notonic testvas
approximately five standard deviations greater than the avelaggted temperature (T =
427°C)modulusof elasticity for the entire testing matrikhis test is determined to be an outlier
becauset 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 literatur

An error was made in the exeiout of the room temperature monotonic test resulting in
the strain rate being well outside of the guidelines in ASTML&E8Despite the tests not

conforming to ASTM EB8L6, the results agree with the literature data presented in Z.able

4.6 IsothermabtrainControlled Fatigue Results

The isothermal strathife curve generated by this wowkas statistically significant per
the requirements for AResear ch dbh$%evedsganel op men
controlled testsvere conducted at a tempena of"Y = 427°C (800°F) and a loading rate of 1
Hz. Fouruniquestrain amplitudes were duplicated to achieve 36% replication. The raw data is
provided in Figuret.3 along with the Basqui@offin-Manson strain life curve fiteequations

2.13 and 2.14in Table4.2. The strain life curve is comprised of elastic and jgl@astmponents.
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Strain-Life Curve:
f=1Hz, T = 800°F

0.1000
:
E 0.0100 o Total Strain
3 e Elastic Strain
% e Plastic Strain
5 00010 Fit - Total Strain
g —Fit - Elastic Strain
% —Fit - Plastic Strain
0.0001
100 1000 10000 100000

Reversals to Separation (2Nf)

Figure 4.3: Strain life results fofully reversedR =-1) straircontrolled tests performed at
steady state welding temperat(ife= 427°C) The elastic and plastic data points were
determined for théalf-life cycle for each test specimen. The failure cycle was determined using
a 10% load drop critesn.

Table4.2: 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 &d&nson
power law fit (right).

Of' /E b ¥} 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 Astrain |Iife transition pointo. At thi
plastic strains produced are contributing equallgheototal 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 fie 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 attemphtaracteze the cyclic deformation response of
MP159 at'Y =427°C (800°Ff or tests that exhibited .plastic
Figure4.4 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 cyatkefiveed aghe
cycle halfway to crack intitation. The stabilized cycle will disoreffered to as the hdife
cycle by this work. Figurd.5 plots the stabilized cycle hysteresis loops for the same tests.
Lastly, the peak force versus normalized life is plotted for these same tests indfog difee
peak force versus total life otted in Figuret.7. The combination of all four of these plots
provides insight on to the material evolution and damage mechanisms pfesgntsed forthis
comparisorfall within the LCF regime andll experienced some amount of plasticity. The

plastic strain amplitude for the above tests is shown in Table 4.3:
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Hystersis Loops - First Cycle
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Hysteresis loops of the first cycle for several st@ntrolled tests. All tests were

Figure 4.4:
conducted at T = 427°C (800°F),/R1,f= 1Hz.
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Hysteresis Loops - Stable Cycle
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Figure 4.5: Hysteresis loops of the stabilized cycle for several stantrolled tests. All tests
were conducted at T = 427°C (800°F)=R1L, f = 1 Hz. Strain amplitudes listed have units of
mm/mm. The stabilized cycle msed 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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Peak Force vs Normalized Life
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Figure 4.6: Normalized life for four different isothermal strasontrolled fatigue tests. All tests
are conducted at T = 427°C (800°F), Rlzandf = 1 Hz. Life is normalized with respected to
specimen separation.
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5 Peak Force vs Total Life
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Figure 4.7: Total life for four different isothermal straicontrolled fatigue tests. All tests are
conducted at T = 427°C (800°F), RE andf = 1 Hz.

Table4.3: Plastic strain amplitude for several differesitain-controlled fatigue tests. Tests were
performed at T = 427°C (800°F), R, and f=1 Hz

Specimen No. 3 No. 6 No. 7 No. 9
Strain Total 0.0073 0.0060 0.0100 0.0050
Amplitude :
(mm/mm) Plastic 0.0018 0.0006 0.0039 0.0001

The specimens in thi#udydemonstrated 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 responsriesritom

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 Figurewhere theyary greatlyto Figure 4.5where

they all converge to approximately the same stress amplitudes. This stigaestP159 reaches

a dislocation equilibrium point on@esufficient amount gblastic deformation has occurréat

the specific tesg parametrsused in this worKT = 427°C, R =1,f = 1 Hz, straircontrolled
fatigue testing)

Initial results with the life estimation algorithm estimated that peak loading during the
startup stage results in very high strain amplitudes and Very (V) IGé&tefore, atrain
controlledtest of- = 2%, which was expected to last for & 100testingcycles based on an
initial strainlife estimate was conductedVhen attemptecdhts test the specimen failed after the

first reversalThe hysteresis loop data for this specimen is plotted in Fig8re
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Specimen 22 : ea = 0.0200 mm/mm
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Figure 4.8: The attempted hysteresis loop for specimen 22. This test was performed at T =
427°C( 8 0 0 AF0.0200ntn/mm f = 1Hz, R =-1. Data was collected at 5Hz. The sample
failed in the compressive segment, only completing one reversal before failing.
This sample overshot the commanded tensile strain ampandtéen failed in the subsagnt
compressive reversal. The tensile portion also experiences elastic unloading during the plastic

portion of the curve. Tik behavior was further investigated by examiningftinee and strain

time-series dataThe time series dafints are providediFigure4.9:
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Specimen 22: Force vs Time
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Figure 4.9: The strain and force measured during the loading and unloading segments of
Specimen 22. This test was perfornetHzat T =
R =-1. Data was collected at 5Hz. The sample failed in the compressive segmeht, on
completing one reversal before failing.
Visualinspection of the specimen grip section in conjunction with thesetanin Figure 4.9
do not support the conclusion that gpecimen slipped in the grips. Itgessible howeverthat
extensometer slip occurred during this t&amilarly, the force and strairesponse may also be
indicative of poor PID tuning of the hydraulic actuatbthe phenomenon present in the data is
resultsfrom a material responsi could suggesthatthe material response appears to display the
PortevinLe Chatelier (PLC) effect. Studies of the PLC effect suggest that a dynamic interaction
between dislocations and solute atarasse th@henomenopandis associated with a negative

strainrate sensitivitywhicha ppear s as a serrated or fdjerkyo f

observed in IN100, a nickélased superalloy (}. This would indicate that a dynamic
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interaction may exist for this material at a strain rate command &.090 mm/mnfs and
higher.

Becausegecimen 22 did not cyclically evolve or reach a repeatable strain amptitude
should not be included the strairtlife curve. This test providdnsight to the damage limits of
the material in the very (V) low cycle fatigue (LOfegime. Within an engineering context, this
test is useful to provide an upper bound of life at very high strain excursions. In which case, a
powekfit curve to interpolate between this VLCF test and the LCF test of the strain life curve
may be used. The@posed powefit curve is shown in Figurd.10 in conjunction with the
strainlife curves fit to the successful strasontrolled fatigue test3.he combined curves
(provided in yellow) will henceforth be used as an enginedtailgre Assessmeriagram
(FAD) for MP159testedat 800°F.The FAD curve is implemented by using a piegse
approach. The mathematical power fitting constants for tH2 &#gineering tool are given in

Table 4.4:
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Fatigue Assessment Diagram
f=1Hz T=427°C
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Figure 4.10: Strain life results for fullyreversedR =-1) straircontrolled 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
initiation. Data isplotted from specimens 3, 6, %19, and 1316 for the primary strain life
curve. A fit between specimen 22 (Nf = 1) andN7 € 390) is proposed for VLCF estimates.

Table4.4: Strain Life curve parameters. The strifi@ equation is the addition of the Basquin
power fit (left) and Coffin and Manson power fit (right).

Region af '/ b Of ' 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 theliftrain
curve. The slope of the CoffiManson power fit coefficients is significantly different. The
decrease in slope could be interpreted as an increased sensitdaiyage accumulated to
plastic strainingFurther, this difference is evident of the poor ability for the Cea¥famson

method to fit MP159 across the tested strain rar@gdic loading that falls into this regime will
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accumulate damagrorerapidly thanwould be predicted by simplxtrapolating the strain life

curve

46.1 Comparison to Room Temperature

Isothermal fatigue tests accumulate damage from both thermal and mechanic® loads.
test was duplicated at a strain amplitude of 0.0046 mm/mm at room temperature to match
the test performed atF427°C (800°F)n an attempto decouple the effects of temperature and

mechanical straining. A comparison of maximum load versus £yEkhown below in Figure

4.11.
Peak Force vs Normalized Life
50 T T T T T T T T
40 | .
Z 30
=4
@ \
: t e
B~ 20 .' .
10 7
® ca=0.0050 HT (Specimen 09)
® ca=0.0050 RT (Specimen 08)
0 | | | 1 Il | | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Life

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

el evated temperature. The room temperatur e,

0.0050 mm/mm, R =1,f =1 Hz. The elevated temperature response, Specimeéesdéd at a
strain armp0.0030mh/exm,Rf=1,f& 1 Hz, at T = 427°C (800°F).
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Peak Force vs Total Life
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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, Speci men
mm/mm, R =1,f =1 Hz. The elevated temperature response, Specimen @@, & s strain

amplitude of Ua 4, f9LH2GTGE 42700/ (800GF). R =

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

(Specimen 8) to being cyclically stable at steady state weldingeratures (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 eqghiium point. Both specimens experienced approximately

the same plastic strain amplitude (Up = 0.025

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

mechanisms between th@om temperature and elevated temperature specimen does not appear
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to have changed significantly because the life to crack initiation is approxiregtedy(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 gradodi idrop
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 itiaodniand
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 ciyelssstrain
curve. The stabilized hysteresis loop is taken from each test perforined 427°C B00°F)
andf = 1 Hz and combined within a single plot. A maximum stress and strain values are recorded
for the stabilized cycle from each test. The ptastrain is calculated as the difference of the

total strain amplitude and the elastic strain, shown in equéton

- - — Eq.4.2

where- is the plastic strain, is the total measured strain amplituge, is the maximum

tensile stress, ar@is the modulus of elasticity single power law curve is then fit to the
plastic portion of this data by use of equatioB

, Lee Eq.4.3
where, is the true stress®,ats thecyclic strength coefficient, is the plastic strain, arabés

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

the following equation:
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- ULee Eq.4.4

where, is the true stresg,ats thecyclic strength coefficient, is the plastic strain, arabés

the cyclic strain hardening exponent. The true stress can be smvwesing numerical methods.
Table4.5 summarizes the cyclic stress strain power fit terms. The cyclic strengthening

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

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

only and then applied to the compressive resp
and ABranch: Spec. 070) eswamlcwva fit® the dxperimerstad o f t
dataSpeci fically, the branch curves use Massi nt

and strain from the maximum stress/strain point from the hysteresis loop data.
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Table4.5: Power fit terms for the cyclic stress straimrve. This curve fits to the stabilized
response of specimens 7 and 3 and was checked against specimens 6 and 11.

K6 (MH n
2550 0.13

Thecalibration of thecyclic stressstrain curve wabiased tahe higher strain amplitude test
specimeswhich 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 modelingver strain amplituded.he cyclic stresstrain curve is fit up

to specimen 7, which has a strain amplitude of 0.0100 mm/mm. This relationship is
extrapolated beyonel = 0.0100 mm/mm for thEAD engineering life curve-or additional
context the g/clic stress strain curve is compared to the monotonic data at both room

temperature anty = 427°C (800°F) in Figurd.14:
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MP159 Monotonic Properties vs.
Cyclic StressStrain Curve
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Figure 4.14: Room temperature and elevated temperature T = 427°C (800°F) datasptsed
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 iigure 4.14indicates a significant decream yield strengthof the cyclically
evolved material when compared to the monotonic respdhgecyclic stresstrain curve will

be used to conservatively estimate damage accumulation in the life estistdigone 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 df= 1 Hz. The loading frequency was increasefl#@.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 conditionsnoseensure that this effect is
accounted for in life modelling of components. An additional exploratory test is duplicated at

R =0.0050 mm/mm at a frequencyfcf 0.42 Hz (oif = 1/2.4 Hz). A comparison between the
f=2.4Hzf=0.42 Hz, and = 1 Hz data produced for the MP159 materidNat 427°C

(800°F) is shown in Figuré.15:

StrainLife Curve (T = 427C):
Loading Rate Comparison
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Figure 4.15: Strainlife curve atf = 1 Hz, with exploratory results &t 2.4 Hz and = 0.42 Hz
overlayed on top. All tests are performed at T = 427°C (800°F).
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MP159exhibits a similatife for all strain rates/frequencies tesiadhis work These results
would suggest that it is acceptable to use the data frofrrtlhieHz study for eamining the pin
tool life during production welding conditions when estimating Tifiee cyclic evolution of
material forthe exploratory tests iavestigated and superimposedtop of the strain life curve

in Figure 4.17:
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Strain-Life Curve: Loading Rate Comparison, 800°F
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Figure 4.16: Material response for the three primary loading rates. The red dots represent three
of thef = 2.4 Hz tests on thie= 1 Hz strain life curve. Specimen 17, 19 and 20 are fully reversed
tests performed dt= 2.4 Hz. The subplots show the peak force vs cycles.
The tests performed &t 2.4 Hz display similacyclic damagenanifestatiorto the tests

performed af = 1 Hz. That is, he material remains cyclically stable for all tests at the different

loading rates tested.
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Figure4.17 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 perforimet] at

Hz.
Exploratory Testsf = 2.4 Hz, T = 422C
. 0.1000
-
£
€ 0.0100
é —.—..‘_._
% Fit - Total Strain @ f=1 Hz
2 0.0010 —Fit - Elastic Strain @ f = 1 Hz
E —Fit - Plastic Strain @ f =1 Hz
E 0.0001 O Total Strain @ f=2.4 Hz
% e Elastic Strain @ f=2.4 Hz
0.0000 @ Plastic Strain @ f=2.4 Hz

100 1000 10000 100000
Reversals to Separation (2Nf)

Figure 4.17: The elastic ang@lastic strain amplitude components. The plastic strain amplitude is
effectively zero, resulting in the elastic strain component dominating the total strain value.

These results are-fiamily with the results found when testingfat 1 Hz.The plasic strain

components less tham = 0.01% for all exploratory testashich can be assumed to have a

negligible effect on life based on the earlier conclusions from Sectioildigsuggests that the

predominanthelastic deformation mechanisms araistrate 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 thé&SW/ pin tool. The numerical life estimation
algorithm will provide a computationally efficient alternative to Finite Elementysma(FEA).
The numerical life estimation algorithm is comprised of multiplerkegelingcomponents. The
first modelingcomponent estimasehe nominal constitutive response of the-lBR®N pin tool as
a function of the measured load history and loadingildigion discussed in Chapter 2 using the
cyclic stressstrain 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 Asssment 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 thelS®RN pin tool. A numerical mean stress correction
model is mplemented 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
Mi nerd6s rule to estimate t H8Wpinadolal damage acc

Each of the modeling components in thanericallife estimation algorithm was refined
using finite element analysethe FE model usesa@ambined isotropikinematichardening
material modeto accurately capture the cyclic evolution of the mateExploratory FE studies
ensured that the applied boundary conditions accurately reproduced the local constitutive

response of the SRSW pin tool. FEA results were also used to calibrate and verify the outputs
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of the numerical local constitutive mod@nce calibrated, the life estimated from the FEA and

numerical life models compared.

5.2 Constitutive Modeling

Two constitutive models are required to estimate the life of thESA pin tool. The
first constitutive modestimateghe bulk responsef the SRFSW toolbased upothe applied
load history.The nominal constitutive response is estimated using the loading distribution
models discussed in Chapter 3. Table &Hich formalized the loading distribution for steady

state conditionds providal again below for completeness:

Tableb5.1: Replication of Table 3.1. Summary of the loading distribution estimated to be acting
on the SRFSW pin tool. Loading distribution estimates are provided for the ststaly stage.

SR-FSW: Steady Stat 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-strasscurve for
MP159 tested at T = 427°C. The cyclic streBgin curve shown in Figure 4.13 and reproduced

in Figure 5.1
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Cyclic StressStrain Curve
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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 experimdmgateresis tips and the cyclic stressain curve is
believed to be due to widespread cracking within the gauge section of the specimen.
The elevatedemperatureyclic stressstrain curve is used to estimate all loading cycles,
including theinitial stages of the SIRSW 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 Figurdislalso reproduced hmt/ 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 minimunvon Misses stress &stimatedor eachof theloading sequences
which are subsequentharsednto dternating and mean nominal stress componéiiggire 5.2
demonstrates that fetressderived calculatiosithe cyclic stresstrain curve will provide the

largeststrainestimatefor strainsu p t o U = O0Théli#e 8simatiomalgorithm will
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