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1 Introduction

1.1  Overviewof Friction Stir Welding (FSW)

Friction stir welding(FSW)is a solidstate joining procedbat was first developday The
Welding Institutein 1991 and has expanded rapidly singarticularly in the field of aluminum.
[1] Consequentlythe process has found successful application in alumireawy industries such
as automotive, maritime, and aerospg2gWith the FSW method, two plates of the material to
be welded are clampedgether, most commonly in a butt or overtamfiguration(seeFigure 1).
A stirring tool with aprobe and shoulder plunges into the workpieceteawdrses along the length
of the jointline, generating enough heatplasticize the material while staying below the melting
point. As thetool moves, thelasticized material is extruded around the tool probe and forged
together under the pressure tkttool shoulder as it completes the pasmmon control
parametersdr FSW include tool rotation rate, traverse rate, plunge depth, axial force, and torque,
but machine configuration and programmimyean effect on which are used principally in the
welding profile.Due to the fact that is a solidstate process, FSW é® not experience problems

from resolidificatian like traditional welding techniquegl] [2]

Down Force
oy
¥/ ToolRotation

Welded Region
Trailing Edge
Leading Edge

Shoulder

Welding Probe

Direction
Figure 1. FSW process diagram, butt weldnfiguration [2]

The use of welding for joining aerospace structures was long inhibitee lojfficulty of

makingsuccessful welds from highly alloyed 2XXX and 7XXX serasminumalloys, which



wer e cl asswél e albelaepmonrsolidificatin, porosity, and insufficient strength
and resistance through the fusion zonith theimplementation of FSW, #selimitations have
beenovercome for mangluminumalloys and aerospace industries have commercially produced

defectfreefriction stir weldjoints. [1][2]

Automotive corporations have also widely begun to adopt FSW as a joining and
manufacturing process. The integration of lightweight aluminum alloys into automotive
assemblies allows the creation of more energy efficiestenys; Ford, Mazda, BMW, and various
other automobile manufacturers have taken to employing FSW for joiningdbadyures and
panels as well as manufacturing parts of varying thickness. The overall result is improved
dimensional accuracy, 30% increasewald strength (as compared to fusion welding), and a
reduction in parts, weight, and pgsbcessing. Today, ingmentation of FSW technologies
continues to grow as researchers work to understand the behavior, modelling, and process

parameter selection #&sapplies to an infinite variety of material joining systefi§2]

1.2  Current Limitations of Aluminum Allgs

Due toits light weight, low cost, and desirable mechanical properties, aluminum is very
prominent in the aerospace industWhile many barriers in FSW have been overcontigg
majority of commerciabluminumalloys still have problematic performancenitations. Most
castable aluminum alloys are strengthened through precipitation of intermetallics formed from
alloying elements addedudng castingTypically, precipitate formation isloselycontrolled as
the compounds formed critically affect the metroicture and mechanical behavior of fimal
material.Some of the most predominantly utilized alloying elements for aluminum dvigSand
Cu. [3][4]

While these additions can strengthen the material at room temperature, several atomic
percent of thentermetallics formed dissolve into the matrix at temperatures greater than 300°C.
This renders the microstructural features impermanent, causing a droghi#temperature
stability and consequently material propertiesese intermetallics are also ofteulnerable to
coarsening, and repeated or continuous exposure totémgperatures also leads to a loss of
mechanical propertie©ften these limitationsesult in alloysthatcannot be relied upon in high

temperature environments. As a resudingineersdesigning parts for high temperature



environments likeengine blocks and drive train systems often have to sacrifice efficiency by
selectingheavy cast irn components, or significantly increasing cost with expensive titanium
alloys.[4][5][6]

If an alumhum alloy composition was able to be formed with high mechanical property
retention at temperatures exceedd@§PC, it would fill the role of a light anéffordable material
for high temperature applicationsPrevalent higitemperature performance alumin alloy
advancements to date have been focused on the progression of alloying systems s8ch/ak Al
Zr, and ALV. These alloys are more expensive to manufadbutéorm strengthening precipitates
which increase thermodynamic stability; however, tagice coherence which this stability
depends on still limits these alloys to operating temperatures not exc8etiag[3][4] [5]

In the last decade, development and productionnmivel aluminum alloyith favorable
high mechanical property retenti@h high temperatures has drastically increagdalloying
aluminum with cerium, researchers at Oak Riddgtional Laboratories (ORNL) and Eck
Industries have found that the resulting product is an alloy with significantly improved mechanical
property reéntion at temperatures >300°C. These aluminum ceriumCéAl alloys show
exceptional castability and mechead properties in addition to being thermodynamically stable.
Cast parts of AlCe alloys form in thermodynamic equilibrium and stay in equilibriuril mear
melting; this can be attributed to theriumheavyintermetalliccompoundsprecipitated during
formation.[7] Unlike the precipitates formed in traditional alloying systems3AIAI-Mg, Al-
Cu, etc), therecipitates formed with ceriunhave extremely low solubility in the aluminum matrix
even as the temperature is increasezhr the eutectic temperature (842 Cu has solubility
exceeding 5% while the upper limit of solubility is 0.005% for Ce. This value is also an order of
magnitude below #solubility of the top competing alloying element, [3¢.The large size of Ce
atoms furthermore causes a diffusion coefficient approximately 10,000 times smaller than those
of traditional alloying elements. Theeriump r e ¢ i gignificant edstareto dissolution and
diffusion prevents failure through coarsening mechanismdgewthe thermodynamic stability
preserves the microstructure in higgmperature environments (>5@). [4] The outstanding
high-temperature behavior of this alloy gives itosty potential to fulfill many applications
currently dominated by titanium andstaron, and the low cost of Ce would make it a valuable

yet inexpensive alternativg3][7][8]



One patrticular variation of aluminum cerium alloy,-20Si7Ce4.3Cu0.4Mg, was
provided by Eck Industries in the form of cast plates to be us#uefiction stir welding research
conducted in this thesi€opper is a common addition for engine components where high strength
and toughness are required] Magnesium and silicoare commonly used together in aluminum
due to high castability and precigiton of strengtheningig>Si phasesResearch has further
shown that cerium reacts favorably with Mg and Si to form thermally stable intermetallics without
microstructural coarseng. [3] When all of these additions are combined in an aluminum alloy
with cerium mixed n, the elements combine to form numerous intermetallic compounds with the
cerium (as well as forming some of the common compounds felmeh cerium is not presgnt
[8][9] The resulting alloy has many of the same strengtlBeasommercial alloys sans cerium,
and the addition of cerium inherently increases the mechanical property retention at high
temperatureslt is anticipated that due to the heavy adoption of FSWheaerospace and
automotive realms, utilization @luminum ceriunalloys in these industries withevitablylead
to the implementation of FSW aduminum ceriumalloy components and castings. Currently,
there is no published research on the FS\Wuwhinum ceriumalloys. Creating a set of optimum
friction stir welding parameters for any particular material requires a significant amount of data
collection and analyzation thus there is an inherent necessity for the FSW behavior of these
alloys to be pwperly researched, analyzed, and optimized for future implementation in
manufacturingThere is currently very little knowledge regarding how cerhaavy intermetallic
compounds may affect the friction stir welding behavior of aluminum alloys. The cdmoppsi
strength, and friction stir welding viability of the provided aluminum cerium alloy will be analyzed

in the following chapters of this thesis.



2 Background

2.1 Literature Survey
2.1.1 Historyand Advantagesf Al-Ce Alloys

The firststudesconductedn ceriumalloyed aluminum occurrad the early 198Qsnitial
research showed that adding 4 wt. % cerium increased thédmglerature mechanical properties
showing improved results over competicgmmercialaluminum alloys(hot pressedlaminum
cerium displayed tensile strength 0800 MPa at 230°C compared to-¥80 MPa for copper,
magnesium and zinc alloyed systeni3gspite the high strength at elevated temperatuwak
was discontinued on this alloy due to the high aeodtlow avalability of ceriumat the timeMore
recently, interest in this alloy has picked up once aghamsuccessful development of aluminum
cerium alloys is speculated to not only provide a light weight material with high mechanical
propertyretention at highemperaturesut to also stimulate positive economic effects for the cost
of all rare earth elementas the most abundant rare earth element, the more mining that is done,
the cheaper cerium will get while simultaneously unearthingl@amdring the cosof other rare
earth element$4][10][11][12]

Eck Industriedhas obtained the license for the production of aluminum cerium alloys, and
has published several workscollaboration with Oak Ridge National Laborat@gdressing the
behavor of these alloysvith varyingconcentrations of cerium amdheralloying additionslt has
been concludethat compositional variation of aluminum cerium alldoysadding other alloying
elementsis possible and thus the mechanical properties and microstructure are sdmewh
tailorable;cerium alloys with magnesiuand silicon have already shown exceptional castability
and high strength. [4As was previously mentioned, the alloy provided this research has
inclusions of silicon, cerium, copper and magnesiduding Mg to the binary AlCe alloy
significantly increases the ultimate tensile strength (UTS) and yield strengthHdShdustries
found that vith the addition of only 0.4% Mg, the UT8tention at 308 was increased from 50%
to 80% in the binary ACe alloy. Additions of Si have been found tproduce the tetragonal
intermetallic Ce(SixAlx) which hashigh temperature stabilitandCu is commonly used in alloys
to addtoughness and strengthurthermore, a T6 he#ateated A112Ce4S+0.4Mg alloy reached
a UTSof 252.3 MPa and a YS of 128.2 MPa, a substantial improvement over the binary alloy
which failed at a UTS of 161.3 MPa and a YS of 57.2 MPa; this directly deratasstihe

5



versatility of aluminum cerium alloy systemand their ability to be manipulated fovarious
applications.

In summary, AlCe alloys have exceptional castability, low cost, low weight, and superior
mechanical property retention at temperatures exiog 300C, making them an ideal
replacement for a variety of engine compondudi$5][8]



2.2 VUWAL Welding Machine Operation

Figure 2. VUWAL Friction Stir Welding Machine

The friction stir welder utilized for this research is seen abowégare 2. It is the main
researchresource of the Vanderbilt University Welding Automation Laboratory (VUWAdyd
is programmed and controlled wi@# and Simulinkcode created bgurrent and paggraduate
researcherdt was originally a Milwaukee milling machine, and was extensivelgifrex to be
used for FSW. The additions of sensors, motors, and instrumentation onto the machine to achieve
this are largely covered in past dissertatiand theses ém the lal{13][14].

Two computers are utilized with the machifid@e first computer dlds the C# program
which provides the GUIdr setting up the machine aedteringweld parametergrior towelding
(seeFigure 3). The sensor data, parameters, and machine commands are then routed to the second
reattime computer which is in charge of actually controlling the weld and acquiring/idaga
Simulink model This Simulink Reallime kernel provides faster data sampling and makes it

possible to weld with real time constrain®n the welding(first) compuer, there are multiple



weld control profiles which can be generatipending on the type of weld that isify done
(butt weld, lap jointt-joint, etc.) and what type of control is being utilized. Plunge depth, plunge
rate, RPM, tilt angle, positiamg, and traverse rate are set by the user prior to all welds with current
programming. Due tdlifficulties with the generalbutt weld control profile on the aluminum
cerium alloy welds, over the course of this research a torque cpnbigriamwas programmed,
tested, andmplementedto achievemore consistent results. This will be further discussed
Chapter 3.

During a weld, process measurements and forces are constantly outmangpared to
userdefined safety limit$o ensure no damage comes to thé, tgnamometer, or machine from
surpassing stress limitén case of an emergency or faguthere is a redundant system for
emergency machine shut ofth&Kistler Rotating Cutting Force Dynamometer continuously reads
and outputs the XY, and Zforces @ the tool during a weldvhile string potentiometers and a

vertical calibration sensor provide position references.

Weld  Safety Test

Connections Motor Controls

Vertical Controls Traversal Controls
[ Vedical | | | z | i
» ‘ Stop
( ] Raise Table | : Table Reverse | | Table Forward
oo il o, [ I J
[m 7’ Lower Table 1 Velocity: 5.00 £ IPM: 0.0 S
[ Traverse | | rccseation: 10 = |k Loc (v): 17.9274
E— 5
l.m Discrete (# Tums) 0 ¢ Lateral Controls =
. f
ETE o comn .l .
Pressure: OFF Weld Height 3.0000 -5 I L ateral
’ ‘@ Return Height 4500 < Table Out IPM: 0.0
’ Height (in): 2 820314960599 . | Loc () 2.3519;
|_Alarm _Max Load History Forces
| Rest | zov): 58 XYN): 7.8 T(Ne): 0.19 XFocs () 20
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| 03-06-07-06-00-01-A8-9D Abort | Zero @ (N 15.0
01-06-07-D0-00-00-89-47 ‘
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Figure 3. MainForm for welding computer GUI



2.3  Tool Geometry

There are many options when it comes to satéction for FSW joining, as there are many
design factors which can affect the consolidation and final quality of the welded matgpiaal
FSWtools have a contact surface consisting of a shoulder and alfhiough the geometry of
these twocomponats varies depending on applicatioypically, the shoulder iaroundthree
times the diameter of the pi weld is started by plunging the tool until the shoulder is in contact
with the workpiece. fie $ioulder generatelwcalizedheat in the materiaghrough the friction
created by t,whchhegis topreheat tbhetmaterialdurther down the joint line. The
downward axial force from the shoulder additionally works as a forging pressutesforixed
material, confining it inside the joitihe and providing consolidation as the pass is completed.
[1][2][15]

Before the shoulder comes in contact with the piece, the pin must plunge into the material.
As the pin is plunged, it deforms and slseidre material along the joint line. The largaistrand
heat generation from plastic dissipation around the pin plasticizes the materials; threading can then
provide transport of the material around the tool. On the retreating side, material is etdruded
back of the weld where it is deposited in tloéduveft by the pin as the tool travers@he material
on the advancing side gets caught in a rotating zone and flows into the joint behind the pin as the
tool traverses. The most common pin design iseatted cylindrical pin, as it is easier to machine
than other designs which may provide better weld quality, less tool wear, or faster weld speeds
(roundbottom, truncateadone, triangular, etc.). In the interest of optimizing tool design, TWI has
additiorally come up with unique pin designs, named Whimiflute, and Trivex, which have all
shown improvements on reducing displacement volume, traverse loads, and normal forces. These
designs are fairly complex, making them difficult to machjh16][17]

For the welding research executed in this thdhis tool utilized haa I-inch diameter
scrolled convex shoulder with a-ch diameterthreadeccylindrical pin (seeFigure 4). When
using a convex shoulder, the need for a lead angle can be surpassed as thegeuiérthed
shoulder does not need to come into direct contact with the workpielilee tools with concave
shoulders, the convex design is able to compensate for gapjumge depths, providing the
possibility for controlling and varying shoulder engagettriring the welénd overall providing
more consistent weld qualityhe inclusion of shoulder scrolls is also critical, as they help to push
the material approachinpe outer edge of the shoulder back in towards the center and the pin.
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This prevents diplaced material from escaping as flash and instead allows it to stay towards the
center of the joint and be later deposited in the \ja#l.

The chosen tool designcorporating a convex shoulder and cylindrical threadedspan
logical choice The convex scrolledshoulder design allowthe possibility for high quality weld
results with varying welding parameters. Since there is no current information on the FSW
behavior of the aluminum cerium alloy being analyzed, the ability to manipulate paramitkers w
bead on plate welding will be critical in forming an initial weld profile. The threaded cylindrical
pin, in addition to being a reliable and proven desiga) relatively easy to machine with the
available facilities at Vanderbilt

Scrolled
Shoulder

—

Figure 4. FSW tool withconvexscrolled shoulder and threadegindrical pin
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2.4  Experimental Setup

Figure 5. Photo of two pieces of aluminum cerium alloy placed and clamped for a friction stir butt weld

Figure 5 above shows the experimental layout utilized for friction stir welding in this
thesis.Once the welding table is attached to the mill table (bottowy large steel clamps are
attachedo thetop of thewelding tablewith bolts,with the material to be weldescuredetween
Spring steel is additionally slid beneath the weld platgsdeide upward pressungrevening the
plates from being pushed down or apanting welding This setup results in platésat are highly
locked in position providing security for the weldn the configuration above, the width of the
plates did not allowoom for bolts immediately to ¢éhsides of the welgsdditional bolts were
used along the length and tightly secureddmpensate.

To the left of the machine are the welding computers which are used to control and input
welding parameters for the spindle, table, sensors, etc. Treseveviously described in section
2.2. A lubricator is run during welding keep thespindle greasedand air is directed across the

dynamometer to keep it from overheating.
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3 Results

3.1  Material Properties

Eck Industriesvas able to provide some material property data for this aluminum cerium
alloy, but due to the small samplaestested (four tensile bargdditional material testing was
performed wherever possible to create a more comprehensive material propegyJnai only
two relatively small cast alloy plategere providedonelG-inch by 6inch and oneb-inch by 6
inchboth in T4 conditiol, they were first measuddo allocate material fothe maximum number
of weldswhich could be mad&.he remaining material was cut off and processed for hardness and

tensile bar testing.

3.1.1 Hardness Testing

Prior to any madrial testing or welding, some material property data was provided by
David Weiss of Eckndustrieson theAl-10S+7Ce4.3Cu0.4Mg alloy aged to T4 condition. They
reported a T4 heat treat hardness value of 85 BNH (approximately 52 HRE)ng a Wilson
C523Rhardness tester available in the Vanderbilt structures lab, 200 additional hardness data
points were taken omé pieces dedicated for material property testing. Belable 1 displays
the cumulative hardnesssting results.

Table 1. Wilson C523R Rockwell B Hardness Test Results

AT
Average Min. Value | Max. Value | Standard Deviation & Dl_fference (Eck
Industries vs. Lab Data)
54.6025 HRB | 42.8 HRB 70.2 HRB +4.1289 HRB 5.0048 %

The find average HRB of ~54.6 is reasonably close to the value of ~52 HRB reported by
Eck IndustriesWhile the standard deviation is not egregidihe values overall were somewhat
erratic, withsomevalues in the low 40s and even low 70s; the minimuch raaximun values
measured weré2.8 HRB and 70.2 HRB, respectively. This variability in dag¢ais expected to
stem from the intermetallics within the material; the aluminum matrix itself is much Hudier

the various precipitates formed from alloyinteraents, particularly the ceriuniheavy ones.
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Consequently, it is suspected that the maximum and minimum values are so far apasbchee to

measurements hitting large intermetallic compounds more so than others.

3.1.2 Tensile Testing

In addition to their initiahardness data, Eck Industries sent tensile bar data for four ASTM
E8 standardized dog bon@dg4-inch thickness)[19] With the small amount of the all@vailable
that was not utilized for welding, three more tensile barsviolig the same ASTM standanetre
machinedor additional testing at Vanderhild CNC was used to cut the profile shaye inch
deepinto theedge of thel/2-inch thick plate, and pieces were then cut off and surfaced with a
bandsaw and milling machine tcreate the final specimensith 1/4-inch thickness.An
extensometer was utilized to obtain the most accurate strain results for the Vanderbilt tensile data.
Below, Table 2 displays all tensile bar das@cumulated to dafer theAl-10Si7Ce4.3Cu0.4Mg
T4 aloy materialprofile. Shaded cells indicatata provided by Eck Industries.

Table 2. Cumulative Material Property Data for-ADS+7Ce4.3Cu0.4Mg Alloy

. Max. Tensile Force| Max. Tensile Stress| Total Elongation

Specimen ID (kN) (MPa) (%) g Modulus (GPa)
E-Al 2.70 84.806 0.500 46.738
E-A2 2.99 94.458 0.550 48.115
E-B1 2.77 87.563 0.600 60.265
E-B2 2.91 91.700 0.050 63.712
V-A 4.00 95.520 0.173 62.897
V-B 3.40 82.824 0.169 50.705
V-C 3.70 89.176 0.146 64.023
Average: 3.21 89.44 0.31 56.64
Maximum: 4.00 95.52 0.60 64.02
Minimum: 2.70 82.82 0.05 46.74
Std. Dev: 0.46 441 0.21 7.20

*(E T Eck Industry Data; I Vanderbilt University Data)

While thestandard deviatiashow that the overaltesults are reasonlgiconsistent, it can

be seen that there is a noticeable variation in the results provided by Eck Industries as compared

to thedata collected at Vanderbilh communication with Eck Industries via David Weissyas

speculatedhat dight adjustmentsn E ¢ k

| n dtesting selipensap have had an outsized

impact on final tensile datdue to the brittleessof the material A reported value of ~52 HRB
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would typically show triple these tensile propertiealuminum The failure mecanism of cerium
alloys has previously been reported as a-stage yielding failure in which the Al matrix and
intermetallics both initially elastically yield under low stress until a point is reached in which the
intermetallics carry more of the load aadentually yield one the dislocations reach a critical
density [3]. This essentially described the failure that was seen in these tensile tests, as little to no
ductility was observed in the samples and the fracture surface showed brittléseekigure 6).

In an attempt taavoid similar issues and to getetimost accuratéensile bardata at
Vanderbilt, a onench extensometer was utilized to ge¢cise values for elongation and str&m.
Table 2, it can be seen th#te elongation values obtainatlVanderbilt appear to be mqyeecise
thanthose reported bigck Industrieslt is additionallyunclear if there is an error in the maximum
tensile forces reported by Eck Industries due to expartal setup, but it is suspected that this
may be the cas@ince thevalues reported at Vanderbiireup toa kilonewton higher Maximum
tensilestressah Youngds Modul us ar e cisassumesthathdsedatar os s
points at leastan be consideraliable.

A stressstrain curve showing the data points for the three Vanderbilt tensile bars can be
seen below irFigure 7.

Figure 6. Fracture surface of tensile teample A
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Figure 7. StressStrain Curve for Vanderbilt Tensile Bar Tests
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3.2  Microscopy Analysis

Threesmall(roughly 1 cm x 1 cmpiecesof the T4treated material erecut away from
the original alloy pagand prepared fomalysis with a scanning electron microscope (SEM). The
pieces werecut small enough to fit on the available SEMuntingstuds( 1/ 20 i nandd i a met
progressivelywet sanded dowmo al-micronrefinementsurface finish They were thenleaned
and analyzedvith various detectors on the BEBo analyze surface topography, phase contrast,

and elemental spectra.
3.2.1 Secondary Electron DetectiE-SE2)Results

Utilizing a Zeiss Merlin scanning electron microscopeages were taken with the
secondary eleatn detector (HESE2) to obtain a better understanding of the surface topology, as
well as where inconsistencies and intermetallic variations may lie in thglesaBelow,Figures
8-17 display the HESE2 images taken of thelheat treated sampleéBhe same areas welteen
imaged withthe backscattered electron detector (BSD) to get a comparative image displaying the

phase contragsee section 3.2.2).

100 pm EHT = 20.00 kv Signal A = HE-SE2 10 Oct 2018 Vv ®
iNSE

WD = 8.5 mm Mag= 263X 10:40:14

Figure 8. HE-SE2Image 1 T4 Heat Trea{Area 1)
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100 pm EHT = 20.00 kV Signal A = HE-SE2 10 Oct 2018 "
— - - ua ViNSE
WD = 8.5 mm Mag= 167 X 10:43:12

Figure 9. HE-SE2Image 2 T4 Heat Trea(Area 2)

> e | 7
2 J / o

100 pm EHT = 20.00 kV Signal A = HE-SE2 10 Oct 2018 V; N S E
WD = 8.5 mm Mag= 97X 10:46:24

Figure 10. HE-SE2Image 3 T4 Heat Trea(Area 3)
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100 um EHT =20.00 kV Signal A = HE-SE2 10 Oct 2018 b
WD = 8.5 mm Mag= 387X 11:31:05 VINSE

Figure 11. HE-SE2Image 4 T4 Heat Treaf{Area 4)

/

20 um EHT = 20.00 kV Signal A = HE-SE2 10 Oct 2018 ®
| WD = 8.6 mm Mag= 605X 10:50:12 V‘l N SE

Figure 12. HE-SE2Imageb5, T4 Heat Treat{Area 5)
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10 pm EHT = 20.00 kV Signal A = HE-SE2 10 Oct 2018 ®
— WD = 8.6 mm Mag= 1.39KX 10:52:32 V1 N SE

Figure 13. HE-SE2Image6, T4 Heat Treaf{Area 6)

20 pm EHT = 20.00 kV Signal A =HE-SE2 10 Oct 2018 n
i} _ o ViNSE
WD = 8.6 mm Mag= 1.04KX 10:57:02

Figure 14. HE-SE2Image7, T4 Heat Treaf{Area 7)
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10 ym EHT = 20.00 kV Signal A = HE-SE2 10 Oct 2018 "
WD = 8.5 mm Mag= 340KX 11:10:17 VINSE

Figure 15. HE-SE2Image8, T4 Heat Treaf{Area 8)

10 um EHT = 20.00 kV Signal A = HE-SE2 10 Oct 2018 ®
H WD = 8.5 mm Mag= 1.07 KX 11:19:36 VINSE

Figure 16. HE-SE2 Image, T4 Heat Trea(Area 9)
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10 pm EHT = 20.00 kV Signal A = HE-SE2 10 Oct 2018 V ®
iNSE

WD = 85 mm Mag= 285KX 11:24:36

Figure 17. HE-SE2Imagel0, T4 Heat Trea{Area 10)
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3.2.2 Backscattered IEctron Detector (BSD) Results

Using the same Zeiss MerlBEM, images wer¢ghentaken of the same surfaaeeasvith
the backscattered electron detector (BSD). Images created with this detector are formed by picking
up the electrons which are elasticalyattered by the atoms in the materftbms with a larger
atomic numbeproduce a larger amount of collisiombich makes them appear brightesulting
in an image which shows phase contrast between the various elements and intermetallics in the
materal. Below, Figuresl8-27 display the BSD images taken and correlate them to the appropriate
HE-SEZ2 imageFrom these images it can be seen thainfeemetallic compounds shawg up the
brightest are the linear, scratch ligeometrieshowing up consistently across the surface. These
are presumed to have the highest cerium content, but elemental analysis will besiatiated
in the EDS results.

100 pm EHT = 20.00 kV Signal A =NTS BSD 10 Oct 2018 V { N S E
WD = 85 mm Mag= 263X 10:41:39

Figure 18. BSD Image 1, B Heat Treat (Area 1)
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100 pm EHT = 20.00 kv Signal A = NTS BSD 10 Oct 2018 3
WD = 8.5 mm Mag= 167 X 10:44:04 Vl N SE

Figure 19. BSD Image 2, # Heat Treat (Area 2)

100 pm EHT = 20.00 kv Signal A = NTS BSD 10 Oct 2018 &
WD = 8.5 mm Mag= 97X 10:47:47 Vl N SE

Figure 20. BSD Image 3, B Heat Treat (Area 3)
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100 pm EHT =20.00 kv Signal A = NTS BSD 10 Oct 2018 E
WD = 8.5 mm Mag= 387X 11:32:01 Vl N SE

Figure 21. BSD Image4, T4 Hea Treat (Area 4)

20 pm EHT = 20.00 kv Signal A =NTS BSD 10 Oct 2018 5
WD = 8.6 mm Mag= 605X 10:51:08 Vl N SE

Figure 22. BSD Imageb, T4 Heat Treat (Area 5)
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10 Hm EHT = 20.00 k¥ Signal A=NTS BSD 10 Oct 2018 "
WD = 8.6 mm Mag= 139KX 10:53:20 VlNSE

Figure 23 BSD Image 6, ¥ Heat Treat (Area 6)

N

20 um EHT = 20.00 kv Signal A =NTS BSD 10 Oct 2018 -V- #
1NSE

WD = 8.6 mm Mag= 996X 10:58:56

Figure 24. BSD Image 7, % Heat Treat (Area 7)
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10 um EHT = 20.00 kv Signal A=NTS BSD 10 Oct 2018 i
WD = 85mm Mag= 257 KX 11:07:30 V'l N SE

Figure 25. BSD Image 8, # Heat Treat (Area 8)

10/ um EHT = 20.00 kv Signal A = NTS BSD 10 Oct 2018 g
WD = 85mm Mag= 1.07 KX 11:20:41 ViNSE

Figure 26. BSD Image 9, # Heat Treat (Area 9)
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10 pm EHT =20.00 kV Signal A=NTS BSD 10 Oct 2018 8
WD = 8.5 mm Mag= 285KX 11:25:30 Vl N SE

Figure 27. BSD Image 10, # Heat Treat (Area 10)
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3.2.3 EDS Mapping and Intermetallic Comptien Analysis

Once images had been obtained by the-S#H2 and BSD, the-ray detectorwas
implemented to obtairEDS (energy dispersive-ray spectroscopy)naps highlighting the
elemental compositioof the alloy.EDS wasadditionally used to take point IEpectra on all of
the prevalent intermetallic compounds visible in the sample, allowing their compositions to be
approximatedising the atomic percentages reported by the pra@alow, Figures28-30display
three different areas of the sample under theSH2 detector and the e¢esponding composite
and individual elemental mapping from EDS.

From the EDS, Al, Si, Ce, Mg, O, Cu, C, and Fe can be seen dispersed throughthoy the
in varying concentrations. Carbon, while prases mostly gathered in places where there are
voids on the surface and was thus concluded to not be part of an intermetallic compound but rather
contamination from polishing and prepping the samphe same conclusion was drawn for
oxygen,; since it is mostly pregein the relieved areas of the sample surfacelikédy leftover
from polishing.

In the individual and composite majg$ysters of cerium and copper are seen with minimal
aluminum concemation Magnesium and iron are fairly evenly disperdadughout the sample
although there seem to be a few instances of higlagnesiuntoncentratiomear surface voids
Iron is presumed to hawstherbeena result of contamination from iron castinglas oradded
during the casting process as it was diogctly reported as aalloying elementor this material.
Silicon appears to be concentrated in small, linear intermetallic compounds that are evenly
distributed through the alloyAluminum is heavily concentrated across the sample surface (as
anticipatel) with the exception of the areas with high density of cerium and copper.

To approximate thehemicalformulas of the intermetallic compounds in the sample, the
point ID function of the EDSoftwarewas utilized With this function, spectra can be taken for
userdefined points o the sample surface; eighteen separate poumere selectedvhere
intermetallic compoundappearedo exist On each of these points, atomic percentages of each
element prese were estima&d by the prograntigure 31 and Figure 32 show the secondary
detector images and the points (SpectruimSpectrum 23yhich were analyzedable 3 shows
the reportecatomic percentages as well as the corresponding approximation of the compound
compositions based on stoichiomeffje spectra output by the EDS software for each point can
be found in the Appendi{gures48-65).
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Figure 28. HE-SE2 Image 1 an@orresponding EDS Maps
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Figure 29. HE-SE2 Image2 and Corresponding EDaps

Al Kal Si Kal Ce Lal

Mg Kol _2 0O Kal Cu Kal

CKal_2 Fe Kal
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Figure 30. HE-SE2 Image 3 and Corresponding EDS Maps
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Figure 31. HE-SE2 Image 1 showing Point ID spectfal7) locations

! 250um !
Figure 32 HE-SE2 Image 2 shwing Point ID spectrél8-23) locations
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Table 3. Atomic percentages antbrrespondingpproximate intermetallic compositions

Spectrum Alat. | Ceat.| Siat. | Cuat. | Mgat. | Oat. | Feat. | Tiat. | Znat. Composition
% % % % % % % % % (appox.)

6 3439 | 18.17 | 26.75 | 10.71 | 0.06 9.67 0.25 Al4SisCeCu
7 3.19 95.81 | 0.10 0.01 0.90 AlSiz;
8 71.59 11.83 | 1.11 2.58 | 12.89 Al;SiFe
9 94.31 0.99 0.26 0.38 3.84 0.06 0.16 Al matrix
10 94.96 1.03 0.26 0.34 3.16 0.05 0.05 0.16 Al matrix
11 64.36 | 0.05 0.69 0.21 0.20 | 3430 | 0.04 0.15 Al matrix*
12 1.06 97.94 | 0.11 0.01 0.84 0.04 AlSigg
13 87.18 1.20 0.28 0.33 | 10.77 0.08 0.16 Al matrix
14 4797 | 6.05 | 1049 | 1081 | 091 | 23.23 | 0.32 0.21 AlsSiFe
15 7.34 0.05 | 6591 | 0.11 26.57 0.02 AlSi1o
16 81.78 | 4.07 2.07 0.53 1.94 1.59 7.66 0.36 | Al4SiCeTisMg
17 68.41 | 2.71 2.67 0.32 1.74 | 18.02 5.08 0.29 | AlssSiCeTisMg
18 81.85 | 4.13 1.94 0.48 1.78 1.67 0.01 7.76 0.38 | Al4SiCeTisMg
19 81.58 | 4.13 2.03 0.43 1.78 1.84 7.83 0.38 | Al4SiCeTisMg
20 4531 | 11.85 | 3.37 | 25.96 11.15 | 1.83 0.53 | Al5eSiCesCuirFe
21 1.02 0.05 | 95.05| 0.12 0.04 3.67 0.05 AlSigs
22 6.40 0.11 | 73.20 | 0.13 0.15 | 19.92 | 0.03 0.05 AlSi1g
23 4761 | 9.35 | 14.27 | 8.78 0.11 | 18.68 | 0.99 0.21 Al10SizCeClp

*Oxygen determined to be presentagsult of polishing and thus not includedntermetallic formula

As can be seen blable 3 above, there are numerous intermetaflarmed in this alloy
with similar atomic elements but vastly different stooehetric ratioslt is important to note that
while the spectra obtained the EDSeflects the composition of the point selected, the data comes
from the entire penetration volume of theays and not just the surfackthe specimerElements
reported m trace amounts (<1%) as well as contaminating elements present frommngpolis
(oxygen) aralmost certainlynot present in the intermetallic compound being analyagidshow
up from x-rays penetrating the bulk materaaidinteracting withsurface inclusns.

Intermetallic formulas calculated for eagppectrumare shown and color coded to indicate
those which are suspected to be the same compoasetl orsimilarities in appearance and
calculated formula Slight differences in stoichiometric ratio ardéely caused by the
aforementioned contamination of data from ple@etration volumeFour of the points measured
were determined to be the aluminum matrix (Specttd &nd 13), while the remaining compounds
had varying concentrations of Si, Cu, Ce, Heand My. Titanium, while not reported in the alloy

composition by Eck Industriess expected to have been includedaaslloying addition during
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castingas thereported concentration cannot be dismissed as noise or/&srorentioned earlier

in thissection, iron is expected to be a result of contamination from using cast iron molds.
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33 FSW Results

3.3.1 Bead on Plat&Velding

Before attempting butt weldsyo two-inch wide pieces of the alloy were cut and surfaced
to be used for bead on pldOP)welding.Bead on plate welding iRSW rrefers to running the
tool through a flat plate of the material in the same fashion as would be done for a typical FSW
joint. Through manipulation of the weld parameters, an initial idea ofseltiigs areequred to

producea high surfacequality and consistent consolidation canaiined

With the current experimental setup in the lab, the minimum width able tcabwet!
down for a weld with adequate security is two inches. Only two pieces weosas the majority
of the material for butt weldingdOP weldsvere conducted slightly offenter so that there would
be enough space to complete a second pass on the othaargldeere additionally welded on
both the top and bottom surface to collect addél data. Since the material is thicker than is
typically used for FSW1/2-inch vs. 1/4inch), there was enough affectedmaterial beneath the

surface of the initial BOP welds that this was a logical waytandmaximize the BOP results.

Figure 33. Surfaced and cWl-10Si7Ce4.3Cu0.4Mg base plate {&ch by 10inch);
left piece demonstrates size of pieces utilized for BOP welding
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Figure 33 shows what the-thch by 10inch plate boked like after surfacing and shows
one of the cut twanch pieces used for BOP welds. The additionradh by 6inch plate provided
by Eck Industries was also surfaced but the material was saved for usean Sirtbutt welding.
A table showing albf the FSW parameters used in the following BOP wrédds is shown below
in Table 4.

Table 4. BOP Weldinginitialized parameters, trials 026

Trial | Spindle RPM| Traverse Rate (IPM) Plunge [pth (inches)
02 600 6.0 0.205
03 600 55 0.205
04 750 6.0 0.205
05 800 6.0 0.210
07 800 6.0 0.210
08 800 6.0 0.210
09 800 6.0 0.215
10 800 6.0 0.220
12 800 1.0 0.215
14 900 6.0 0.215
15 1000 6.0 0.220
16 1000 6.0 0.215

Figure 34. BOP Welding, runs 0B5

To begin bead on plate welding, initial weld parameters of 600 ggrimches per minute
(IPM) traverse and0.205inch plungedepthwere selectedrlhis trial can be seen iRigure 34,

labelled 02. The surface quality of teld wasinitially promising, but was cancelled prematurely
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by the machine due to exceeding XY force limits. To combat this, the traverse for the following
run was decreasdd five and a halfPM, but agin the weld was stopped due to XY force limits
(trial 03). Based on the surface quality, it was hypothesthed there was insufficient energy
deposition to plasticize the material. To combat tthe,traverse was returned to six inches per
minute andhe RPM wasncrementally increaseidr the following twotrials, 04 and05. While
750RPM still resutedin poor mixing, the quality improved greatly once the RPM was increased
to 800and the plunge depth was slightly increased to Oi@des for trial 05 (seeFigure 34

above) The parameters fdrial 05 gave promising initial results; the surface quaMgsgreatly
improved and no alarms were set off by the machine, allowing the weld to complete the entire
traverse.While there is a void seen on the retreating side, this is suspected to partially stem from
the fact that the material on this side had already been mixed and disturbed by the previous bead
on plate passest also appears that the shouldkd not rexhed full engagement with these
parameters.

In orderto determine if the parameters frarnal 05were a good selection or not, the same
parameters were selected for the following rurial 07. While the tool completed the entire
traverse orrial 07, there was low shoulder engagement across the leAg#r the weld, it was
speculated that the tool may not have been fully secured in the holder, which could have potentially
caused the drop in engagement. Pridrittd 08, the tool was resecurd with an axial force keeping
it tightly placed in the holder and the run was then conducted at the same parameters again. After
a few inches of welding, it was determined that the engagement was still low and that there was a
wormhole forming. The weld vgastoppd early, and the plunge depth was increased to 0.215
inches forttrial 09 (seeFigure 35). This trialshowed decent surface quality, but still did not display
full engagement of the tool shoulder. These three rulsualh conducted at very similar settings,
had significantly diférent results. This demonstrates the narrow process window in which this
particular alloy seems to be friction stir weldable due to the various intermetallics. This will be
further discusseth Chapter 4.

The next run conducted, trial 10, can also be sedngure 35. The plunge depth was
increased to 0.220 inches in an attempt to get rid of the engagement issues, but the results were
even worse thanrpvious attempts and the weld displayed ragged surface quality and a visible
wormhole. In order to determine if there was wobble or a misalignment affectiegghgement

issues, trial 12 was conducted as an edge pool weld to observe how the tool wagyendghe
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surface as it entered the material. Significant wobble and consequent misalignment of the tool in
the material was seen. Prior to next BOP welds, Ph.D. candidate and lab mate Adam Jarrell

corrected runout along the tool column of the machin@eeent further issues.

BOP_Run07 AlCe

A 3
s .".

Figure 35. BOP Welding, runs 0712

With runout issues resolved, it was alsgpothesizedhat an increase in RPM would be
helpful in increasing the engagement of the tool should@l 14 was run at@ RPM andsix
IPM traverse, but displayed low engagement and was stoppedtaatly5 was therconducted
at 1000 RPMsix IPM traverseand a slightly increased plunge dept®&20 inches (seéigure
36). This weld showed the best surface quality, but still had a small wormholewuath likely
resulted from the overlappingith the previous BOP weld he best results obtained in all of the
BOP welds were the results of the following weld on a fresh side ah#terial,trial 16 (see
Figure 37); this wdd was conducted at 1000 rpm, at 0.215 inches plunge depth ateMsix
traverse. The engagement issues have almost dmaimatedin this weld and there idetter

surfacequality.
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BOP. RunlS5 AlCe BOP_Runl4 AlCe

Figure 36. BOP Welding, runs 145

Figure 37. BOP Welding, run 16

Since the best BOP results were obtained at 1000 RPM, the same RPM was used in the
following welds. In a last attempt to fulutilize the BOP plate material, the two pieces were
surfaced flat oreach side and then friction stir welded together. The same process was then
repeated, but the weld was conducted on the opposite side of each piece in an attempt to weld on
the least tturbed areas of the mater{gkeeFigure 38 and Figure 39). The results were overall
disappointingtrials 01-03 were conducted at axshch per minute traverse rate, andls 06 and
07 were conducted at fiiaches per minute. In difials, the tool was rotating at 1000 RPEVven
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though these settings were similar to settings used on previous BOP welds that gave decent results,
all of these welds showed insufficient miginlow shoulder engagement and severe surface
galling. It is theorized that the excessive manipulation of the BOP plates may have overworked
the materiabndcaused the properties to change; this would be possible through strain hardening
or the heating othe phte during welding[20] For the FSW trials on unused plates, parameters
were initialized attl000 RPM and IPM traverse to observe if these were reliable parameters for
FSW or notA few of the FSW runs on the BOP plates were stopped early byableimedue to

force limits; Adam Jarrell, Ph.D. candidate and graduate researcher in the VUWAL, programmed,
tested, and implemented a torque controller onto the machine prior to thmalbenvelds. This

helpedin avoiding force limits and over plunging.

A & T 1 PR

\

Figure 39. FSW of BOP pieces, runs 4
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3.3.2 Butt Welding

Table 5 below outlines all of the initialized parametérsthe butt weldsn this section for
convenienceln some welds, parameters were updated-process. Any updates made during

welds will be dscussed in thiollowing text.

Table 5. FSW initialized parameters, Weldsr1

Weld | Spindle RPM| Traverse Rate (IPM) Plunge Depth (inches] Torque Reference (Nm
1 1000 5.0 0.205 15
2 1000 55 0.205 13
3 1000 3.0 0.205 15
5 1000 3.0 0.205 15
6 1000 3.0 0.205 17
7 1000 3.0 0.205 17

FSW Weld 1

Figure 40. FSW, Welds1 and 2 (upper right)
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The alloy pieces used for friction stir welding all had widths of approximately one and a
half inchesThe first friction stir weld, Weld 1, was conducted at the parameters that provided the
best results in the BOP welding trials: 10®BM, andfive IPM traverselt can be seen iRigure
40. The data for the be&OP run, trial 16 (Figure 37), was additionally analyzed to determine
what torque value would beest to inpufor the new torque controllelt was determined from
this dataset that 15mMiwould be a good initial value taim for. If the torque readingduring
weldingare showing values exceeding the torque limit set by the user, the table willdvedaw
small steps by the torque controller until it is back in the appropriate bodndlgeld 1 began, it
could clearly beseen that there was insufficient stirring and that the material did not appear to be
fulling plasticizing; to increase the heatpdsition, the traverse was lowered from five IPM to
three IPM, and a much higher quality weld begaappear. Unfortunatelyhe tool became stuck
after an inch or so of welding and is suspected to have over plunged. The tool had to be pulled out
manually Later, a large crack developed ($égure 40) stemming from where the tool was pulled
from the weld, demonstrating the brittleness of the alWggld 2, which was run at 1000 RPM
three IPMtraverse, and 13N torque, showed very poor shider engagement and virtually no
mixing or welding at all. From this, it was determined that the torque must need to be higher than

13Nm (at minimum 18\m, or also run at a lower traverse rate) for sufficient plasticization.

Figure 41. FSW, Weld 3
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The subsequent FSW was started at the same parameters that yielded an inch of fair results
on the previous weld-igure 41 displays Weld 3, which was the highest ligydriction stir weld
of the material produced. The weld was initialized at 1000 RPM, three IPM traverse and 15 Nm
torque, but when there was insaféint mixing an inch or so into the weld the torque was increased
to 16 Nm and the weld quality improvegdeatly. The surface showed consistent shear bands and
engagement with the tool shoulder. This weld provided enough viable friction stir welded alloy
for tensile tests and microstructural analysis, which will be discussed in sections 3.3.3 and 3.3.4.
The results for the following welds, runs(seeFigure 42 andFigure 43 below), were
unfortunately not akigh quality All welds were run at 1000 RPM and three IPM traverse,dWel
5 was started at 18m torque but was showirlgw engagement after an inch or so @laing and
the torque was updated to Nm. The quality was slowly beginning to improve but the plunge
depth limit of the machine was reached because of the high toagamg the weld to stop early.
The following weld, Weld 6, had the exact same issWd 7 was run at the same parameters
(17 Nm torque), but in this run the axial force was actually significant enough to cause the plates
to split, ruining the weldingasults.Adequateplasticization was at least observed on the surface,

indicatingthat i splitting had not occurred the weld may have been successful.

FSW Weld 6

e
T "
a r ' 4

Figure 42. FSW, Weld 5 and 6
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Figure 43. FSW, Wedt 7
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3.3.3 PostWeld MicrostructuralAnalysis

While the majority of the weldemiaterial from Weld 3Kigure 41) was utilized to machine
substandard tensile bars (discussed in section 3&8.4Mallcross sectiowas cut away to be
polished etched and then imaged under the optical microscdpes piece was approximately
1/4-inch thick.After thecrosssectionakurfacewvas wetsanded down to-fim surface refinement,
apotassium hydroxide etchant was used to ggihkhe intermetallic compoundstime weld zone,
the thermemechanically affected zone (TMAZ), aride nonwelded zoneFigure 44 displays
optical microscope imagehatwereobtainedat the bottonandto the rightof the weld nugget.

Non-welded zone

Non-welded zone

Figure 44. Optical microscope image of etched FSW cresstion, left and underneath
the nugget (left) and to the right of the nugget (right)magnification

Most clearly visible in these images is théermetallic compound that is large, linear and
scratchlike in appearance; this compound is known to have a composition somewhat resembling
AlsSizkCeCu based on the data obtained by the EDS in section 32b&(3). These intermetallic
compoundgas well as the other smaller ones that can be discerned from the enage an
undisturbed state in the nevelded zone, but become stretched in the themaochanically
affected zone and then break into finer piecethénweld nugget. This lines up with expected
results as the most significant stirring would happen ctosthe tool pin; the more stirring
experienced by the material, the more the intermetallic compounds would be broken up and
dispersed throughout theuatinum matrix The compounds also appear to be prone to cracking,
as there are voids seen on the surfaceughout the images and particularly on the intermetallics.

This can also be seen clearly in the close up optical microscopy images of the iliermeta
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compounds in each of these zsifsed-igure 45); although all of these images were taken at 50x
magnification, the largest intermetallic compound visible in the TMAZ showed an approximate
50% reduction in sizeas compared to the navelded zone, and can be seen broken up and
stretched around the weld nugget. The various compounds seen around the intermetallics are then
seen even further reduced in size and dispersed in the 50x magnificaiienahtlae intermeitlic
compounds in the weld nugget.

In addition to the intermetallic dispersal, it was observed that the apparent boundary
between the two aluminum cerium plates when they were clamped together for welding is still
visible through thémages obtained kiyre optical microscope as seerFigure 46. These images
seem to imply that the material was only truly thoroughly mixed airantediately outside the
weld nugget for this weld. It should be noted, however, teaplates utilized for these welds were
thicker than is typically used for friction stir butt welding, and thus it is assumed that with a more
standardized plate thickreeand perhaps a higher applied torque that full consolidation would be

achieved all t way down to the joint base.

Figure 45. Close up of intermetallic compounds in the weelded zone (left),
the TMAZ (middle), and theveld nugget (right)

Plate boundary

S

Figure 46. Optical microscope images takanthe base of the weld nugget (left) and at the bottom of the
cross section where the two plates met, below the nugget (right)
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3.3.4 WeldTensile Tests

In order to determine the strength of the friction stir welded @$+7Ce-4.3Cu0.4Mg
alloy, substadardtensile bars wermachinedrom crosssectional cutef the material on the
best friction stir welded plate, Weld(8een inFigure 41). A picture of one of the three tensile
bars obtained from the good weld damseen below iRigure 47; this is the maximum number
that could be produced once craextional material was removed for optical microscdjne
width is approximately 1£ihch at the ends and tapers down toihéh in the middle, and the
samples 1/4inchthick. Since the welded plate was originally approximatelyitth thick, the

sample was milled down to idch thickness from the bottom side of the plate.

Figure 47. Tensile bas cut from FSW cross secti¢8ample B)

The extensometer was not able to be used for these tensiduestsnorstandard tensile
bar sizes Once the sample was secured in the clamps, there was not enough room for the
extensometer to be attached betw the jaws of the testing machih&e the tensile bars of the
parentalloy, the fracture surface from these failed samples displayed very brittle peaks and
minimal elongationThe strengtrof the FSW tensile barslthoughlower than theyarentalloy,
wasstill comparabldo the parent allowith ultimate tensile strengths of 2.9 kN, 3.2 kN, and 2.9
kN for samples A, B, and C respectivelyhe parentalloy had minimum and maximum UTS
values of 2.7 kN and 4.0 kWhich supports the conclusion that theefion stir welded zoeof a

butt weld of this alloyhas comparable strength to the base material.

47













































