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ABSTRACT

The selfreacting friction stir welding (SIRSW) process is a primary method used by
NASA to construct the Space Launch System (SLS) vehicle. This method uses large scale shear
to plastically deform and mechanically mix base materials. This-staid praesscauses the
fabricated material to reach a temperature bélmmeltingpoint, and as such, there are lower
residual stresses and less warping than that observed in traditional fusion welding processes. The
process parameters responsible for heatrgéina in the SRFSW process include: the tool
rotational speedhe tool translational spegeithe crown plunge force, and the root/pin reaction
force. Optimization of these process parameters is required to produce sound weldeathoints
the appropria microstructural constituents

This work characterizes the effect of $8W on AA2219T 8 7. Speci fi cal l vy,
mi cr ohar dn e s sphasesevalugon @rd studied assadunation of time and temperature.
Thesedatasets areompared to thenicrohardness in the friction stir weld stir zone, thermo
mechanically affected zone (TMAZ), heat affected zone (HAZ), and base material. Additionally,
residual stresses produced as a function of the friction stir welding process are quantified.
Furthernore, fatigue crack growth rate data anchplatrain fracture toughness data of the
welded materiaarecompared to that of the base material. Finalllygata collecteds used to
calibrate a toothat determines the relative contribution from variovsngthening mechanisms

to the overall strength of the weld.
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CHAPTER 1INTRODUCTION

1.1 Research Motivation

The aluminum alloyAA) 2219T87 is the primary alloy used in the construction of the
' i quid hydrogen and | iquid oxygen tanks of
AA2219 is aluminurrcopper, age hardenable allinat derives a portion of its strength from
Al>Cu precipitates, or theta phas&he selfreacting friction stir welding (SRESW) process is
extensively used for joining AA221887 panels. This process is a sdtdte welding technique
where a cylindrical pin tool with two digdkke shoulders mechanically stirs the parent material to
join two surfaces. The melting point of the material is not reached, and as such, there is less
warpage and residual stragsen compared wittraditional fusion welding processes.

While the temperatures experienced during theFSR/proves are belowhe melting
point of the material, they are still high enougltanise dissolution of the strengthening phases
within the alloy. Additiorlly, the residual stresses induced by the procegscause ahangdn
the properties of the welded joinin order toensure the reliability ahe cryogenic tanks on the

SLS vehicle thestructural integrityof the SR-FSW joints must be quantified.

1.2 Research Objectives

This research aims tharacterize the effeof SRRFSWon AA2219-T87. Specifically, this
research provide®sults and analys® multiple experimentto characterizenicroscopic and
macroscopi@ropertief both virgin and SHESW AA2219T87. Theexperimental data

collected and thbackgroundrom literatureprovide data to calibrate the development of an
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analytcal tool thatestimates contributions taultimate tensile strength (UT&pm multiple

strengthening mechanisms common in crystalline materials

1.30Overview of Thesis

This work is formatted such thaaich chapter may be a stealdne document, subsequent
to minimal modifications. CHAPTER 2 is comprised of a literature review focusing upon the
aluminum alloy 2219r87 and its applications and primary strengthening mechanisms. Other
topics include the dereacting friction stir welding process, the standards associated with the
FCG anK|c testing, and an overview of strengthening mechanisms that effect crystalline
metals. CHAPTER 3 provides insight into the choice of material for this work as well as an
initial characterization of the material. CHAPTER 4 details therselfting friction stir welding
process. Specifically, it presents the results of residual stress measurements, grain morphology
guantification, phase transformation kinetics, and ulttmensile strength (UTS) predictions
from microhardness measurements. Data fromuat@yack growth (FCG) and plaseain
fracture toughnes¥(c) experimentsarealso presented. The calibration and results of a model
that quantifies the relative corititions of strengthening mechanism to the ultimate tensile
strength of SRFSW AA2219 is also discussed. Conclusions and recommendations for future

work are discusskin CHAPTER 5.



CHAPTER 2LITERATURE REVIEW

2.1 Introduction

Selfreacting friction stir weldings the method used extensively by NASA to join AA2219
T87 panels in the construction of the Space Launch System vehicle. This method uses large scale
shear to plastically deform and mechanically mix base materialssdlidsstate process does
not reach the melting point of materials, and as such, there is less warpage and residual stress
than traditional fusion welding processes. Although the melting temperature of the material is
not reached in the SRSW process, distution of the primary strengthening phases found in
age hardenable alloys occuvgh heat inputln order to ensure ideal microstructure and
properties exist ithe weld, the heat input for each process parameter set must be understood.

This work details thelata collection, testing, and analysiat provide insight to the effect
of precipitation hardening on the strength of a weld for a given set-61S3R process
parameters. Specifically, thigork provides value to the engineers at NASApgdicting the
strength contribution of temperatudependent precipitates spatially with theldedjoint. It
predicts this by first estimating the relative contributions of solid solution, grain size, and grain
orientation strengthening. By quantifyingeteffects of precipitation hardening, the overall
strengthof the weld may be bitr predicted. Ultimately, the quantified effects will be used to
calibratean overarching model that may be used to predict the temperature distribution spatially
within a R-FSW.To aid in the development of this tool, the following topics have been
reviewed: (1) the selection of AA2241B7, (2) the mechanics of precipitation strengthening, (3)

the manufacturing



technique of selfeacting friction stir welding, (4) the@ethods used to strengthen alloys, and (5)

the background and techniques of various fracture mechanics testing methods.

2.2 Description of AA221987

The 2006series aluminum alloys are commonly used in aerospace structures due to their
strengthto-weightratio and relatively high fracture toughneske aluminum alloy AA221987
is an age hardenable alloy widely used in the construction of liquid cryogenic rockets. This alloy
comprises a | arge portion of NASAOesin8udifg r oc ke
Saturn V and Space Shuttle. lparticularly favored due tibs weldability, high strength to weight
ratio, and superior oxidation and corrosion resistgitangovan, 2007) The nominal chemical
composition ishown in Table 2.1. The T87 condition indicates that the material was solutionized
at 53%C, strain hardened by 7%, and then aged for 18 hours betweghalitD18QC (Papazian,
1982)

Table2.1. AA2219T87 nominal chemicalomposition(Bauccio, 1993)

Al Cu Fe Mg Mn Si
bal. 5.8-6.8 0.3 max 0.02max 0.2-0.4 0.2 max
Ti \Y Zn Zr Residuals

0.02-0.10 0.05-0.15 0.1 max 0.1-0.25 0.15 max

2.3 Precipitate Strengthening

AA2219 is a precipitate strengthened alloy with precipitates that evolve as a function of
temperature and time. Plastic deformation in the material is slowed by dislocation interactions
with the precipitated particlg®ieter, 1986; Ashby, 2009T he dislocations are obstructed by

both particle shearing and Orowan looping, depictdedare2.1. These types of interactions



are also called cuttgnstress and bowing stress, respectively, as dislocations will either cut

through or bow around individual precipitates.

Before After
(A)
.—i ® g O @
(B)
I ¢ oo

Figure 2.1. Example of particle shearing (a) and Orowan loopindAlshby, 2009; Dieter,
1986)

The amount of shearing and looping is based on a number of factors including particle size
and spacing. Generally, when precipitates are relatively small and equally spaced throughout the
alpha matrix, particle shearing occurs. As the bulk of precipitates grow larger and become more
dispersed, Orowan looping occurs. To achieve a high strength, precipitate strengthened alloy, it
is advantageous to maximize the number of small precipitatesranourage particle shearing.

As the material is ovesiged and particles increase in size and spacing, the strength will decrease
(Porter, 1981)These relationships are showrFigure2.2 for an AF4 wt% Cu alloy that has

been aged at 180 (Ashby, 2009)
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Figure 2.2. The relationship between agiagd yield strength for an A wt% Cu alloy(Ashby,
2009) Note the cutting stress and bowing stress lines.

Precipitate phase evolution is as follows: GuiRer e st on zones ( GPI and
CuAl,Y d @uAIGPI and GPII zones, -bkepgresipitateso wn as d
ranging in size from 1 atom to 3 nm thick and 2 to 30 nm in diameter. As aging occurs, unstable
GPI and GPIlIIl zones begin to dissol vbeasesard met a
larger disklike precipitates on the order of 5 to 50 nm thick and 30 to 250 nm in diameter.
Finally, as more time passes and higher tempe
phases form. These | ar geaicaldrangirnya sieronargitpigerme r at i o
diameter. Note that phase transformation occurs as a function of temperature and time. In which
case, phase transformation may occur over time as a function of a single temperature.

The kinetics of the phase traoghation are primarily temperature dependent. Calorimetric

data taken from literatur@apazian, 1982)rovides insight on the precipitation kinetics of this
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alloy. The differential heat capacity versus temperature dgRapbzian, 1982reprovidedin

Figure2.3 for aheatingrate of 20 K/min. Th data represent the change in energy of the system

as phases are formed and depleted. The data indicate that GP zone dissolution (blue shaded

region) occurs étween 100 and 200 C, at which pain6 f o rtakes place(green shaded

regi onfphaBlees dn exi stence begin to dissolve a

phases are expected to form between 400 and 4

0.4 —
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e

e
=
=2
o 0 —
Q
<
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0 100 200 300 400 500 600
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Figure 2.3. Calorimetric data found in literatu(@apazian, 1982)

2.4 SelfReacting Friction Stir Welding

Friction stir welding is a solid state joining process that utilizes friagiemerated heat and
largescale shear to mechanically mix/join materials. The traditional friction stir weld (FSW) is
created by use of a FSW tool and backing anvil or reactada.pThe FSW tool consists of a pin
that penetrates the material to near thretigtkness, and a crown shoulder. The primary
function of the pin portion of the tool is to mechanically mix the weld zone (nugget or stir zone),
while the primary functiomf the shoulder is to generate heat from friction. The traditional FSW

7



process requires that the base material be rigidly clamped to a reaction plate. The FSW is then
achieved by first spinning the FSW tool to a desired rotational speed. Next, thatisol
plunged into the material to be welded. The tool is plunged into the base material by use of
either a displacement control or load control command. Regardless of the control signal, the
FSW tool crown shoulder is pressed against the base mathili@lthe tool spins, thereby
generating frictional heat . The stationary
required to create the weld. Finally, while maintaining a consistent rotational rate and plunge
command, the FSW tool is travetsalong the length of the weld at a prescribed translational
speed. The primary process parameters of interest include: tool rotationahspéed! (
translational speed/), crown plunge forceHcrown), and tool tilt angled).

The selfreacting fricton stir weld process differs from the traditional process in that it
employs a mobile reéion anvil. The SRFSW tool consists of three individual components: the
pin, the root shoulder (and retaining nut), and the crown shoulder. A schematic ofi@a gener

SR-FSW tool isprovided inFigure2.4.

Tool Holder
(attached to Spindle) Spindle/Crown Shoulder

N S
oo o ///////////////

Travel Rate

j//%///////////// Root Side Shoulder

% Crown Sig:le Shoulder

Figure 2.4. Schematic of a generic SIRSW tool and théool-material interaction
(Bjorkman, 2003)
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The SRFSW tool is assembled in such a way that the pin, root shoulder, and retaining nut are all
controlled as a single unit. In which case, theFSRV process utilizes the rositoulder as the

weld reaction anvil. This enables circumferential welds, as example, to be produced by use of
this method. The primary weld process parameters to be specified in-fB8V8Rrocess

include: the tool rotational speed, the tool translatispaed the crown plunge forcehe

root/pin reaction force, and tool tilt angle. Though both the traditional anceseling friction

stir welding processes are performed below the melting temperature of the base material, the
weld temperatures induden AA2219 may reach as high as the preaipi melting temperature
(~550C). Therefore, optimization of the weld process parameters is essential toteasure

appropriate material microstructure

2.5 Strengthening Mechanisnanifesting in Crystalline Solids

The modetool presentedaterin this work quantifies the relationship between the ultimate
tensile strength UTS and the strengthening mechanisms observed=BVBRA2219. It is
commonly understood that the plastic defation of crystalline metals is primarily caused by
the movement of dislocatioridshby, 2009) Methods have been devised to impede the motion
of these dislocations in order to increase the strength of a material. The folgieingthening
approaches are commonly implemented within crystalline metals: solid solution strengthening,
grain boundary strengthening, grain size strengthening, grain orientation strengthening,
precipitate strengthening, point defect strengtheningstredgthening from cold working
(Dieter, 1986)

As this work is focused on 20&&ries aluminum alloys, and minimal point defects exist in
this family of alloys, point defect strengthening is not considered here. Likewise, no

intergranular fracture is observed in the base material or weld zones studied, so no grain



boundary strengthening will be includexdthis work Furthermore, any strengthening benefits
from base materiatold working would be mitigated by the SFESW proces, as temperatures
over half of the homologous temperature are reached. Thus, this section focuses on the
following strength mechanisms for processed AA2219 to be included in the presented model:
solid solution strengthening, grain size strengtheningn gnr@entation strengthening, and

precipitation strengthening.

2.5.1Measurement of Strength

The ultimate tensile strength of the material is approximated by use of microhardness data
for the remainder of this work. In many alloys including AA2219, thereirgear relationship
between the UTS and microhardnéBiyakioglu, 2015) The relationship ishownin Figure2.5.
Includedis data found in literature combined with experimental data fronwitrik and a trend
line fitted to the datdt was outside the scope of this project to recreate the work perfdayned

Raza, but a single experimental data point was included to validate his work.

500

L]
450 + / =

= 300 - 4
: UTS =2.4044 Hv + 133.63

= Experimental Data
° e  Raza(2011)

Ultimate Tensile Strength (MPa)

[ N
o (=]
[e=] o

T T

..

L ]
L]
[ ]
L 1

250

200 : : : —
60 80 100 120 140 160

Microhardness (Hv)

Figure 2.5. Relationship between microhardness and UTS for AAZREZa, 2011)
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2.5.2 Solid SolutionStrengthening

Solid solution strengthening is a common form of hardening for alloys that occurs when
secondary el ements dissolve into the materi al
with dislocations, impeding dislocation movement and causmincrease in material strength.
Thus, the solid solution strength will increase as the number of solute atoms available in the
matrix increaseéAshby, 2009)

The alloy AA2219 derives a portion of its strength from soluhiardening. The elements of
interest are aluminum (matrix) and copper (solute). Given that the atomic radii of copper is
roughly the same size as aluminum, substitutionary solid solution strengthening will occur,
meaning copper atoms will replace aluminatoms with the FCC crystal structyi@ieter,

1986) Upon aging the material, either by time or heat treatment, the Cu and Al atoms will
diffuse together to form ACu precipitate phases following the sequence discussgelciion
23@GuinerPr est on zones ( GPaAY aln ).ul@étype of préCipidité Cu Al

formed during this process is dependent on the thermal history of the material.

2.5.3 Grain Size Strengthening
The HallPetch relationship expressesthe gsamed e pendence of the mat e
a function of the grain size and relative grain boundarydmang Its strengthening effect

(nGury) is defined in
(2.1

where, is the friction stress which defines the overall resistance to the movement of

dislocations within the crystal lattickjs the locking parameter which quantifies the relative
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hardening of grain boundaries, and d is the grain diameter of an equiaxe{Dgeten 1986)

The constang is equal to 20 MPa aridis equal to 0.4 MRan (Hansen, 2004)

For materials with elongated grains, such as that observed in wrought AA8Z1¢here is
a methodor calculating an average grain diameter. The average diameter of elongated grains is

defined in

“QQ
T

o o (2.2)

whered andh are the diameters of the grain in the transverse and elongated directions,
respectivelyVajtai, 2013) This equationdetermineghe average diameter of a grain based on

the volume of cylinder.

2.5.4 Grain Orientation Strengthening
If grains are oriented in directions that encourage slip, the strength of the material will be
affected. Specifically, when a series of grai
resolved shear stress (CRSS) will be reached with minixtatrenl energy input. This results in
a lower UTS than a material with a series of grains with no orderly orientation. The inverse of
this is true, such that if grains are oriented such that large amounts of external energy are needed
to reach the CRSS,a¢HJTS of the material will be higher.

Literature predicts that there is a 40% difference in yield strength between crystals
oriented in the strongest and weakest direct{plidchison, 2015)Because this is such an
extreme cae, Hutchison notes that the yield strength effects seen on the macroscale of a textured

material will generally be significantly lowdriterature also suggests thhe difference in UTS
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between crystals oriented in the strongest and weakest directibasalf of the difference

observed for the yield strengtDieter, 1986) This relationship is expressed in Equation 2.3.

x ¢ TEF (2.3)

If it is believed that AA2219 consists of randomly oriented graorseshould expect to
experience somewhebetween the maximum and minimum grain orientation ultimate tensile
strengthsThus, the total contribution of grain orientation to strengthening can be expressed

using an upper and lower bouasl

A P, (24)

2.5.5 Precipitate Strengthening
The details of the precipitation hardening mechanics are discussed in more detail in Section 2.3.
However, in this section the methods for calculating the effects of precipitation hardening on the
UTS of a material are presented. The strength contribfdrgplatelike precipitates, such as
GPIl and GPII zones and thgieme phases, are given(ikelly, 1972)

o ) (0 0 ; :6O

Y, —i |
” 11 1 ’ “ 0 0 “‘l (25)
¢ p O p 1o}

whereG is the shear modulus (G=26 GPaj)s the Burgers vector (b=2.84E) m),’ is the
Poi s s on &83),D isthe disk diametet, is the dislocation core radius €6E-10 m),t

is the plate/disk thickness, afids given by
O O
6 o o — O (2.6)
0 0

wheref is the volume fraction of precipitates. The strengthening effects for spherical

precipitates, such as the larger theta phase agglomerations are dDeten 1986)
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Y, 1 (2.7)

wherer is the particle radius,_ is the particle spacing, and all other variables are defined
above. As the sizes and volume fraction of precipitates in existence are not quantified for the
material, these equations are not implemented into the model e getiis work. They have

however been included in this section for completeness.

2.6 Fatigue Crack Growth Testing

A fatigue crack growth test measures the resistance of a material to extend a crack during
cyclic loading. It is based upon the concept that the number of cycles needed to grow a crack to a
specified length can be predicted. Inspection intervals can Hdalsetrack growth rate is
known for cracks of a detectable size. This allows critical parts to be repaired prior to any
catastrophic damage to the structure. This damage tolerance approach to fatigue is heavily used
in the aerospace community.

There ae three methods by which a crack extestiewn inFigure2.6. Most commorin
fracture mechanics is Mode | which is also known as the opening mode. Medenkidered

in-plane shearing and Mode lll is considered tearing or out of plane shearing.

y y y

Mode | Mode 11 Mode 111

Figure 2.6. Loading modes for a cra¢tephens, 2001)
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The stress intensity factérdefines thestateof stress near the crack tip. It is dependent
upon the magnitude of nominal stress, crack size and shape, and sample gégomnewiges a
way for the intensity of stresgeara crack tip to be quantified and compared regardless of
sample geometrigBroek, 1983) Likewise, the stress intensity factor rangk, defines the
change in the stress intensity during fatigue loading
Yo o0 0 QO Y, U O (2.8)
wheref(a) is the geometry factoni is the change in stress, amis the crack length. Values of
the stress intensity factor and stress intensity factor range are typically determined using
analytical omumericalcalculations based upon the theoretsticity(Anderson, 2005)

The crack growth ratela/dN is calculated by taking the derivative of crack leraytith
respect to the number of cyclsNumerical differentiation isusceptible to error when noisy
data is consideredwo common methods given in ASTM E647 for obtainilagdNare the
secant method and the incremental polynomial method. While the traditional secant method
simply calculates the slope of two adjacent poimt&na vs. N curve, it typically exhibits larger
amounts of scatter than the incremental polynomial method, which fits sewmberd

polynomials toa vs. N data. Another numerical method to calculdaédNis the central finite

difference method given by
i — (2.9)

The crack growth rate curve can be created by plotting thedtiNon the ordinate axis
and the logp Kon the abscissahown inFigure2.7. There are threszgions of the crack growth
rate curve that characterize the behavior of the material. They are as follows:-(fjraehold

growth, (Il) stable crack growth, and (l1l) unista crack growth.
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Figure 2.7. Schematic of fatigue crack growth behavior and corresponding regions of crack
growth(Stephens, 2001)

The lowernK portion or Region | of the curve, indicates the threshold vyaiie
According to ASTM E647, the threshold occurs around crack growth rates Gmtéycle.
Typically, no crack propagation is observed below this value. Typically, microstructural effects

heavily influence the behavior of cracks in this region, along with mean stress, frequency, and

loading effects.
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Region I, or the Paris Region of crack growth, is charstic of stable crack growth
that experiences a power law relationship betweeddddgNand lognK. The Paris equation is
given by

Qw , o.
— O Yu (2.10)
Qu

whereA andn are material constants used to determine the crack gresitiancef a mateial.
Typically, crack propagation in the Paris region is controlled by environmental effects and is not
heavily influenced by microstructure as in Region I.

Region Il behavior is commonly ignored in damage tolerant design because it minimally
affects tke total life of a part. This is because the number of cycles spent in this region is
significantly smaller than those spend in Reg
toughnessKc) valueto the point of instability in the crack growth rate cu(Bannantine,

1990)

Differences in fatigue behavior in the Paris region can often be attributed to crack closure
effects(Suresh, 1998)This phenomenon was first observed by Elber who observed that fatigue
cracks would close despite there being a remotely applied tensile load. He suggested that crack
closure reduced the crack propagation rate by decreasing the effective stress fatdasity
range nKes, which is defined by

Y0 0 0 (2.11)
whereKmaxis the maximum stress intensity factor when the crack is fully openedo.gisithe
stress intensity factor when the crack first opens. When crack closure is pkgsengreater
thanKmin. Crack closure in dry, inert environments can occur as a result of crack tip plasticity

(plasticity induced crack closure) and fracture surfaces coming in contact with one another

(roughness induced crack closug&hderson, 2005)In plasticity induced crack closurIiCC)
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a plastic zone is developed at the crack tip where the yield stress is ex€makethe crack has
grown through the plastic zone, the residulabktic deformation remains partof theplastic
wakebehindthe crackip. This plastic wake causesdecrease in crack growth rate. This type of
crack closure is common in ductile materials. When a crack experienggmess induced crack
closure RICC), amix of Mode landMode Il loadng at the crack tip due ®kinked crack
causes the asperitigsthe wake of the crack tmake contagtdecelerating the rate at which the

crack grows. PICC and RICC atleistratedin Figure2.8.

Mode II Displacement
B ———

(a) | | (b)
Figure 2.8. lllustration the crack faces during (a) PICC and (b) R{@@derson, 2005)
Fatigue crack growttesting practices are defined by ASTM E@tandard Test Method
for Measurement of Fatigue Crack Growth Rates. The standard can be applied from near
threshold tdKmaxcontrolled instability testing. The standard compact ten&¢n)) specimen

used for tesng isshown inFigure2.9.
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Figure 2.9. Standard dimensions of(©) sample per ASTM E647. Dimensions in millimeters
(inches).

The following is a summary of the test procedusedin this work:

1 Fatigue precracking is performed such that the faakduring precracking does not
exceed the initiakmaxof testing.

1 Once the fatigue precrack reaches the greater obhify 1.0 mm, fatigue precracking
is enakd, and the machine is pausedhereb is the thickness of the sample dnig the
height of the notch.

i The crack length is verified using a nrdastructive, quik curing, silicone rubber
compound to create a replica of the surface. An optical microscope is used to measure the
length of the surface replica of the crack.

i Testing is resumed. Load, displacement, and cycleadatacorded continuously
throughout theest.

i Testing is complete once the crack reaces> 0.8.
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Upon completion of testing, the normalized crack lenafi\/,for the specific specimen

geometry is determined by the equation given in the standard and below as

(k) it Yoy ¥y Yoy Yooy Yooy
| o @ wo wo wo wo wo (2.12)
where the constants throughcs are givenn the E647standard for compliance measurements

taken from the tip of the CMODVg). Ux is given by

OUL 6
— P (2.13)

NK is then calculated by the equation given in the standard

.. YO ¢ |
Yo —= TYETHT p&L pEL vl (2.14)

whereE is the elastic constraint moduliis the specimethicknessandv/P is the compliance
for a given cycleThe elasticonstraint modulus is used as a factor to correct compliance
measurements to the physical crack length measured during tésting.absence of all errd,
i's the Young6s molesehuaton fopk has lednaetemanedcby usa df .
FEA for the standard (@) sample as well as various other common specimen geometries. As
previously mentionedja/dNcan be calculated using the secant, incremental polynomial, and

central finite difference methods.

2.7 Fracture Toughness Testing
Fracture toughnesesting measures the resistance of a material to extend a crack under
guasistatic loading Anderson, 2005)Planestrain fracture toughness, also referred t&ias

testing methods are outlined in ASTM E399, where it is assumed that a material behaves in a
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predominantly lineaelastic, planestrain condition prior to failure, with the plastic zone size at
the crack tip small relative to the overall sample geometry.

Fracture mechanics theory is based upon the assumption that cracks are infinitely sharp
Thus, there are stringent precracking procedures outlined in E399 to ensure repeatability in test
results between laboratories. Those requirements are includedésting procedure below.

The following is a summary of the test procedure and in this work:

1 Fatigue precracking is initiated at a constant amplitude load such that the.final
achieved during precracking does not exceeHl0.®r the expected fractartoughness
value.

1 Once the fatigue precrack reaches W48 0.58V fatigue precracking is ended, and it is
assumed that a sharp crack exists in the sample.

1 The crack length is verified using a Rdastructive, quick curing, silicone rubber

compound to cr&te a replica of the surface. An optical microscope is used to measure the
length of the surface replica of the crack.

1 TheKc test begins. A loading rate between 0.33 and 1.67 kN/s is applied to the sample.

Load and displacement data drgitally recordel throughout the test until the sample
fails.
Upon completion of the test, the load and displacement data are plotted as shauneR.10.
There are three different possible outcomes for the data, which is used to determine the

conditional value oPq. TheKic value for the material is later determined frBm
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Figure 2.10. Method ofdetermining B from load and displacement data froma Kest (ASTM
E647).

The value oPg and its corresponding CMOD value are used in Equatidrisabd 213to

calculate the crack length of the sample at the point. Finally, the crack lendg® arehpplied

to the equation for a provisionidh of a standard compact tension sample given by

)

YO ———mQYoetdhtr p&LE p&EELE vy . (2.15)

N -

If the following standards for the data are niet,is considered thKc property of thanaterial:

e v | ™ L (2.16)
. 0

0 O & — (2.17)
0 0P T

(2.18)
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CHAPTER 3VIRGIN MATERIAL CHARACTERIZATION

3.1 Introduction

This work provides NASAa better understanding of thecrostructure and propertie$
SR-FSW AA2219T87 jointsthrough the collected experimental da#&2219-T87 is the
primary all oy used in the construction of the
Launch System rockéVickers, 2016) Thelocal strength othematerial varies significantly as
it undergoes the SRSW process. The welding effect causes the welded assembly to behave as a
composite material of varying microstructube. such, this chapter provides insight to the base
mat er i atrads®rmptibrekmetics and grain size.
3.2 Material Selection

All material used for this study was sourced from a single lot of AAZBR The
alumi num was purchased in plate form having t
nominal chemical amposition is provideghreviouslyin Table2.1. The exact chemical
composition was not measured in this wdrable 3.1provides the tensile properties for the
virgin (T87) and annealed (O) materialind in literatur§ ASM, n.d.)

Table3.1. Tensile properties for AA22X8SM, n.d.)

Aging Condition | @y (MPa) | UTS (MPa) | Elongation to Failure
T87 393 476 10%
O 75.8 172 18%
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3.3 Property Diagram

Phase volume fraction diagrams were created for the AAZ3T%lloyby use of Thermalc

software The maximum allowable composition for each alloying element were used to produce
theplots.The di agrams provide information@ubout th
and liquid phases as a function of temperature. While not a typical plagsandj the volume

fraction diagram provides insight to both the relative amounts of phases in the material as well as

the rates of phase change. Though Figurgs)3ahd 3.1b) provide the identical information,

they are provided with transposed axisdase of use. The data in Figure 3.1 indicates that the
eutectic temperature is roughly 550 @) Bel o
determine the vol uGne. f rTatce ifoingsu rogds U madhidc aAtle t
would mnsist of approximately 3%l.Cuand 97 % U. FurtherAmGu e, t he
volume fraction line indicates that the rateAd#Cu dissolution is relatively stable at
temperatures below approximately 400eC, and i
and 550¢e¢ecC. At and ab o&AX£Luphdseis o longer ;existence aadnp e r a
the material is characterizedasupersaturated aluminum. At the eutectic temperature the

copper is diffused back into the alloy system creating a solid solution. If the material is quickly

cooled from solid solution, any copper that may contribute to metastable strengthening phases is
transferred back into the super saturated aluminum matrix. However, if the material is slowly

cooled from the elevated temperatures, @ging occurs. This results in the remaining copper

being effectively locked in nestrengthening, stable, theta ph&sehe volume fraction diagrams
presented here were used during desigrexperiment exercises and data interpretation for this

work.
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Figure 3.1. Property diagram of AA221987 generated fomaximum allevablechemical
compositionof all alloying elements.

Whil e temperatures near 550 eC are |likely exp
experienced in the TMAZ and HAZ of the weld. Given the unstable nature of the primary
strengthening phases (GP zones), microstructural evolution will occwe siit zone as well as

the TMAZ and HAZ. In which case, the strengthening precipitate evolution will be spatially
dependent. In order to quantify the microstructatngthof the weld, the growth and

di ssol uti on @HaseSaR vazodsmpesaturasinuist e better understood.

3.4 Phase Transformation Kinetics
Square samples (minimum size: 10 mm by 10 mm by 5 mm thick) were sectioned from
the base material for isothermal strie® aging studies. Samples were groford minutes
per st@ using successively finer SiC paper (240 grit, 600 grit, 800 grit, followed by 1200 grit
SiC). The samples were then polished uSinge m di a mo nahdls westp edn sainoom d
suspensioffior 3 minutesperstgpnd 0. 4 e m col | oferd0sdcondsAlll i ca s us,|

grinding and polishing steps were performed withpo8nd force with disc and holder rates of
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250 and 120 rpmIriplicate specimens were placed in a temperagtabilized furnace for a
predetermined period of time, removed, and allowed ¢ iccambient conditions to room
temperature. The samples were then cold mounted in epoxy resin and again ground, and
polished following the schedule detailed above. Microhardness mapping was subsequently
performed on all samples in order to characteaheematerial evolution as a function of

temperature exposurdn array of (10x10) indents was created for each sarAegle indent

force was used for each specimen and was selected based upon optimum indent measurements.
Indent array spacing was agaet at 2.5 times the optimal indent size for each specimen in order
to maximize data collection fidelity.

Microhardness data obn-stressecged AA2219 samplaeadicate an evolution in
microhardness with exposure time that aligns well with the restlle calorimetric study
discussed in CHAPTER 2s previously discussed, the calorimetric data indicates the
temperatures at which phase transformations take glaeemeasured microhardness versus
temperature data collected after 2.8 hours of theexyadsure iprovidedin Figure3.2 alongthe
primary yaxis with a comparison to the calorimetric diatan Papaziamlong the secondary y
axis.The error bars for the microhardness points inditattandard deviation of the
measurements.

Thesets ofdata indicate that the hardness begins to decrease at the temperature where GP
zones dissolve (blue shaded region), followed by arapid decrdase md ness as t he dOQa
form (green shaded region) and deplete (purple shaded region) betweea20@0@C. No
significant change in microhardness is obseryv

remaining copper in the material.
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Figure 3.2. Non-stressed isothermalicrohardnesgesults collected after 2.8 hours of thermal
exposure compared to calorimetric data from Papazian.

Microhardness results from the base material (T87) angtiesed isothermal samples
with extended thermal exposure times of 24, 72, and 140 hours were also collected following the
same experimental methods as described altoymerimental results apgesented ifrigure3.3
with error bars representirig standard deviation of the microhardness measuremBmsdata
suggesthat all precipitation kinetics occur within the initial 24 hours of expofrall
temperatures above 200°iGterpretation othe experimentatlatacoupled with the
understanding of when phases gr ow iadicadestthat s sol v

GP dissolution occurs after 24 hours during theg2Gfermal histor causing its hardness to

27



slightly drop from the unaged base matefftairthermorea mixed microstructure of metastable
‘0 and' phaseslikelgexists during the 3B0thermal history. If overaging occurs,igas
certainly the case ithe 50@C thernal historyprovided in the figureall remaining Cu in the
alloy will be locked in the stablephase agglomerations within an holis. such, it is believed
that this value represents the solid solution strength of the alloy Téssmicrohardness and

corresponding strength for each thermal history is presented in Tablh8s2 estimations are

in line with the discussion i(Ashby, 2009)

140 4,

_ 1201 L I GP zone dissolution
-]
% *200°C
@ 100 - *350°C
s “500°C
5:“ I " Base material

80 - . I T Over aging (0 phases)

b4 : Mixed Microstructure
60 - + (0’ formation and
dissolution + 0)
] v || = I = ]

0 20 40 60 80 100 120 140 160
Time (hr)

Figure 3.3. Non-stressed isothermdhta for multiple thermal histories and the expected
microstructures.
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Table3.2.Expected microstructure and relative strength measurement of three thermal histories.

Aging Microhardnessit UTS Expected Precipitation
Temperatureg L 140 hours (HV) (MPa) Kinetics
200 120 425 GPzonedissolution
350eC 60 300 Mixed Microstructured 6
formation and dissolution )
500e¢C 80 250 Over aging d phases
3.5Grain Size

Microstructural characterization was performed by use of light optical and scanning electron
microscope techniqueSamples were ground for 3 minutes per step using successively finer SiC
paper (240 grit, 600 grit, 800 grit, followed by 1200 grit SiC).e $hmples were then polished
using 3 em diamond suspension and 1 em di amon
em coll oidal silica suspension for 90 seconds
with a 3pound force with disc and holdeates of 250 and 120 rpm. Subsequently, the samples
werec hemi cally etched in Kellerdéds reagent for 1
measured per ASTM E112 in three perpendicular orientatidres orientations amdefined by
the normal vector to thelane. They are defineasLongitudinal (L), Transversg€T), andShort
(S)andare represented in Figure 3Micrographs of these surfaces can be found in Appendix

Figures A.1to A.3.
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Figure3.4. Schemat of Longitudinal (L), TransversgT), andShort (S)directions The
orientation of each plane is defined by the direction normal to the planirest

The grain measurement results for the virgin material are provideabile 3.3 The
horizontal and vertical labels in the table are with respect to the orientation of Figures A.1 to A.3
in the Appendix. It is observed that the grains are elongated in the short and transverse planes
along the longitudinal or rolling direction. The graof the longitudinal plane are relatively

equiaxedindicating that the elongated grains are caused by the rolling operation used to form

the plates
Table3.3. Measured grain size for the virgin AA22T87.
Vertical Grain Size Standard HorizontalGrain Size  Standard
Plane (e m) Deviation (em) Deviation
S 55.2 6.2 21.6 3.7
L 90.3 14.3 82.7 5.1
T 54.6 55 21.9 1.9

The grain measurement results for the isothermal data shtiréorientation at 2€C,
1502C, 25@C, 30@C, and 42BC are provided in Table&.Data is collected after 2.8 hours of
exposureMicrographs of the grain sizes are shown in Feguk4 to A.7in the AppendixThe
measured grain sizémost doublesvhen aged a800sC, indicating that grain coarsening does

occur as a function of temperature in this mateHalvever, when the HaPetch relationship
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presented in Section 2.5.3 is used to estimate grain size strengthening, there is only a 12%
decrease in UTS for tf#00C sample. Thus, a change in UTS measured only from a change in
grain size should not be significant.

Table3.4. Measured grain sizalong the longitudinal directioof the short planéor the heat
treated AA2219. Data collected after 2.8 hours of exposure.

Temperature Grain Size Standard
(eC) ( €m) Deviation
20 67.2 3.4
150 95.1 14.8
250 109.9 13.2
300 122.3 26.6
425 119.8 15.6

Additionally, the grain texture was quantified by use of electron backscatter diffraction
(EBSD). The EBSD results for tis@ortorientation argrovided inFigure3.5. Theresults
indicate that the plate material has a slight orientation favor toward$ld0arientation on the
shortsurfaceThis confirms the discussion of Section 2.5.4 where it is postulated that the
mat eri al 6s gr ai ns ar,the ap@aoxithatiomlfoy grainrorieetatidtne d . A's

strengthening given in Equation 2.4 applies.

| T a——
250pm

Figure 3.5. Electron backscatter detector grain orientation map with respect $bdhe
orientation

31



CHAPTER 4SELFREACTING FRICTION STIR WELD CHARACTERIZATION

4.1. Introduction

As discussed in CHAPTER 2 of this work, NA
joining AA2219T87 panels using the SRSW process. The process utilizes lasgele shear
and frictionto mechanically mix the base material at temperatures below the melting
temperature. The solid state FSW process will, however, induce sufficient heat as to affect aging
in the base material. Furthermore, the FBMUced shear will produce a modified igra
structure within the weld and the regions adjacent to the weld. This work quantifies the effects
of an optimized FSW process on the AA22187 base material. Specifically: (1) residual
stresses in the weld are quantified, (2) grain morphology produyctaee FSW process is
quantified, (3) microhardness is quantified for the base material, weld nugget, and thermo
mechanically affected zone (TMAZ), and heat affected zone (H@X)he fatigue crack growth
rate behavior and fracture toughness valuegaaatified and (5) relative amounts of crystalline
strengthening mechanisms are postulated spatially as a functioeweélding process.

This completedvork ismeantto provide a better understanding of thierostructure and
propertiesof SR-FSW joints The remainder of thishapter presentbe experimental data
collected in this work and discusses therent state oh model and its predictions for the effect
of precipitation strengthening on the FSW. Finally predictions are discussed relativehe

fatigue crack growth behavior
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4.2. WeldedMaterial Characterization

The SRFSWs studied in this work were created by use ofdefmed optimal process
parameter sdbr 15.875 mm (0.62) thick AA2219T87. The optimal process parametet se
(traversing speed and rotational spegd¥determined in a previous proprietary study completed
at Marshall Space Flight Cent@1SFC)in Huntsville, AlabamaThe weld specimens were
prepared from apurchased, 19.05 mm (0.#9 thick aluminum plate. @ce received, the top
and bottom plate surfaceere machined to remove 1.59 nfiom each side, resulting in a
15.875 mm (0.62%) thick plate. The plate was then sheared into 762 mm by 152.4 mm weld
coupons. The plate orientation was such that thewdength aligned with the longitudinal
(rolling) direction and the 152.4 mm side aligned transverse to the rolling direction. Two 762
mm by 152.4 mm by 15.875 mm weld coupons were used to create a single weld panel by use of

buttweld configuration.

4.2.1. Resdual Stresses

Residual stress spot measurements were conducted on-tH8\VBRlateby use of an
iXRD Residual Stress Analyzer from Proto Manufacturing. The measurements were conducted
using a penetration depth and 3yrespéctivelyg v ol ume
Measurements were made on the crown side of the weddhematic indicating the locations
where the residual stress spot values were measyseavided inFigure4.1. Note,residual
stresses in the longitudingdarallel with the weldand transvers@erpendicular with the weld)

directionswere measured.
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Figure 4.1. Schematic indicatintpcations of residual stress spot measurements.
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Additionally, longitudinal residual stresses were measured along a 100 mm path running

perpendicular to the weld. The residual stress measurements were conducted from the crown

side of the plate and were kied 381 mm from the left hand edge of phete (as shown in

Figure4.1). The line scan starts in the advancing side of the weld, approximately 50 mm from

the weld centerline, and passes perpendicular to the weld direction to approximabatyibid

the retreating i d e

of t he

working volume was 0.296 nin

wel

d.

As before,

t he

penetr

Spotlocation longitudinal residual stress measurements of thESSR panel made by use of

optimal process parameters are present&igure4.2. The data indicates that the longitudinal

residual stresses measured at the advancing side of the weld are relatively consistent as a

function of weld progression. Further, longitudinal residual stress values meastired

advancing side are nearly always larger than those measured on the retreating side, regardless of

weld progression. One will note that the longitudinal residual stresses measured on the retreating

34



side of the weld increase in magyre, from neazero at 229 mmweld progression, to

approximately 100 MPa at 533 mweld progression.

Advancing Side

-44.5
-68.3
-45.9
38.9
Region 1 Region 2
117.2 113.2 114.5 1235 113.6 119.2
103 93 97 98.1 96.4 96.6
5.9 12.1 13.8 36.5 50.7 46.5
-51.5
-75.3
8.9
-42.7

[ 2y 3A(

Region 4

Region 3
119.2 120.9 121.1
94.3 107.1 103.6
109.3 99.6 97

Region 5

Retreating Side

I Direction of Weld Travel >

Figure 4.2. Residuaktress valuem the longitudinal directiomeasured at spot locations
indicatal in Figure 4.1 (crown side of plateMagnitudes are MPa.

Spotlocation transverse residual stress measurements of th&8BRpanel made by use of

optimal process pamgeter seare presented iRigure4.3. While all spot longitudinal residual

stress data collected in the weld exhibited tensile values, the transverse residual stress spot
measuremesiexhibited compressive values. Furthermore, the compressive transverse residual

stress values are on the ardéonethird the magnitude of the tensile longitudinal values.
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Region 1 Region 2 Region 3
4.3 7.4 6.2 -4.6 -7.4 -6.7 4.5 -1.3 -0.3
-30.7 -32.2 -34.8 -26.8 -30.6 -31.1 -21.6 -17.8 -15.2
-41.4 -41.2 -41.6 21 -193 1238 3 0 -18

Retreating Side

| Direction of Weld Travel >

Figure 4.3. Residual stress values in the transverse direatieaisured at spot locations indicated
in Figure4.1 (crown sidef plate) Magnitudes are MPa.

Longitudinal residual stresses were measured at the center of the weld panel along a 100 mm
long path perpendicular to the axis of the weld. Thedwen longitudinal residual e8s data is
provided inFigure4.4 with error bars representirid standard deviation of the measurements
The longitudinal residual stress lisean exhibits thexpectedshape found in FSW
measurements with a maximum magnitude of 117 MPa in the stir zone, a minimum vaiie of
MPa in the retreatingide TMAZ, and a consistent advancisige residual stress value of
approximately-60 MPa.

The residual stress measurememessented in this section provide insight later in the

work about differences in material properties observed in thRESK material.
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Figure 4.4. Line scan of longitudinal residual stresses.

4.2.2. GrainMorphology
Grain sizes in respective locations of the weld were medquar ASTM standard E112.
Samples were hot mounted in phenolic resin and subsequently ground using successively finer

SiC paper (240 grit, 600 grit, 800 grit, followed by 1200 grit SiThe samples were then

polished using 1 em diamond suspension and 0.

chemical et chi nfgrlbsecorti®e | | er 6s reagent

Figure4.5 showsoptical micrographs of the stir zone, TMAZ, HAZ, and base material.
The primary subimages are all taken at the same magnificatiermicrographs were obtained
from the cross section of the retreating side of the weld. Grain sizes are listed for each zone in
Table 3. The designatiei® and Tin Table4.1 indicate thedirection that the measurements were
taken on the longitudinal planeespectively. As expected, fine equiaxed grains were observed in
the stir zone due to the large plastic deformation and dynamic recrystallizaticts efféhe SR
FSW process. These grains are on the order of 8 teid®nsand gradually increase in size
between the advancing and retreating size of the stir zone. Elongated grains were observed in the
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HAZ, and base material on the order of 2:1. The TAXhibited elongated grains on the order

of 4:1.

Figure 4.5. Micrographs of grain size in respective locations ofFS5R\V.

TMAZ

Table4.1. Grain size measuremends the longitudinal planéor AA2219 aluminum SRSW by
use of nominal process parameteki.units arein microns.

Base Material HAZ TMAZ Nugget
S T S T S T *equiaxed grains
Grain Size| 26 49 28 66 59 90 8-12
Standard
Deviation 2.3 14.1 1.6 6.9 7.9 5.6 0.30.5
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4.2.3. Microhardness
Transverse crossections of the SIRSW were removed from the weld panel for

microhardness mapping. Two specimens were required in order to characterize the weld TMAZ,
weld HAZ and base material on both sides of the weld. Samples were cold mounted/in epox
resin and subsequentlyound, polished, anchemical etchindollowing the same methods
described in Section 4.2.2 for grain size measurement

Microhardness measurements were performed by use of a Clemex CMT microindenter.
A single indent force wasgsed for all regions of the sample (base matetiazene, TMAZ)
Once the indent force and subsequent indent sizeletasminedased upon indent
measurements taken from the softest refpothe mapping area, indent spacing was set at 2.5
times theoptimal indent size. Ultimately, an array of (8p55) indents were created having
250 e&m spacing to Hiaeachsampla.rTheadataas tRed Sitctied mm
together electronically to create a single microhardness map.

Figure4.6 providesthe microhardness map of a cross section of &#SW created by
use of optimal process parameters. The low hardness observed in the stir zone ofighe weld
likely caused by a lack of strengthening precipitates in existence inside the weld. Given that
temperatures as high as 500C would likely have been reached inside the stir zone of the weld, the
primary str en@itnhde nGPn gz opnheass)e swo(ud d have been de
phase agglomerations in existence. As you move from the stir zone to the TMAZ, HAZ, and into
the base material, the measured hardness increases. This increase in hardness correlates with the

decrease in the magnitude of temperature experienced by the material during welding.
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Figure 4.6. Microhardness map of AA221B87 SRFSW built using the optimum process
parameter set

4.3. Fatigue Crack Growth aridlic Testing

All constant amplitude FCG tests were performed per ASTM E64ig asioad ratioR) of
R=0.1 andrequency of=10 Hz.All samples were precrackedad\=26.3 The load amplitudes
used for each test are shownTable4.2.

Table4.2. Load amplitudes used for FCG tests.

Sample ID Load Amplitude (N)
Base Material 1 3240
Base Material 2nd 3 1935
All stir zone and TMAZ samples 2700

Fracture toughnes&) tests were performed in accordamgth ASTM E399 Thefatigue
precracking procedurder theKc tests grewasharp initial crack of length=8.50W and final
pkval ues ranging from 13 to 17 MPaam. AlIl test
20 kN closedoop servohydraulic testing machine outfitted with commercially available control

software.
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Crack length in th€(T) specimens was monitored wittti@dk mouthopening
displacement (CMOD) gage attachedattachment pointsrachined on the front edge of the
specimen. The fatigue crack growth rate was calculated using the central finite difference (CFD)

method.

4.3.1. Specimens

ASTM E647 details the recommended specimen geometry to ensure the generation of test
datathat can be repeated by other laboratories and in literature. An overview of the standard
geometry is detailed in CHAPTER 2. The specimens used for testing werardtand ¢T)
samples and were compliant with E64Te thicknes8 is 12.7 mm (0.5 in)Thesample

drawing isshown inFigure4.7.

63.520.508
50.8+0.254

™~ )\— ©12.740.002

60.96+0.508

10.160 —~—

Figure4.7. Final FCG and Ik sample geometry. All units are in millimeteiicknessB is
12.7 millimeters.
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4.3.2. FCGTest Matrices

The T) samples were machined with the intent of initiating sharp initial cracks in the base
materal, stir zone, and TMAZ of AA2218R-FSW panels. The stir zone and TMAZ locations
were approximated usirthe microhardness data taken from Section 4EigRire4.8 provides
images of the etched(T) specimens demonstrating the alignment of the crack within the stir
zone (a) and TMAZ (b). For these samples, the crack ran in the longitudinal direction of the
welded plates, and the axial force was exerted in the transverse direction, designdted as T

Base material samples were machined from a separate wrought plate sourced from the same

material lot, also in the-L orientation.

sue 1]

[

Longi't

Figure 4.8. Images of CT) specimens showing where the stir zone (blue) and TMAZ (yellow)
exist relative to the crack (red) intended path. Image (a) and image (b) represent stir zone and
TMAZ samples, respectively.
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4.3.3. FCG Test Results and Conclusions

FCG data for the baseaterial, TMAZ, andstir zonearepresented in

Figure4.9.

0.1

Base Material 1
Base Material 2
Base Material 3
Stir Zone 1

Stir Zone 2
Stir Zone 3
TMAZ 1
TMAZ 8
TMAZ 3

0.01

> B e > B & » R O

107°

T

Crack Growth Rale, da/dN (mm/cycle)
=

Stress Intensity Factor Range, 4K (MPa m'?)

Figure4.9. Fatigue crack growth data for base material, TMAZ, and stir zone samples.
It is observed thahe TMAZ and stir zone resist crack growth better than the base
material in the lowegp Kportion of the curve. Generally, a change in fatigue behavior can be
attributed to a combination of residual stress and crack closure effects iancadlly processe
materialg(Suresh, 1998)Given that the cracks propagate in the longitudinal orientation where

residual stresseseasured in Sectioh2.1are an order of magnitude larger than those in the
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transverse orientation, the effect of residual stresses is likely mirnaak closure

measurements taken from the data belogicate an increasing effect of crack closure in the
basematerial, stir zone, and TMAZ data, respectiviellycp Kbelow 10 MP&m. These
measurement®llowedASTM E6470s recommended practice forl
determinatiorusing the compliance offset meth@dtotal of ninemeasurements were made for

each sampleThree measurements were made in eatheofollowingg Kranges: 0 to 10

MPaKm, 10 to 20 MP#mM, and 20 to 30 MRan. Average normalizedrack opening loads for

each locatiomndg Krangearepresented

in Table 4.3

Table4.3. Averagecrack opening load as a function of weld locataomd op K

Location Normalized Crack Opening Load
o Kbetween 0 to 10 10 to 20 20 to 30
Base Material 0.30 0.32 0.28
Stir Zone 0.54 0.30 0.33
TMAZ 0.64 0.35 0.33

Theseresults are as expected as plasticity induced crack closure (PICC) can influence the crack
growth behavioof highly ductile material§Suresh, 1998)As previouslypostulated from
correlations to isothermal hardness results material in the stir zone experiences temperatures
at or near the eutectic as a result of the welding processthEnmsalexposure depletes the
strengthening precipitates, resulting in @ldvmaterial of high ductility and low strength. This
combination creates an opportunity for crack growth rates to slow due to PICC. In addition to
PICC, fracture surfaces of the TMAZ were rougher showing more fretting than the other
samples, indicating tghness induced crack closure (RICC) also likely contributed to the
deceleration of growth in the TMAZAN image of the representative fracture surfaces is shown

in Appendix Figures A to A.10.
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A difference in crack growth rate of the welded and basenmaasamples is also observed
in the higheigp Kportion of the curve. The base material samples show evidence of Region Il
crack growth at gp Kof 20 MP&Km. This is not surprising given the expected r the
material is near 30 MRan (Gallagher, 1983)The stir zone and TMAZ samples, however,
continue with the same slope observed in Region Il. This is perhaps due to a breakllown of

similitude as more plasticity occurs in the sample.

4.3.4. Kic Test Results and Conclusions

Planestrain fracture toughne$sc tests were completed for the base material, stir zone and
TMAZ. The loaddisplacement plots are given in Appendix Figureksl4o A.13. The stir zone
and TMAZ samples were machined from telded plate at the relative locations described in

Section 4.3.2. Bagmaterial samples weritfrom the same lot of materiaKc resultsfor all

samples are provideid Table 4.4.
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Table4.4. Kic values for locations of SRSW. * indicates invalid test per ASTM E399

Specimen Locatior Kic ( MP a dPmax/P

Base Material 1 29.9 1.09
Base Material 2 29.05 1.16*
Base Material 3 29.14 1.15*
Base Material 4 30.0 1.13*
Base Material 5 30.3 1.16*
Stir Zone 28.1 1.69*
TMAZ 27.5 1.55*

Fourof thefive fracture toughness tests performed in the base material were invalid per
ASTM 399. The results (slightly) excedte Pq/Pmaxlimit of 1.10. Even so, thKc values
determined in this studgompare wellvith those found in literature forA2219(Gallagher,
1983) Furthermore, the trend exhibited between the base material and stir zone/TMAZ values
matches what one would expect given the relative decrease in strength and increase in ductility
between the base materi@MAZ, and stir zoneAdditionally, the remaining ligament
requirement given in Equation 2.17 is met for samples of all three spatial zones.

The Py/Pmax validity requirements of E399 were also not met for the stir zone and TMAZ
sample results. Given that the base material results were determined to still be of value although

not in accordance to E399, the welded samples are considered to be acceftestienat
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4.4. Model Implementation

This work implements a model which helps elucidate and quantify the relative
contributions of strengthening mechanisms to the ultimate tensile strength of friction stir welded
AA2219. The model is based upon #esumptions presented in CHAPTER 2 whereFSiRV
AA2219 is strengthened by the following mechanisms: solid solution strengthening, grain
boundary strengthening, grain size strengthening, grain orientation strengthening, and

precipitation strengthenin@hemodel follows the functiondbrm,

, \ , \ , . (41

This equation may be simplified to the following form based on the discussion in CHAPTER 2

for grain orientation strengthening,

” " ” p T[ I;l) ” 8 (42)

Furthering the discussion in Section 3.4 about the effect of thermal history on sbhutieming
it is expected that temperatures on the order ofG@0de experienced inside the stir zone of the
weld, causing overagingf the materialTemperatures this high are unlikely in the base material
(BM), thermomechanicalffected zone (TMAZ), and heat affected zone (HAZ) of the weld. In
this case, there woulak a mix of metastable and stable phases, but no GP zones in these
locations. Thus, this work estimates that the contribution to the UTS would be roughly
» =300 MPa in the stir zone and =250 MPa in all other regions
per the results presented in Section 3.4

Theonly unknown in Equatiori(4.2) is the contributia to strength from precipitates;

thereforejt may be rearranged to
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., " " pTR 8 (4.3

Equation(4.3) has been implemented into MATLA&Nd applied tseveral SR-SW process
parameter set3he program begins by binning each weld zone based off of the change in
microhardness results and assigning each regjon a and, value.

The,, values for the stir zone and TMAZ/HAZ of the weld are 300 MPa and 250
MPa, respectively. The contribution to UTS from grain size followdHdléPetch relationship

and is based on the grain size measurement results provided in 8e&2oNote, the gradient
observed in grain size withthe stir zone is accounted for by separating this region into multiple

bins.

The process parameters to be studiethighlighted inpurplein Figure4.10.
Specifically,there are four process parameter sets surroutisgéingptimum set studied here
s hown as .Hyaheeepmodutes different microhardness results spatially in theTweld
traversing and rotational speeds have been normalized to protect proprietary data from the

company who supplied the welds.
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Figure 4.10. Process parameter sets to be studiezled in purple The optimum set is indited
by the green cross

First, the model is applied frocess parameter set #1 whiclarsominalweld traversig
speedlow tool rotational speesket(1.4, 1.75) TheUTS estimatedrom measured
microhardness is presentedrigure4.11(a), a micrograph of the crossction of the weld is
presented ifrigure4.11(b), the predicted contribution to UTS framcombination ograin size
and solid solution strengthing is presented iRigure4.11(c), and the predicted contribution to

UTS from precipitates is presentedrigure4.11(d).

49



UTS from hardness (MPa)
20

(A) (B)

Through-thickness Distance

-15 -10 -5 0 5 10 15
Transverse Distance
UTS from grain size and solid solution (MPa) UTS from Precipitates (MPa)
20 2d
330
(€)

15 15
o 2 o .
Q o
. s :
(a3 4 8 10 R . :
0 v w
] 8 :
c < . "
% 3 .
£ 5 \ 3 s 5
£ - &
o [~J g
g . . o g A

. - \
Y e L) -
5 | 5
-15 -10 5 0 5 10 15 -15 -10 5 0 5 10 15 ’
Transverse Distance Transverse Distance

Figure4.11. Process parameteet#1. Nominal traversing speed, low rotational speed
(1.4, 1.75).

The results of the modelearlyindicate that theres a difference in the contribution to strength
from precipitates in the various spatial zones of the weld. Tdrerao effects of precipitation
hardening in the stir zone of the welthile there isa contribution of approximately 60 MPa to
the UTS in theTMAZ. Likely, the primary strengthening precipitates were depleted in the stir
zone due to high temperaturesid relatively lower temperatures retained the strengthening
phases in the TMAZAdditionally, the weld produced using this parameter set wilblae

strength and very ductile.
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Next, the model is applied to process parameter set #2 where #R8\SRs created
using the nominal traversing speed and a high rotational speedJTS estimated from
measured microhardness is presentdelgare4.12(a), a micrograph of the cross section of the
weld is presented iRigure4.12(b), the predicted contribution to UTS from grain size and solid
solution strengthening is presentedrigure4.12(c), and the predicted contribution to UTS from

precipitates is presented fingure4.12(d).
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Figure4.12. Process parameter set #2. Nominal traversing speed, high rotational speed (3,1.75).
The spatial plot shown iRigure4.12(d) indicates that there are strengthening precipitates in

both the stir zone and TMAZ of the weld. The stir zone is predicted to have a contribution of
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roughly 40 MPa, and the TMAZ experienaeslightly higher contribution of 55 MPa. The weld
produced using this process parameter set will likely be relatively strong and ductile.

The spatial plots for the remaining process parameter sets can be found in the Appendix
Figures A.4 through A.15However,Table4.5 shows the predicted precipitate strength
contributions for all process parameters studieds current state, this model provides al to
the welding engineers at NASA to better understand the effects of the process parameters on the
mechanical properties of their welds. While not yet fully calibrated, the results of the model are
reasonable and provide valuable information to itssuser

Table4.5. Predicted precipitate strengthening contributions for stir zone and TMAZ for five
process parameter sets.

Process Parameter Stir Zone

Set (MPa) TMAZ (MPa)
#1 (1.4, 1.75) 0 60
#2 (3, 1.75) 40 55
#3 (1.9, 2.75) 25 50
#4 (1.9, 1.25) 0 70

Further, he predictions discussed in this secsopportthe discussion of Section 4.3.3
about the effects of crack closure in th@samples machined in the stir zone and TMAZ of
the weld. The relatively low levels of precipitation hardening predicted by the model in the
welded material as compared to the base material suggest that the welded material will be more
susceptible to PICGan the base material. Additionally, given that the stir zone always indicates
lower levels of precipitatiostrengtheningit likely experiences larger levels of PICC than the
TMAZ. This wouldsuggesthat the slower crack growth rates in the loggEfportion of the

curve observed in the TMAZ sample ganmmarily be attributed to RIC@ addition to PICC
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CHAPTER 5CONCLUSIONS AND FUTURE WORK

5.1.Conclusions

The goal of this work was tdevelopa better understanding of the procpasametersised
in the selfreacting friction stir weldingrocess by use of data collection, testing, and analf/sis
AA2219-T87. Specificallythe following data werproduced (1) phase transformation kinetics
for the virgin material were quantified, (8)sidualstresses in the weld were quantifie®), drain
morphology produced by the FSW process quaantified, (4 microhardness was quantified for
the base material, weld nugget, and themexhanically affected zone (TMAZ), and heat
affected zone (HAZ),9) thefatigue crack growth rate behavior and fracture toughness values
was quantifiedand (§ relative amounts of crystalline strengthening mechanisms were

postulated spatially as a function of the weldingcpss through a model in MATLAB.

The data produced dranalyzed in this work providd ASAG6s SLS team a
explanation of the impacts of various process parameters -¢t88Rmaterial. It also provides
the foundation of a model that can predict the temperature spatially throughout the weld.
Ultimatdy, this work is a step towards increasing the reliability of the SLS rdbkaigh SR

FSW process parameter optimization

5.2. Future Work
While this work has laid a solid framework five understanding SRSW AA2219,morework

can be performedpecific sggestions for future research are as follows:
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Further planestrain fracture toughness testing of the welahederial should be complet¢al

form a statistically significardata set. Work might also loeneto account for plasticity

effects in he loaddisplacement curve.

Additional research may be done on why the growth rate of the welded samples does not
show evidence of Region Ill crack growth.

The MATLAB model presented in this workaybe calibratedising measured precipitate
valuesfrom the welded material and base material. This may be done by use of TEM (for GP
zones) and SEM (fdrd6  d phdises)This would allow the further development of this

model such that the heat input for a given set of process parameters may be duantifie

The MATLAB model presented in this work can be appliech&terial created usirtge solid

state additive deposition process to quantify strengthening contributions.
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APPENDIX

Figure A2. Micrograph of base materiélbngitudinal orientationpged at room temperature,
20eC.
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Figure A3. Micrograph of base materiféransverse orientatiomged at room temperature,&20

58



Figure A4. Micrograph of AA2219 aged a50C for 2.8 hours.

Figure A5. Micrograph of AA2219 aged at 28D for 2.8 hours.
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Figure A7. Micrograph of AA2219 aged at 4@5 for 2.8 hours.
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Figure A.8.RepresentativECG and Kc fracture surfaces for the base material (A), stir zone
(B), and TMAZ (C).
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Figure A.9.RepresentativeCG and Kc fracture surfaces for the base material (A), stir zone
(B), and TMAZ (C).

Figure A.10 RepresentativECG and Kc fracture surfaces for the base material (A), stir zone
(B), and TMAZ (C).
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Figure A1l Representative loadisplacement plot for base materiat Kample.
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