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Chapter |

Introduction

Friction Stir Welding

Friction stir welding (FSW) is a solid stgt@ning process developed by The Welding
Institute (TWI) of the U.K. in 1991-17]. While the development of this joining process was for
aluminum, its use has expanded to various other materials such as copper, magnesium, brass,
titanium, steel, and plasti¢3]. This form of joining has found applications in the aerospace,
automotie, railway, and naval industries due to its relatively low operating temperatures, ability
to join difficult or previously unweldable materials, reduction in joint residual stress, and lack of
resolidification effects which results in cracking, second glfi@snaton, porosity, and
embrittlemen{4]. In a study comparing butt joints of aluminum alloys AA7050 and AA2024
joined by FSW and by metal inert gas (MIG), a form of conventional welding, Kulekci et al.
found that the tensile strength of the FSW ®wwas 36 lower than the base material (BM)
whereas the strength of the MIG joints were 51.3% lower than thE8BNMLomparing these two
tests revealed that the FSW joints had an 88% tensile strength improvement over MIG welding
which can be explained life adwentages of FSW listed previously. Like fusion welding, FSW
can weld workpieces in several joint configurations, the most common of these being the lap
joint, butt joint, and Jjoint.

The FSW process starts by plunging a rotatingecmmsumable toghto the weld
material until the shoulder of the tool is in contact with the workpiece. The rotating tool then
begins to traverse along a seam line or desired weld path causing additional heat generation into
the work material due to friction and plastieformaton from the tool. This generated heat
allows the work material to reach a temperature in which the metal plasticizes and can flow or
Astiro without reaching the material s mel tin

affect the heat genation ar weld quality during FSW include tool rotation speed, welding



speed, plunge depth, tilt angle, tool shoulder geometry, and tool probe gefd@ktipo better
describe the regions of the FSW process, different areas of the tool material erftesfadeen
given specific names, all of which can be seen in Figure 2 below. The advancing side (AS) of the
weld is the edge of the weld line in which the rotational vector of the tool travels the same
direction as the linear vector of the traversing wagke. e retreating side (RS) is the opposite
edge of the weld line where the direction of the rotational vector of the tool opposes the direction
of the linear vector of the traversing workpiece. The localized tool speed is lower on the RS than
the AS.While the tool is moving through the workpiece, the leading edge is the front side of the
tool moving through unwelded material while the trailing edge is the back side of the tool
|l eaving behind anb5l.ioni on ringo structure
There are a variety of togeometies used during the FSW process which include
shoulder features such as scrolled, convex, and concave surfaces. They can also feature a probe
that has variable crosectional shapes such as a circle, triangle, or square and may include
threads, flites, oiflats. In addition to heating the workpiece, the tool prevents flash by containing
plasticized material, breaks up workpiece oxide layers, provides sufficient forging pressure, and
wipes material from the leading side to the retreating side er ¢ocpoperly fill the weld path
and create the Aonion ringd surface structure
illustrates a higkquality friction stir weld[117 13].
When analyzing the cros®ection of FSW, there are four classificaida desribe the
various microstructure zones known as the base material (BM), heat affected zone (HAZ),
thermoemechanically affected zone (TMAZ), and weld nugget zone (WNZ). The BM is
unaffected by heat and deformation during the welds. The HAZ is tiebtedby heat while
the TMAZ is affected by both heat and deformation which causes dynamic recrystallization also
known as grain refinemefit9]. Depending on the parent materials used in FSW, the whole
TMAZ may not experience dynamic recrystallizatishich then results in an embedded WNZ
[18]. All these microstructure zones are present in most materials and all welding configurations
used in FSW. Figure 1 below shows the various microstructural zones in theextes of a

friction stir weld.
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a Unaffected material
b Heat affected zone (HAZ)

¢ Thermomechanically
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d Weld nugget (Part of
thermomechanically affected
zone)

Backing bar

/
Profiled pin

Figure 17 Microstructural zones formed during the FSW process [1]

Friction Stir Extrusion

This thesis focuses on the use of a welding process known as friction stir extrusion (FSE).
FSE is a derivative process of FSW that extrudes paraterial into a grooved material with a
precut groove or cavity. This process creates an interlocking meahgmnt that joins the
parent and base materials. Due to the formation of intermetallic compounds (IMCs) and severe
tool wear from vast differeces in material properties, FSW has many challenges in joining
dissimilar materials such as steel and alumifi20]. FSE eliminates these challenges because
only the parent material is being altered, which also tends to be the softer material,eherefor
minimizing any surface penetration of the harder material, IMC formation, and tool wear. One of
the first krown instances of FSE was the development of friction stir forging (FSF) by Nishihara
where various aluminum alloys were joined to carbon stetdplay welding across horizontally
drilled holegq[7]. The dovetail extrusion used in this paper and devdlbgecvans et al. differs
from FSF in that the welding line is along the groove instead of traversing over multiple grooves.
Through experimentain in the Vanderbilt University Welding Automation Lab (VUWAL), past
lab mates have determined that anir@ dovetail groove shape results in solid joint strength and

is easily manufacturable. This dovetail groove has been used in various orientatiomsdand



types such as lap welds;Jbint welds, and thin sheet wel@®-22]. The FSE process and
materials ued in this research can be seen below in Figure 2.

Plunging Force

Leading Edge

Thermocouple

\

Ly,
ey 54
Cn, ¢

are,l-a /

Figure 21 FSE diagram highlighting important FSW parameters amdit®logy as well as
indicating the material used in this research, location of the thermocouple for wektdaamp
measurements, and dovetail extrusion.



Chapter Il

Literature Review

This thesis focuses on the combined effects -@iratess cooling (IPC) and variable weld
pitch (WP) on the improvement of FSE joints. Therefore,gbtion offers an waepth

definition and literature review of these processes and parameters.

Variable Welding Parameters

Weld pitch (WP) is a welding pareeter that compares the rotational velocity of the tool
and translational velocity of the weld toopide quick insight into the quality and specific heat
input of the weld8]. More specifically, WP signifies the number of revolutions per length that
the tool advances and directly correlates with heat flux in the weld. A smaller WP means that
there ae fewer revolutions per unit length forward and less heat input whereas a higher WP
means that there are more revolutions per length forward and gredtmpleanto the welded
material. The equation for this parameter can be seen below in equativeXwe ¥ i s t he
rotational speed of the tool in revolutions
the weld in inches per minute (IPN8]:

A (1)

There have been a handful of publications that study the effects of varying WP during the
FSW process. Park et al. studied the effect of shoulder diameter and WP on the lap weld of
aluminum alloys A6111 and AA5023. They found that increases in the WP caused a reduction
in the weld nugget zone (WNZ) while decreases in the WP improved the hardness values of the
thermemechanically affected zone (TMAZ), heat affected zone (HAZ), and {8NBoth
corclusions stem from the WP being positively correlated with heat input and peak weld



temperature. The larger heat input and weld temperatures result in increased grain growth in the
aluminum microstructure which increases the size of the weld nugget amdsréte hardness
of the metal as the lattice grows.

Abbasi et al. studied the influence of WP on the mechanical properties of magnesium
alloy AZ31 friction stir welds. This publication unveiled similar discoveries to Park et al. and
cited that the weldugget growth was due to the increased frictional and plagbick heat
produced as WP increag@8]. Chowdhury et al. studied the effects of pin tool thread and weld
pitch in the FSW of a magnesium alloy. Unlike Park et al. and Abbasi et al., Chovedalry
defined WP in their paper as translational velocity over the tool rotational velocity artreghe
inverse of the WP defined above. This publication similarly concluded that the grain growth is
proportional to the WP defined in the equation abéwilitionally, they found that increasing
WP, causes a linear decrease in both yield strength (Y3)ltamate tensile strength (UTS) of
the lap weld9]. The relationship between WP and the YS and UTS can be seen in equations 2
and 3 b e ly,0b, whagaeendterial dependent parame{is

oY | 1T -1 — )

YYY] T = | - 3)

In summary, WP is the ratio of rotational to translational velocity in a weld and provides
rapid insight to better undeesmd the heat input and peak temperature of the system. As WP

increases, the weld nugget grows while hardness values, YS, and UTS decrease

In-Process Cooling

A common method of improving the performance of FSW is the introduction of
in-proces cooling (IPC). IPC uses varying combinations of passive and active cooling during the
welding process in the form of moving stationary fluids. The success behind this additional
process in FSW comes from the removal of heat when the weld is surrdyndditiid cooler
than the FSW temperature. The inspiration for this research came from the publications of Fratini

et al. and Barma et al. which will be discussed at length below.



Active InProcess Cooling

Fratini et al. published multiple articles whehey used aluminum alloys AA20241
and AA7075T6 to make various dissimilar and homogenous friction stir welds in multiple weld
configurations such as butt, lap, angbints[10i 12]. For these welds, thlgroup had a set of

welds joined under normabnditions and another set that used a FSW tool trailing water flux
with a flow rate of 0.5—. In addition to introducing IPC into their welds, they also used three

different weld pitches (84.9 revolutie per inch (RPI), 173.0 RPI, and 362.9 Ritiich they
labeled as specific thermal contributions (STC) levels of low, medium, and high respectively
[10]. Within their publications, Fratini et al. found that IPC varied in its efficacy depending on
the STC level through hardness testing, tenskging, and grain size analysis. When conducting
tensile tests, the group found that fracture oncmoled welds occurred between the HAZ and
TMAZ on the advancing side (AS) of the joint whereas the IPC welftedliheir fracture
location. More specifally, the low STC weld fractured in the nugget at the center of the weld
line in the WNZ while the medium and high STC fracture locations were somewhere between
the noncooled and low STC fracture zones. For hasdntesting, all of the water cooled saraple
produced higher micrbardness values than normal joints with the medium and high STC
differences being minor and the low STC difference being signifj@é2ft The reason for this
superior performance in réian to the norcooled welds is due to thienitation of the weld
temperature caused by reduction in weld heat flux from variable WP and IPC. With the reduction
of the weld temperature, welds do not reach solubilization temperatures where precipitates are
primarily formed. Thus, the limitation oflat flux into the welds improves performance due to
the reduction in grain growth and precipitation solubilization during the welding prid€3st
summary, Fratini et al. found that the introduction of aew#tix during the welding process
improvedthe performance of the welds in tensile, mibeodness, and precipitate forming as
well as the reduction of residual stresses (by up to 20% for butt jfidis)'he group concluded
that this method of IPC vgamost effective for their low STC sampledathus future work should
be done with other cooling sources to increase the weld performance at higher STCs or WP.
While Fratini et al. focused on the use of water cooling in their IPC research, Sharma et
al. expanded the cooling media used in the esearcki24]. Within their research, Sharma et
al. used compressed air, liquid nitrogen, and water to investigate the effects of IPC on butt welds
of aluminum alloy AA7039. They analyzed these welds througimgize analysis as well as

7



tensile and nerohardness testing. All coolants within this research were dispensed 30 mm

behind the FSW tool and along the weld center line with flow rates ef6r air, 1.5— for

water, and .25— for liquid nitrogen. Sharma et al. found that IPC decreased the size of the

TMAZ and HAZ and decreased the grain size inside of the WNZ. Additionally, the group found

that IPC hardness vada were highest in the HAZ rather than the WNZ and TMAZ which is the

opposite of the trend found in namooled welds. Comparing the different cooling types, Sharma

et al. found that water performed the best in increasing the strength and material groptrée

weld while air cooled joints performed the worst. The watetembwelds had an ultimate tensile

strength of 73.5% and a percent elongation of 86.8% to that of the base metal. Additionally, the

water cooled joints caused the fracture locationigraie from the boundary of the HAZ and

TMAZ to approximatelytheweld ent er | i ne with a fracture | in
perpendi cul ar t[2]cénpared)o the popralijostithatl fraclurgin a straight

Il i ne 1 ncl i noadig diréctiod.5 to the |

In addition to the work done by Fratini et al. élsarma et al., there have been numerous
other groups that researched the effects of IPC, some of which are summarized below.

Kumar et al. discussed the effects of active cooling duhad-SW process on residual
stress in weldmen{®]. They found thathe introduction of a cooling media adjusted the thermal
field during the welding process which greatly reduced residual stress in the welded structure
caused by the fixturing of thaw material. In addition to reducing the residual stress, active
cooling also changed the residual stress of the weld from being tensile to comigssive

Mehta et al. conducted narwoled and water cooled FSW of aluminum alloy AA6061

and magnesium laly AZ31B in a butt weld configuratiof25]. They found that water oting
during the FSW process at a flow rate of £80resulted in a reduction of intermetallic

compounds (IMCs), an increase in tensile strength and micro hardness, asanallaer joint
efficiency of ~73% in comparison to n@ooled welds thatad a joint efficiency of ~53%25].
The group concluded that with the reduction in IMCs, cooling assisted friction stir welds are
characterized by lower average hardness values.

Peng et al. incorporated forced air cooling in their process of butt friction stir welding of
aluminum alloysAA5A06-H112 and AA6064T651 to analyze the effects of forced convective

cooling in comparison to necooled weldg$13]. The introduction of frced air accelerated the



cooling process during the welding which reduced the peak temperatures and hightteepera
dwell times. As a result, the air cooled welds demonstrated superior mechanical properties to the
non-cooled welds with a 10% increase if®and an increase in hardness values in the HAZ

due to the suppression of coarsening grains and reductioaaybipate dissolutiofil3].

Passive IAProcess Cooling

In addition to research conducted to analyze the weld improvements of active ieC, the
have also been many publications researching the similar effects of passive IPC such as welding
underwater tield stronger and more mechanically sound welds.

Fathi et al. researched the effects of underwater friction stir butt welding of aluminum
alloy AA6061-T6 [26]. This group also introduced variable WP to simultaneously investigate the
optimal FSW paramets. Like others, this research concluded that the strengthening of the HAZ
was the main component that enhanced the joint strength whicrecesuétn increase of tensile
strength by 16% and hardness by 12.5% in comparison to-eonded weld. As for th optimal
WP, Fathi et al. claimed that their 20 mm diameter FSW tool at a rotational speed of 600 RPM

and a travel speed of 88— produces maximum hardness val{@s].

Similarly, Liu et al. also researched underwater friction stir butt weldingnstead used
aluminum alloy AA221914]. To investigate the effects of WP in the underwater FSW process,

Liu et al. maintained a constiatool rotational speed of 800 RPM but selected various

translational welding speeds in the range of50to 200—. This research revealed that
groove defects appear when the translational speed approaches.2@@ditionally, the grain

size is lowest at 58— and 200— but peaks as the welding spesggproaches 156—. The

maximum tensile strength measured across all WP was 80% of the BM at 347 MPa. With the

variable WP, the fracture location during tensile testing for-5®ccurred in the HAZ on the

retreating side (RS) whera ancrease in welding speed160— shifted the fracture location to

the TMAZ on the A914].

Benavides et al. constructed a clay containment system with a steel backing plate to
prevent leaking of stationary liquid nitrogen that engulfesrahum alloy AA2024 plates during
friction stir butt welding27]. The group inserted a thermocouple 1 cm from the tool path and
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measured a peak temperature of 140 C which
measured for the necooled weldsThe introduction of the liquid tiogen bath resulted in
increased hardness in the HAZ and a considerable reduction in grain size, specifically an average
of 8 um at the top of the nezooled weld and 2 um at the bottom of the jconled weld
compared to 2im at the top of the liquid niigen weld and 0.5 um at the bottom of the liquid
nitrogen weld27].

Mofid et al. friction stir butt welded plates of magnesium alloy AZ31 and aluminum alloy
AA5083 H34 while submerged in both water and liquid nitrogecoimpare the effects of the
two cooling mediums to uncooled welf#8]. As expected, Mofid et al. found that the grain size
in the centerline of the TMAZ reduced from 20 um for the uncooled weld down to 6.3 um for
the underwater weld and 2.5 pum for tlggiid nitrogen submerged wel@8]. As for hardness,
the group did nomotice much of a change between the three weld types except for high hardness

values in the TMAZ of the uncooled weld which is attributed to the formation of IMCs.

PostProcess Coohg

While IPC and submerged FSW seem to be the more popular topicsafate in the
improvement of FSW joints, additional research in fpostess cooling via water and cryogenic
fluids has been conducted by Bansal et al. They investigated the effeglgexting completed
Al-Zn-Cu alloy AL7050T7451 friction stir butt wels to deep cryogenic treatment, specifically
the soaking of joints in a liquid nitrogen cryogenic container at a temperature of 88 K for 8 hours
[15]. To avoid the introduction ofrdstic residual stresses, the cryogenic chamber was reduced
from room tenperature to its minimum temperature over a period of 2 hours and returned to
room temperature at the same rate after the cryogenic treatment. These experiments were
compared to untréad welds and thus concluded that cryogenically treated welds resudted in
reduction in grain size and an increase in the hardness, impact toughness, YS, and percent
elongation valuegL5].

The research presented in this thesis differs from that peesenthis literature review as
it provides a study of the effectivenegdPC at varying WP by using four different cooling

media on friction stir extrusion (FSE) weld joints.
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Chapter IlI

Methods and Materials

The naming conventions, weld paraerst and cooling source details for the twenty
welds analyzed in this research can be found below in Table 1. This table additionally shows the
plunge depth, the tilt angle, and the lateral location of the frictiowstding (FSW) tool based
on the glolal welder position. In FSW, the plunge depth refers to penetration depth of the FSW
tool into the work material and the tilt angle is the angle of the FSW tool away from being
orthogonalo the workpiece. As for coolingfe table shows amount dispenséalyfrate, and

temperature of the iprocess coolinglPC) fluids.
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Table 1 - The weld and cooling parameters used for each of the IPC welds

Flow Rate of

Matrix |Rotational Speed| Traverse Plunge | Tilt | Lateral Location | Length of Amount of Cooling Temperature of Fluid
Number (RPM) Speed (IPM) | Depth | Angle of Plunge Weld Cooling Fluid Fluid

(L,1) 1500 3 22" 1.5° ~2.42" 6.5" N/A N/A N/A

(2,1) 1500 2 22" 1.5° ~2.42" 6.5" /A /A /A

(3.1) 1000 3 22" 1.5° ~2.42" 6.5" N/A N/A N/A

(4.1) 1000 2 22" 1.5° ~2.42" 6.75" /A /A /A

(1.2) 1500 3 22" 1.5° ~2.42" 6.375" N/A 12.0m/s | 8.9 °C (Parallel)/ 11.58 °C (Perpendicular)
(2.2 1500 2 22" 1.5° ~2.42" 6.5" /A 12.0m/s | 8.9 °C (Parallel)/ 11.58 °C (Perpendicular)
(3.2) 1000 3 22" 1.5° ~2.42" 6.5" N/A 12.0m/s | 8.9 °C (Parallel)/ 11.58 °C (Perpendicular)
(4.2) 1000 2 22" 1.5° ~2.42" 6.375" /A 12.0m/s | 8.9 °C (Parallel)/ 11.58 °C (Perpendicular)
(1,3) 1500 3 22" 1.5° ~2.42" 6.375" 2254.2 mL 17.68 mL/s 24.55°C

(2.3) 1500 2 22" 1.5° ~2.42" 6.5" 3447.6 mL 17.68 mL/s 24.55°C

(3.3) 1000 3 22" 1.5° ~2.42" 6.25" 2210 mL 17.68 mL/s 24.55°C

(4,3) 1000 2 22" 1.5° ~2.42" 6.5" 3447.6 mL 17.68 mL/s 24.55°C

(14) 1500 3 22" 1.5° ~2.42" 6.25" 20 TBSP 3.785 g/s -80.57 °C

2.4 1500 2 22" 1.5° ~2.42" 6.5" 30 TBSP 3.639 g/s -80.57 °C

(3.4) 1000 3 22" 1.5° ~2.42" 6.5" 20 TBSP 3.639 g/s -80.57°C

(4.4) 1000 2 22" 1.5° ~2.42" 6.375" 30 TBSP 3.711 g/s -80.57 °C

(L,5) 1500 3 22" 1.5° ~2.42" 6.5" 1.875L 14.42 mL/s -194.6 °C

(2.5) 1500 2 22" 1.5° ~2.42" 6.5" 3L 15.38 mL/s -194.6 °C

(3,5) 1000 3 22" 1.5° ~2.42" 6.5" 1.875L 14.42 mL/s -194.6 °C

(4.5) 1000 2 22" 1.5° ~2.42" 6.5" 3.1L 15.89 mL/s -194.6 °C
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Welder and Data Collection Systems

The friction stir welder used in this resdars a 1944 Milwaukee Model K manual mill
that has been modified with additional motorsltovafor automated control of x, y, z motion
with in-house computer programs. Images of the modified welder are found throughout the rest
of this section specifichl in Figures 38. The weld programs use C# and MATLAB code as well
as Simulink structuresesteloped by current and previous graduate researchtes \randerbilt
University Welding Automation LabUWAL ) to complete various weld types. Auxiliary
instrumentation allows for the collection of cartesian position, cartesian forces, and torque about
the FSW tool. The instrumentation used for position monitoring includes string potentiometers,
optical encoders, and linear encoders. A Kistler 9123C piezoeldgtraanometer mounted
above the spindle records forces and torque during welds. To ensuhetdghamometer does
not exceed manufacturer specified temperature limits, air from a vortex tube is directed at heat
fins attached to the dynamometer. The prooesasurements and forces output from the
mentioned instrumentation and dynamometer not saityes to provide data for research but
also ensures that these outputs do not exceed manufaddirerd safety limits to prevent

damage to the tool, dynamometeglder, or its users.

Raw Material

This research used 0. 2pAA606HTE anéd mild taecbbne s of a
steel that were cut to 30 in width and 80 in
was scrubbed with steel wool folled by isopropyl alcohol to clear the oil and oxide layers. The
steel plates had dovetailgrr e s mi | | ed | engt hwise 1060 from the
dovetail grooves was milled using a CNC machine with a 0.172 diameter 2 flute dovetail cutter

with ataperangleof4&a nd a corner radius of 0.0310.

Experimental Setup

Theexperimental layout used in this research can be seen in Figure 3 below. All the
clamps and work pieces were attached to the <c
enclosue . 0 The table was aligned with infpfeur front o

step clamps with the purpose of containing any fluids such as water or liquid nitrogen during in
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process cooling (IPC). Bloodworth built and designed this table totigagsthe effects on
metallurgic and mechanical effects of underwater fricgtor welding (FSW) of AA6061T6

[16]. The steel and aluminum used during the IPC FSW process were offset by an inch to allow
adequate work holding for tensile testing. Touzaghat the steel plates maintained a relatively
constant position in relation to the tool and to ensure that tielwwelwas parallel to the precut
dovetail groove, two alignment posts were attached to the containment table and used to line up

the stekplate before clamping the work pieces with four step clamps.

Figure 37 Water cooled wie that shows the experimental set up for the IPC welds

As previously mentioned, there are several variants and combinations of &wbis us
FSW, but the tool design used in this research can be seen below in Figure 4. This tool is made

of H13toolstek and features a convex scrolled shoul d
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angle of 6.71 as wel | atey. Tlee saroled fetwles @hthpi N wi t h
shoulder play an integral role in sweeping material from the outer edge of théesHmadk in

towards the pifl7]. This legacy design for VUWAL has been selected for research due to its

ease of manufacturing and its ability to create high quality friction stir welds under various

welding parameters and materials.

Figure 41 FSW tool design used for this research featuring a convex scrolled shoulder and
threaded pin

Variable Welding Parameters

The most used weld parameters in VUWAL for friction stir extrusion (FSE) are
rotational speed di500RPMand a tanslational velocity 08IPM (1500RPM3IPM) with a tilt
angle of 1.5 . These parameters warwedseverl ect ed
several parameter studies. To fully investigate the effects of IPC, this research varies the weld

pitch (WP) between welds to determine if varying heat input and dwell time on the welds impact
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the efficacy of IPC. Th&V/P, rotational speed, drtranslational speed of sample groups used in

this research can be seen below in Table 2.

Table 2 - The weld pitch of the four different weld groups used in the IPC research

Samples Matrix | Rotational | Translational | Weld Pitch
Number Speed (RPM)| Speed (IPM) (RPI)

1) 1500 3 500
2.) 1500 2 750
3.) 1000 3 333.33
4,) 1000 2 500

Cooling Methods

To test the effectiveness ofprocess coolinglPC) on the improvement of strength and
guality of friction stir extrusioffFSE)welds, four methods of cooling were compared to the
uncooled weld. These methods of cooling include compress@d@irwater (WC), granulated
dry ice (DI), and liquid nitrogerL(N). Cooling media was deposited on the trailing edge of the
tool path.

Air Cooling

Air cooling (AC) of the extrusion weld was achieved using a Model 3825 EXAIR
Adjustable Spot Cooler. Amentioned above, this vortex tube has been fit to the welding
machine to maintain the dynamometer at an appropriate operating temperature. The cdmpresse
air that powers the vortex tube comes from the ~80 PSI facility air supply. The air temperature
and véocity are directly proportional and can be adjusted based on the penetration of the vortex
tube nose cone. Therefore, the fastest flow setting orotttexvtube outputs the warmest air
while the slowest flow setting outputs the coldest air. To have amatady fast flow rate with a
cooler temperature, the vortex tube was set at the middle of its flow setting. This setting resulted
in an air temperature f 8 . 9 C when the thermocoupl e was ¢
when the thermocouple was perpienthr to the flow measured with an Omega type K

thermocouple. Additionally, this flow had a velocity of £2s measured by an anemometer
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Thearawt | et was oriented ~1.6250 behind the FSW
aluminum, directeat the weld. The application of the compressed air was terminated two
minutes after the end of the weld.

Figure 571 (Left) The vortex tube orientation before the start of the weld. (Right) The AC
process with the vortexibe in action along the weld line.

Water Cooling

In-process water coolinyvVC) was achieved by hanging ayallon Stansport Jumbo Camp
Shower Bag to the fume hood above the machine. The bag came with a rotary lever valve which
made the flow rate easy &mljust but difficult to create a reproducible flow rate across multiple
welds. o standardize the flow rate, a | ever stopp
at the desired flow rate. This stopper is a small PLA cylinder that has a heighicredac a
guarter of its circumference to allow for limited movement of therde@nce the user found a
desirable flow rate from the bag, they rotate the stopper to limit the travel of the lever to that flow
rate. To make sure that the stopper wouldmove after being set, a slit was cut into the stopper
to attach a modified hoselamp that would lockn the stopper which then allowed for a
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reproducible flow rate. To allow the water to dispense closer to the weld, a modified vortex tube
holder was madehich secured the dispensing tube with a Velcro strap. Additionally, a custom
spring made from soldering wire was wrapped around the tube which was then inserted into the
holder for rigidity. This setup can be seen below in Figure 6 and a close up efwbeestopped

can be seen in Figure 7. For the welds, the shower bag was filleithuapproximately 2.5 gallons

of tap water and ice to reduce the water temperature. The measured temperature during the welds
was 2.55 C. Both measurements were made ugimggsame thermocouple previously mentioned.

The flow rate for these welds wastdrmined manually by measuring the volume dispensed into

a graduated cylinder over 10 seconds. This process was repeated five times to yield an average
flow rate of 17.68—. The measured data recorded to yield this flow rate can be seen below in

Tabe 3. The orientation of the water nozzle wa
the FSW tool along the weld direction. The application of the water was termamatedhe FSW

tool pulled out of the aluminum.

Table 3 - The volume measurements used to determine the average flow rate of the Stansport

shower bag
Water Cooling Flow Rate Measurements
Measurement| Measured Flow Rate
Interval (s) | Volume (mL) (mL/s)
10 180 18.00
10 192 19.20
10 170 17.00
10 172 17.20
10 170 17.00
Averaged
Flow Rate 17.68
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Figure 61 (Left) The Jumbo Campers Shower Bag for WC welding mounted to the exhaust
hood. (Right) Post W@eld which shows standing water around the weld, the valve, and the 3D
printed valve stopper.

Rotary Lever Valve

Valve Stopper
Rigidity Spring

\

4.14.

A ‘/ - X9 S Modified Hose

Clamp

Figure 71 Close up of the Showerag valve, custom fit with a modified hose clamp, valve
stopper, and rigidity spring
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Dry Ice Coolirg

Thedry ice(DI) was manually applied using a plastic tablespoon. Olhgsed in this
process was purchased in figeund slabs and was then granulated by pounding the slab with a
sledgehammer. Granulation increases the cooling capacity D the minmizing the heat
transfer resistance due to the Leiden frost effect. Tifesteappears when a liquid or mass
comes into contact with a surface that has a temperature that is significantly hotter than the
boiling or sublimation temperature of that mediuxs.a result of vaporizing or sublimating upon
contact, gas suspends theplet or granule and thus minimizes the surface contact and in turn
greatly slows down the heat transfer between the liquid or solid and the $§2€phadthough
the granulate®| should combat this effect, the cooling source still piled up on the weld (see
Figure 8) indicating that the Leiden frost effect was not eliminated. The measured temperature of
the granulate®I using the thermocouplewe® 0 . 5 7 C. T h eDlebggpnionce at i on
the FSW tool began to traverse in the aluminum. Each scddpwés applied immediately
behind the traversing FSW tool thus allowing the cooling source to build up on the surface of the
aluminum. Since the welds were run at two differesmdrse rates, there were two different
volumes ofDI applied to the welds. For the 3IPM welds, ~474 ®btvas applied.
Alternatively, the 2IPM welds used ~711 g during the welding process. When considering the

weld length and amount of appli€d, the gproximate application rate of tH2l on the welds

was 3.7-. The manual application of th# terminated when the FSW tool pulled out of the

aluminum.
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Figure 81 (Left) The DI weld with the FSW tool traversing towards theeea. (Right) The
trailing end of the DI weld which sk DI piled onto the weld using a tablespoon measurer.

Liquid Nitrogen Cooling

The application of liquid nitrogen (LN) for IP@asalso performed manually. This process
included pourindg-N from the sbrage dewar into a twiiter polypropylene beaker houséen a
Styrofoam container for safety precautions. Thiewas then poured into a funnel mounted to
the welder. The mounting of the funnel was achieved using a laser cut medium density
fiberboard (MDF)oox mounted to an acrylic plate on the head of the avelthe funnel was
chosen to concentrate the pouring ofltheon the weld line. While this method was not
perfectly precise in applying the LN behind the traversing FSW tool, it was more effective tha
direct pouring because it provided a consistent dldocation on the weld line. The funnel,
containment box, and applicationldfl can be seen below in Figure 9. The flow rateMfwas
determined by measuring the consurhddand then dividing the volume by the duration of the
weld. When dispensing the\Lduring the welds, the funnel was oriented along the weld so that
the LN would di spense ~20 b ermsafiaolinghttee m&ngalv
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dispensing of this cooling source did not begin until the nozzle of the funnel was above the

aluminum and concluded when the FSW tool pulled out of the aluminum.

Figure 91 (Left) The setup for #a LN welds which shows the MDF holder and funnel mounted
to an acrylic plate above the spindle. (Right) LNpnocess coolig, dispensed using a plastic
beaker.
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Chapter IV

Testing Methodology

Sample Preparation

Upon completion of all than-process cooling (IPGyelds, the next step in conducting
this research was to cut up the welds into samples for testirabt@im more accurate testing
results, five samples were taken from each weld, resulting in 100 sdomtesting. These
samples were cut using a horizontal band saw. Due to the lack of precision of a bandsaw, the
thickness of these samples variedup@o.~ 0 56 fr om t he intended thick
sample from each wel dgewfthe indaiplunge ® avdid &initlalr om t h
weld behavior and to allow ample time for the IPC to impact the weld. Additionally, sample
locations were aga&fully chosen so that the thermocouple hole would not interfere with sample
hardness testing. A modghowing the approximate location and size of the five samples cut

from each weld can be seen below in Figure 10.

Figure 107 Model of an extrusion weld that demonstrates the location of the five samples taken
for the IPC testig.
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The variable thickness across the samples did not matter for the hardness testing since the
hardness testing results are consistent above a minimckneks. For this portion of testing, all
the samples were used. To prepare the samples for harest@sg, teach sample was sanded to a
uniform finish with 600 grit sandpaper to ensure that the testing surface was flat for increased
testing accuracy. Saeof the samples needed to be sanded on both sides due to uneven cutting
finishes from the horizontdlandsaw. After completion of the hardness testing, the first four

samples from each weld were taken for tensile shear testing.

Force and Temperature Data

All temperature data for the cooling sources and IPC weld temperature profiles was
recorded using an Omega type K thermocouple. Before use, the thermocouple was calibrated by
checking the temperature of boiling water. This thermocouple was attach&€0&PicolLog
data acquisition (DAQ) board which fed into a computer program to output temperature data into
an excel file. For the temperature measurement of the cooling sources, the thermocouple was
submerged in the fluid until the temperature readeaghved steady state. To obtain the
temperature profiles of the IPC welds, a hole was drilled into the side of the aluminum plate
facing outwards from the welder. The DAQ board was then mounted to the protective acrylic
shield of the machine in an acrylioxband the thermocouple was inserted into the hole until it
was ~0.250 outside of the weld pathfrictn nce t h
stir welding ESW) tool, the temperature measured will be lower than the true weld temperature

but dlows for comparison between the different IPC welds.

Hardness Testing

After cutting and sanding the welds, hardness testing was conducted using a Rockwell
hardness tester. The Rockwell harness testing method produces dimensionless reference values
which can be used to determine physical characteristics of metals such as tensile strength, wear
resistance, and ductility. Upon putting the sample onto the platform of the machine, a total test
force (which is measured in kgf) is selected depending on teedtypdenter as well as the
material being tested. The combination of indenter type and total test force produces different

dimensionless hardness values which are denoted by scale symbols such as HRF (Rockwell F
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Scale Hardness) or HRB (RockwelRale Hirdness). Upon selecting the appropriate hardness
scale, the sample is then raised to the stationary indenter. After initial contact with the indenter,
the sample is then slowly risen by the user allowing the indenter to deform the material until it
reache apreliminary test force load. Once this test force load is met, the machine dwells while
measuring a baseline depth of indentation. Then the force of the indenter increases at a steady
rate until the usespecified total test force is achieved whengilt then dwell for a specified

amount of time. The indenter will then revert to its preliminary test force load to measure the
new depth of indentation after the application of the total test force. This difference in heights
between the baseline deptiddhe final depth of indentation is then used to calculate a hardness
value in the specified scale symbol. The equation used to calculate the resultant hardness value
from the indentation when using a ball indenter can be seen below in equation 4 shbes
difference of the baseline and final indentation depths measured in mm [29]:

'Y€ 0 QOQdd Q& ‘Qd d T - (4)

The HRF scalevas used which requiresa® b al | indenter and a tof

load) of 60 kf with a preliminary test load (minor load) of 10 kgf. Previous VUWAL work has

shown this scale to be the most insightfulffartion stir extrusion ESE) samplesTo test the

effectiveness of the various cooling methods, a matrix was originally desmtest hardness
values across t he s amp lsectos. Thewariouzg loneontllhardness v e r
values provide insight into the impact of the loog on the modified granular structures within

varying zones and the vertical hardnessi@alprovide insight into the penetrative effects of the

IPC. To ensure accurate hardness values, the ASTB €andard for Rockwell hardness testing

was followed. This standard indicates that the indent mus2.B&dingenteraway from the edge of

the mateal and the indents must have a spacing*dfngenter[30]. Since the aluminum used in
the weld only had a thickness -af ®m.Nn250 oamred rtohw

hardness values could be obtained from the center of the aluminursectes. Adhering to
the spacing requirements, this row @aned 15 hardness values per sample. Additionally, the
hardness value of each extrusion was testetthe validity of this number is questionable since

there was not enough material to maintain the spacing standard. Ideally, this research would have
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hadaccess to a Vickeroés hardness tester which '}
along acrosssection given a specified distance between the points. This capability would have

allowed for more precise measurements across all the samplesth&research only had

access to the Rockwell hardness tester where indentation of each locdtine rmanually, a

testing jig was created to increase the precision of the hardness measurements throughout the

samples. This jig was a laser cut MDF cingfigh protruding fins. The jig contained a slot large

enough for the extrusion cresection and halines spaced outby0 except f or t he f

from the center whichhasaspacingaf. The circle in the jig had

hardnessester platform to allow for positional accuracy. While the placement of the jig was not
perfect every time, it was far more reliable than visual alignment. The process of testing with this
jig was as follows: insert the extrusion cr@extion in the slp slide the edge of the sample to

the first line past the center, ensure the circle andoptativere aligned, then obtain a hardness
value for that location. For the following hardness values the sample was moved to the next line
to ensure that there wiobbe ample distance between the indentations. A sample mounted on the

Rockwell hardness testa the testing jig can be seen below in Figure 11.
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Figure 11 7 A sample on the Rockwell hardness tester with MDF testing jig

Tensile Shear Testing

The tensile shear peak stress values of the samples were obtained laylnstngMet
Instron tensile tester. To ensure that the samples fit into the jaws of the tensile tester, all of the
sampl es were mil | edsadpbesvariginally rarg@d.inZtbckness fromthe t h e
rough sample cutting of the horizontal band sAfter preparation of the samples, they were
loaded into the jaws of the tensile tester with the welded aluminum oriented outwards so that the
jaws would be puihg along a singular axis. The other orientation of testing the samples, which
would have therosssection facing the user, would result in nyattial pulling and induce an
unnecessary moment on the sample due to the jaw offset from the sample lnagitrinum

plate and steel plate were loaded into the top and bottom jaws, respectivel\carntoh seen

below in Figure 12. The test run on the samples was a prebuilt tensile test that extended 2

All of the data from these tests was collectsing TestWorks where the output peak load was

then converted to a peak shear stress per sample by dividing the load by the area of the dovetail
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(width of the dovet abythembaaured thitkness®f.the th&tarial). mu | t |
While stressmasur ement is | abeled as a fApeak shearo
tester is not purely due to shear stress as the edge of the dovetail acts as a stress concentrator that
can cause cck formation and propagation. This conversion can be seeqguation 5 below

where U is the shear stress, F is the Instron

the measured thickness of the sample.

T . ®)

Figure 1217 A sample on the Instron tensile tester

28



Chapter V

Results and Analysis

Force Data

Figures 13 and 14 beloshow the plunging force data of all the welds in this research.
Figure 13 groups this data between cooling sources while Figure 14 groups this data via welding

pitches. The ungrouped force plots can all be seen in greater déiglires A6A14 in the
appendix.
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Figure 131 Cooling source 4orce plots of IPC friction stir welds. Each cooling source plot
shows the forces for the four weld parameters.
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The trends seen in the plunge force plots are governed by the tool gedfosteydata
does not appear on the plot for ~&£onds due to a lag between starting data collection and
when thefriction stir welding ESW) tool begins to plunge into the material. The weld program
then prompts the welder anvil to raise to the FSW. fDioé first spike in these plots is from the
pin of the tool plunging into the aluminum which is then followed by the maximum force spike
which comes from the shoulder of the tool making contact with the aluminum. When
approaching steady state at ~500QH¥éye is a slight level off at ~5 seconds atffter maximum
spike. This behavior is a result of the tool beginning to traverse in the material and having to
push through material that bulged from the plunge. The most apparent trend in welding forces is
theshorter timespan for the 3IPM welds versusai®M welds. This difference is a result of the
workpiece being the same length for every weld but having a different traverse rate which causes
the weld to end sooner for the 3IPM welds. Dissecting thesg, phat norcooled (NC) welds
generally experierecthe smallest peak force and tend to have the smallest variability across
welding pitches, while the water cooled (WC) welds have the highest peak force during both
1000RPM welds and have the largest valigtof forces between different welding pitchdhe
biggest discrepancy seen in these plots is in the liquid nitrogen (LN) plot between the 1500RPM
3IPM weld and the 1000RPIgIPM weld. The latter has a steady state plunge force at ~4600 N
while the forme has a steady state plunge force at ~6000 NleT4 below, provides more
insight into the average steady state processing forces of each weld measured in N and shows
that the WC welds tend to require higher processing forces across most parametene \Wdle

welds have lower processing forces asrals parameters.

Table 41 Averaged steady state processing forces with the varying cooling sources and weld

parameters

Averaged Steady State Processing Forces (N

Cooling | 1500RPM | 1500RPM | 1000RPM | 1000RPM
Sources 3IPM 2IPM 3IPM 2IPM
NC 4714 3686 4181 4909
AC 4940 4715 5940 5062
WC 4444 4646 6100 6244
DI 4952 4810 3910 5780
LN 6041 4438 4681 5527
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Welding Parameter Z-Force
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Figure 141 Welding parameter-iorce plots of IPC friton stir welds. Each welding parameter
plot shows the forces for the cooling source variations.

The largest force spikes are seen in the-YOOORPM welds. A general trend among the
welding parameter plungerice plots, except for the 1500RP3WPM, is that the WC welds tend
to produce the highest plunge force while the NC welds tend to produce the lowest plunge force.
The reason for these trends is likely because the NC welds allow for more heat propagation
throughout the workpiece during the welding pes which then reduces the material resistance
and thus the plunge force required to weld. On the other hand, the WC welds are effectively
extracting heat from the weld, resulting in greater material resistaomea reduced welding
temperature. This dérence is most apparent in the 1500RPIMM welds where all the IPC
welds are at a steady state of ~5000 N while the NC weld is at ~4000 N. These welds are the
only set that have a definitive plunge force difece between cooled and roooled welds.
These plots reveal that as the weld pitch (WP) increases so does the steady state plunge force

across all cooling media. Additionally, these plots provide insight into the effectiveness of IPC as
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the higher steadstate weld forces are likely due to effecthaat removal from the weld process
in comparison to the NC welds.

Temperature Data

Like the collection of plunge force data, the temperature data collection also began when
the user cl i c kesl5ans 16delaw show thedtemperakure giead the
welds in this research. Figure 15 groups this data between cooling sources while Figure 15

groups this data via welding pitches. The ungrouped force plots can all be seen in greater detalil
in Figures A15A23 in the appendix.
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Figure 157 Cooling source temperature plots of IPC friction stir welds. Each plot shows the
temperature profiles for the four weld parameters.
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The temperature plots shown in Figure 15 show the general trend of a decreasing peak
measured tempexae of the weld vth the introduction of IPC. While it appears that the WC
welds experience the lowest welding temperature, this data is not accurate due to the collection
of water in the containment table. As the WC welds ran, water filled up the cuoet#itable
and evatually filled up the thermocouple hole at ~100 seconds. As a result, the temperature
readings immediately began to drop as they were recording water temperature readings instead
of the aluminum temperature. In addition to the issuestiwéldata colleatin with the WC
welds, the temperature recording for the-lEDORPM3IPM weld was cut short by ~300
seconds and the temperature recording for thelQBORPM3IPM weld is nonexistent due to
user error. The plots seen in Figure 15 showakadhe weld pitcincreases so does the
maximum temperature of the weld as expected because there is an increase in heat generation as
the weld pitch (WP) increases. The N60ORPM3IPM line is also an outlier because the
temperature line goes against tdugrelation of WRand maximum temperature observed in other
plots because it is below the 1000RBIMNM temperature line. The reason for this discrepancy is

likely due to an error with the thermocouple or the PicoLog DAQ board.
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Figure 161 Weldingparameter temperature plots of IPC friction stir welds. Each plot shows the
temperature profiles for the five IPC welds.

The WP temperature plots seen above illustrate the differences in cooling source peak
temperature across variab. The common trel seen among these plots is that temperatures
peak in the NC welds and are at their lowest values during the WC welds. As mentioned above,
the WC data is likely invalidated due to its submersion in the water after ~100s. The maximum
measired weld temperate from hottest to coldest among the cooling sources is NC, LN, AC,

DI, and WC. Like the observations in Figure 15, the 1500FR¥RM plot also does not follow

the observed trend as the NC weld records a peak temperature lower thanitakel LN

Hardness Data

Figures 17 and 18 below show the crssstional hardness data of all the welds included
in this research. All the points shown in these plots are averages among five samples for each

cooling source andeld pitch WP). Figure 17 graps thisdata by cooling sources while Figure
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18 groups this data via WP. The ungrouped esession plots can all be seen in greater detail in
Figures A24A32 in the appendix. The measured hardness value of an unwelded aluminum alloy
AA6061 crosssectionwas ~865 HRF which can be seen in Table A6. Additionally, all the raw

data obtained from the Rockwell hardness tester and the hardness value of the extrusions can be

seen in Tables ARS5.
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Figure 171 Cooling source crossectonal hardness plots of IPC friction stir welds. Each plot shows the hardness profiles measured
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The different microstructural zones become apparent when looking at thesecties
hardness plots. Gag from left toright on the plot, the hardness values begin in the base material
(BM) where they maintain relatively steady values. Moving to the right, the hardness values
begin to dip upon entering the heat affected zone (HAZ) until a local minimumedsasrdalue at
the ninth indentation, ~1.50 from the advanci ng
through the thermmnechanically affected zone (TMAZ) and then decreases to another local
minimum when crossing back into the HAZ. There is then &tshigrdness inease from this
local minimum to the retreating edge of the weld. This distinction of the TMAZ can also be
observed optically when looking at the hardness samples as there is a trapezoidal region that
starts at the edges of the weld line andompasses tleenter of the weld line and the extrusion.
This region is observable due to a lighter gray color compared to the surrounding HAZ and BM.
The lighter color is a result of the grain refinement and layering frorfittien stir welding
(FSW) tool in the TMAZ which became visible after polishing the samples. In addition to
cleaning the surface finish and preparing for testing, the process of polishing also makes
inclusions and other secomthase particles visible in the aluminum which may alay a role
in this macroscale observatifi]. The plots in Figure 16 reveal that increasing heat generation
due to the increase in WP decreases the performance of the weldegtigss during hardness
testing. This trend can be observed in the NC, DI, and LNplots where 1500RPA3IPM and
1000RPM3IPM welds consistently outperform the 1500R2NPM. The reasoning for this
observable trend is that as more heat is generated in the welds, the microstructural grains of the
aluminum grow which then caas the hardnes$s decrease as the lattice becomes less compact
and less resistant to deformation. The effects of the cooling can be seen in tightening of the
variability between the WP for the IPC welds in comparison to the NC weld. The best example
of the effects of IE can be seen in the WC plot. The trend discussed above is no longer visible
as the best and worst performing WP for hardness testing change throughout teeatross
The blurring is due to the WC effectively dissipating generatedffeatthe variald weld
pitches, thus resulting in similar hardness profiles as the aluminum microstructure experiences

similar grain growth during the welding process.
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Figure 181 Welding parameter crossectional hardness plaw$ IPC frictionstir welds. Each plot shows the hardness profiles
measured in HRF for the five cooling sources.
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The hardness profiles seen in Figure 18 provide insight into the performance of the
various cooling sources and the NC weldger analyzing these plots, aWdrends become
apparent. The first of which being that the WC welds are among the top performing welds in the
1500RPM3IPM hardness testing and are the best performing among the remaining WP.
Additionally, the NC and LN wds tend to be among the worstfoeming across all theveld
pitches The most interesting trend observed among these plots is the changing variability
between WP, specifically looking at the largest WP plot of 1500RHFN in comparison to the
otherweld pitches For this plot, the WCanples perform much better than NC and other IPC
samples in the BM and HAZ. This observation is again due to the robustness of IPC from WC
amongst varyingveld pitchesWhile the other cooling sources become less effeutitrean
increasing WP, the WC m&ains steady performance across the thwedd pitchesused in the
hardness testing for this research. When comparing these IPC hardness values to the unwelded
aluminum alloy AA6061 hardness values, the BM hardness measoie of the WC and DI
welds showd an improvement in hardness values. Only the values in the BM can be compared
to the unwelded sample since the unwelded sample does not have a HAZ or TMAZ. Comparing
these values, the WC welds performed better than teldad sample in the 1500RP2IPM,
1000RPM3IPM, and 1000RPM2IPM welds with a maximum hardness (90 HRF) increase of
~4.05% in comparison to the unwelded material. While the DI welds performed better than the
unwelded sample in the 1500RPNPM, 1000RPM3IPM, and 1000RPA2IPM welds with a
maximum hardness (89.2 HRF) increase of ~3.12% in comparison to the unwelded material.

As mentioned above, this improvement in performance in the WC samples is primarily
seen in the BM and HAZ zones while the TMAZ showsenmiform performance betweereth
IPC sources which still outperform the NC samples. There are some outliers in these trends
mostly in the TMAZ which is due to the presence of a small void in the center of some samples
because of the tool being alignetbtly too far away from the gree during the welding
process. These points affected by the void can be seen in the hardness data in the appendix and
are highlighted red because they are negative or extremely small values. The explanation for the
output d these negative values is thaete is not sufficient testing area for consistent hardness
readings due to the presence of the y8#]. In addition to appearing in the TMAZ, these
negative values also appear in most of the extrusion hardness edaesd of not having

enough hardess testing area.
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Another source of error for this testing comes from the hardness testing location. While
the testing jig used during the hardness testing helped to ensure that the indent locations would
be more accurat&cross all the tested samplegrthwas still variability about the indent
locations. This variability can be seen below in Figure 19 which shows the intended location of
the indent versus the average indent location for each cooling group. The indéahlo€each
sample within theaoling groups can be seen in Figures A& in the appendix. To visualize
the shift in hardness testing locations due to the manual operation of the Rockwell hardness
tester, Figure 20 shows the NGOORPM3IPM sample ovéaid with a CAD model indentation

layer.
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Figure 191 The average indentation of each sample during hardness testing plotted against the
intended indent location.
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Figure 207 CAD image of intended indentations during hardness testinlPC sample overlaid
on sample 4 from the NCS500RPM3 | PM wel d whi ch shows the samyg
marks.

The circles in Figure 19 show the average location of each of the indatibhscfor all
weld samples within an IPC group. This plbbogss that there was variability between the
hardness testing locations across the samples but the measurements furthest off from the
intended | ocation wer e ~ 0tof. ¥WBiléthis variahiityesndt ef t of
ideal, it is acceptablas each indentation had sufficient aluminum to provide consistent hardness
value readings except for those affected by the voids in the TMAZ. The largest drawback of this
variability is that the &rdness boundary between the TMAZ and HAZ is not as clé¢arsame

of the hardness readings.

Shear Testing Data

The results from the tensile shear testing are shown below in Table 5. Each data point
consists of averaged data points across four sarfgpleach cooling source ameeld pitch
(WP). The AAelediagmg@dP &% ameterso column of this t
performance of all welding parameters within
Cool i ng Sour c eagetaged shear ssrdsoperformanicesamong all cooling saurces
a specified set of welding parameters. This was done to increase the data sample size to make the
comparison between cooling sources statistically significant for visual representatiobax the
and whisker plot seen in Figure 21. The individual diataach sample can be seen below in
Tables A7A11 in the appendix.
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Table 51 Average shear stress of weld samples across varying welding parameters and cooling

sources.
Averaged Shear Stress of Weld SampleMPa)
Cooling Source 1500RPM | 1500RPM | 1000RPM | 1000RPM | Averaged Welding
3IPM 2IPM 3IPM 2IPM Parameters
NC 126.9 122.1 114.7 115.1 119.7
AC 128.0 127.4 127.0 114.2 124.1
WC 129.5 131.6 123.8 115.4 125.1
D] 131.9 123.7 1154 124.6 123.9
LN 130.1 121.2 114.6 121.4 121.8
Averaged Cooling | 4 4 125.2 119.1 118.1
Sources

The averaged shear stress data in Table 5 shows that except-id@ODRPM3IPM
samples, thén-process cooling (IPGamples outperformed the NC samples during tensile shear
testing. The best performingpoling source varies by WP. For a welding pitch388.3 RPI
(1L000RPM3IPM), AC experienced the largest peak shear stress trailed by WC, DI, and LN in that
respective order. For a WP of 500 RPI (1500RBI®MM and 1000RPM2IPM), DI experienced
the largest pak shear stress trailed by LN, WC, and AC in thgpective order. For a WP of 750
RPI (1500RPM2IPM), WC experienced the largest peak shear stress trailed by AC, DI, and LN
in that respective order. Grouping all the cooling source shear stress réscitsssshown in the
AAver aged Cool,ithed508ReNBIPM @/eddg halei thee estrongest tensile shear
strength performance followed by 1500RPWPM, 1000RPM3IPM, and 1000RPM2IPM,
respectively. The 1500RPBIPM welding parameters having the bestfprmance is consistent
with previous lab resultsnd is the reason for this set of parameters being the legacy parameters
used for friction stir extrusion (FSE) in VUWAL. Alternatively, grouping all the welding
parameters to compare the overall perforoeanf the cooling sources reveals that on average th
WC process produces the strongest tensile shear welds across variable welding parameters which
is then followed by AC, DI, LN, and NC. The use of IPC for welding produced a ~4.49% ultimate
shear tensilstrength (USTS) increase for WC welds, a ~3.71% S 8itrease for AC welds, a
~3.53% USTS increase for DI welds, and a ~1.79% USTS increase for LN welds in comparison
to NC welds. These results are visible in Figure 21 below which shows that the WChenedds
the highest average shear tensile stress dsawé¢he lowest deviation among the other cooling
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sources. Additionally, Figure 22 shows the average peak shear stress of each parameter within
each cooling source. This plot shows that the 1500RHN parameter yields stronger shear
stress FSW joints wia the 1000RPMBIPM and 1000RPMIPM parameters yield weaker shear
stress FSW joints.

Peak Shear Stress with All Welding Parameters
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Figure 217 Comparison of peak shear stress considering all welding parameters acfivgs the
cooling sources. Each cooling source has sixteen data points.
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Figure 2217 Comparison of peak shear stress across welding varying welding persmihin
each cooling source.

During the shear testing of the samples, theree different types and different locations
of failure which was a result of a void in the crssgtion of the extruded aluminum. As
mentioned in the testing methodologgtsen, the process of testing these extrusion samples
produces a moment since #eminum and steel are offset due to their stacked nature.
Therefore, all samples experienced some degree of rotation which can be seen by looking at the
extruded dovetail tation. In addition to this rotation, some of the samples contained a void in
thealuminum crossection which prevented shear testing of the extruded dovetail. All samples
affected by this mode of failure have a purple marking in their data cell in peadig. Some of
these void samples completed their tensile shear test uporgghliextrusion completely out of
the steel while others fractured at the void line. The four different sample failures can be seen
below in Figure 23 where the top two sanspd@ow the two types of void failure while the

bottom two show the varying degeeef dovetail aluminum extrusion rotation during tensile
shear testing.
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Figure 2371 Tensile shear testing samples. The samples included in this image illustrate the
variability of failure during shear testing. From top totbot the samples pictured are sample 4
from NC-1000RPM3IPM, sample 2 from NAOOORPM3IPM, sample 4 fronWC-150(RPM-

2IPM, and sample 1 from ACOO0ORPM3IPM.
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Chapter VI

Conclusions

This research introduced-process cooling (IPC) to the fnoh stir extrusion (FSE)
joining process to evaluate the effectiveness of joint performance via vapphgg sources
including compressed air (AC), water (WC), granulated dry ice (DI), and liquid nitrogen (LN).
There were also four pairs of weld paraenstwhich yielded three different weld pitches (WP) to
better understand the capabilities of the coosiogrces with different heat generation in the
welded material. Using hardness testing via a Rockwell hardness tester and tensile shear testing
via an hstron tensile tester, the following conclusions about the use of IPC in the FSE process
can be drawn:
91 IPC produced stronger FSE joints than+eooled FSE joints regardless of the cooling
media implemented.
1 For hardness testing, the WC welds and DI weldee the top performing as they
increased the observed cregsctional hardness of the aluminum at maxmvalues of
90 HRF and 89.2 HRF which is a 4.1% and 3.1% hardness performance increase
compared to the uncooled welds, respectively.
1 For tensile sheaesting, the introduction of IPC increased the observed average joint
strength of the FSE joints by 4&bfor WC welds, 3.7% for AC welds, 3.5% for DI
welds, and 1.8% for LN welds. When considering the various WP used in this research,
the strongest jointlr the 750 RPI, 500 RPI, and 333.33 RPI were the WC weld, DI
weld, and AC weld, respectively.
While the use of all the various cooling media improved the performance of FSE welds in
hardness and tensile shear testing, the effectiveness of the ACdNamelds dwindled with
the increase of the heat generation in the weld due to the increasing WPCTeldg were the

most capable of dissipating the additional heat input to limit the microstructural grain growth.
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After considering the performance angst the various cooling sources and WP in tensile
shear strength, hardness testing, and WP heat mitigation, the use of WC in the FSE process is the
most consistent in joint strength and hardness improvement. Addiioha implementation of
WC has a meh lower barrier to entry than LN and DI cooling since it does not require extreme
cooling for storage, the use of cryogep@rsonal protective equipment (PP&)d is much more

cost efficient.
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Chapter VII

Future Work

Immedate next steps for the analysis of IPC performance in FSE joints would be to
analyze the microstructure of the extrusion cigssion to compare the cooling source average
grain size in the various weld zones. These findings would allow for furtimeiusion on the
effectiveness of IPC in the reduction of grain growth during the FSE process. Analysis of the
grain structure was attempted for this research using electrolytic polishing in combination with
Barkerds reagent b uveala gran stuotweaiacea was sof sufficierefer t h e
grain size analysis. It was apparent from the preformed tests that cooling methods that utilized a
working fluid tended to be more efficient even at higher coolant temperatures. This trend
suggested a wayf erhancing the IPC from dry ice. Super cooling a working fluid such as
ethylene glycol or isopropyl alcohol with dry ice could be used to improve thed®@bution
from dry ice Additional next steps for this research would be the implementationasfuamus
solution for IPC, a direct comparison of activater cooled\(VC) IPC to passive WC IPC with
underwater FSW as well as the development of a commercialized IPC system that could be used

in the naval, aerospace, railway, and automotive sectors.
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Appendix

Matrices of Welds
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Figure A2 AC welds with variable WP
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Figure A571 LN welds with variable WP

Force Data
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Figure A131 Z-force plot of DI weld with varying weld parameters
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Figure A141 Z-force plot of LN weld with varying weld parameters
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Temperature Data
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1500RPM 3IPM Temperature
350 T T T
NC
AC
we
DI
LN
300 —
b
250 |
) 200 — / -
& /
5
5 / ‘!
3 /|
a /
g /
150
100 — 7/ -
i) / .
= V4 -
4
o ! I 1 I ! I
0 50 100 150 200 250 300 350 400 450 500
Time (s)

Figure A181 Temperature plot of IHDRPM3IPM weld with varying cooling sources

60



°c)
n
8

Temperature (

Temperature (°C)

300 —

250 —

100 (—

50 —

Figure A197 Temperature plot of NC weld with varying weld parameters

50

100

150

NC Weld Temperature
T

1500RPM 3IPM
1500RPM 2IPM
1000RPM 3IPM
1000RPM 2IPM
\\
\ \
| 1 1
200 250 300 350 400 450 500

Time (s)

AC Weld Temperature
T

300 —

250 —

200 —

150 —

100 —

50 -

Figure A201 Temperature plot of AC weld with varying weld parameters

100

150

1500RPM 3IPM
1500RPM 2IPM
1000RPM 3IPM
1000RPM 2IPM

1 1 1 |
200 250 300 350 400 450 500
Time (s)

61



Temperature (°C)

WC Weld T e

180 —

160 |

140 —

]
8
T

S
8
T

80 —

60 —

40

50

100

150

1500RPM 3IPM
1500RPM 2IPM
1000RPM 3IPM
1000RPM 2IPM
.. > S
/ e —
| | | 1
200 250 300 350 400 450 500

Time (s)

Figure A2171 Temperature plot of WC weld with varying weld paedars

DI Cooled Weld T e
T I I
1500RPM 3IPM
200 1500RPM 2IPM
1000RPM 3IPM
1000RPM 2IPM
250 -
200 }
g
°
5
k]
3
£
150 — =
.
100
N\
50 — o
/)
) I I I — ——— —
50 100 150 200 250 300 350 400 450 500
Time (s)

Figure A221 Temperature plot of DI weld witharying weld parameters

62



LN Cooled Weld Temperature
I

1500RPM 3IPM
1500RPM 2IPM

00| 1000RPM 21PM|

250 — L -

N
S
3

Temperature (°C)

150 — 3 4

100 — / N -

50 / T =

- 1 | | 1 |

50 100 150 200 250 300 350 400 450 500
Time (s)

Figure A231 Temperature plot of LN weld with varying weld parameters

Hardness Data

Table A17 NC weld hardness data

Hardness Values (HRF)
Weld Name | Matrix | Sample|Location) 1|, 51| oc 3Loc 4| Loc 5|Loc 6| Loc 7|Loc 8 Loc 9| Loc 10|Loc 11/ Loc 12 Loc 13| Loc 14| Loc 15 | Loc 16 |Extrusion
Number|Number|of X-Sect

NC1500RPM3IPM| (1,1) | 1 M | 82.6|845]|85.2|83.7| 82.0] 78.5| 75.1| 62.9| 42.5| 45.0 | 66.7 | 65.7 | 43.9 | 498 | 57.3 | 559 | 520
2 M | 84.9|835]|81.9]83.7| 82.5| 80.2| 76.0| 62.2| 42.3| 44.6 | 66.1 | 66.1 | 40.4 | 515 | 58.1 | 57.0 | 36.9
3 M | 80.7|76.9] 80.5] 79.3| 77.5| 74.9] 68.6| 55.9| 37.0 | 42.6 | 63.5 | 62.4 | 35.6 | 458 | 54.8 | 513 | 475
4 M | 85.7]855] 85.1] 84.6| 83.3] 80.7| 73.5| 59.1| 41.3| 51.5 | 66.9 | 64.5 | 41.3 | 52.7 | 60.2 | 559 | 54.1
5 M | 86.1] 85.3] 84.7] 84.6| 83.4] 78.3| 73.1] 56.8] 42.9| 58.7 | 64.9 | 64.0 | 43.0| 518 | 60.0 | 57.9 | 43.1
A 84.0 8 8 8 8 8 9.4 4 48 65.6 64 40.8 0] 8 6 46
D 0 9 0] 0 6 8 9 9 4 0 6

NC1500RPM2IPM| (2,1) | 1 M | 63.3]78.6| 67.5| 65.8| 74.1| 64.3| 52.7| 39.6| 57.2| 54.5 | 65.1 | 60.4 | 39.2 | 36.1 | 39.8 477
2 M | 80.6] 78.4] 79.6] 77.3| 73.7| 65.7| 58.4| 39.2| 60.7 | 58.3 | 65.9 | 64.0 | 29.9 | 42.0 | 42.8 42.9
3 M__ | 74.1] 75.7] 73.7| 72.0] 70.9] 65.0] 53.7| 36.5]| 57.0| 56.8 | 61.6 | 60.0 | 35.1 | 405 | 425 476
4 M | 64.7] 75.7| 78.0| 77.9] 75.6| 68.5| 55.8| 42.7| 61.6| 57.8 | 64.8 | 61.9 | 36.0 | 417 | 42.9 3L5
5 M | 74.5]|73.2] 75.1] 73.1] 71.1]| 65.5] 52.5| 38.5] 60.9| 53.7 | 62.2 | 58.8 | 34.4 | 43.4 | 47.9 253
A 4 76 4.8 65.8 54.6 39 9 6 63.9 61.0 349 40 4 9.0
D 6 0 4 4.4 8 4 0 0 8 8 0 6 9.0

NC1000RPM3IPM| 3,1) | 1 M | 79.8]84.5|845|82.2| 79.1] 75.7| 66.7| 46.6| 36.2| 58.3 | 63.3 | 40.1 | 5.8 | 62.8 | 611 215
2 M_ | 84.4] 85.0] 84.8] 84.0] 83.2] 80.1] 70.9] 52.9 63.8 | 64.7 | 44.3 | 61.8 | 695 | 69.8 214
3 M_ | 80.9]79.0] 76.1] 77.7| 77.4] 74.2] 69.0] 51.7 61.9 | 59.5 | 37.1 | 56.3 | 67.6 | 70.6 415
4 M | 81.3]845]|83.3|80.0] 78.4| 75.2| 65.8| 51.6| 20.8| 64.7 | 62.9 | 41.0 | 60.6 | 69.9 | 718 46.1
5 M | 83.3]85.2]83.1] 82.4] 79.8] 75.9] 65.9]| 47.5 60.1 | 49.5 | 47.0 | 60.1 | 68.8 | 710 15.2
& 819 836 824 8 9.6 6 6 0 8 61.8 60.0 41.9 8 §) 68.9 9
D 0 0] 0] 4 6 9

NC1000RPM2IPM| (4,1) | 1 M | 80.6]80.8|81.0|79.7| 76.9]| 71.6] 62.0| 47.7| 40.1| 55.7 | 61.6 | 58.9 | 39.0 | 47.5 | 52.5 53.0
2 M | 80.8] 818 80.8]80.3] 79.0| 71.9] 67.4| 50.1] 39.5| 42.2 | 62.8 | 57.7 | 40.6 | 5.6 | 53.5 10.0
3 M_ | 76.5]77.2] 76.8| 76.5] 73.5| 69.0| 58.4| 44.2| 30.1 | 54.0 | 57.8 | 49.7 | 38.4 | 47.6 | 534 46.4
4 M | 79.5]80.3] 80.8] 80.3| 77.6| 73.5| 67.5| 50.0| 37.6| 54.6 | 61.1 | 52.0 | 30.2 | 50.0 | 50.8 42.0
5 M| 72.0] 79.0] 79.0] 75.3| 74.1] 71.4] 63.8] 46.8] 33.8| 55.5 | 59.9 | 53.1 | 37.0 | 48.9 | 56.1 58

A 9 0.8 9 8.4 6 63.8 47.8 6 4 60.6 4 0 49 4
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Table A27 AC weld hardness data

Hardness Values (HRF)

Weld Name Matrix | Sample)Location Loc 1 |Loc 2|Loc 3|Loc 4|Loc 5|Loc 6|Loc 7|Loc 8|Loc 9|Loc 10|Loc 11Loc 12|Loc 13| Loc 14 | Loc 15 | Loc 16 |Extrusion
Number|Number |of X-Sect

AC1500RPM3IPM| (1,2) 1 M 722 [84.2|84.1|82.9|80.0| 75.6(63.9|43.9| 64.7| 69.2 | 68.7 | 59.2 | 476 | 60.1 65.5 60.6
2 M 84.2 |87.1/86.8|85.2|826|75.8|67.3|45.8|64.8| 70.1 | 69.6 | 54.2 | 47.3 | 61.6 66.8 45.0
3 M 84.0 [82.7|854|84.2|80.2| 73.6(67.4|455|59.8| 65.5| 649 | 455 | 35.7| 60.7 65.6 62.2
4 M 84.1 |85.5|84.6|82.1)|80.2|76.3|65.3|45.1| 63.6| 67.4| 66.0 | 489 | 495 | 63.5 66.6 59.1
5 M 86.3 |86.0| 85.6| 84.0/ 81.1| 75.1| 65.0| 41.5| 65.5| 65.3 | 64.5 | 52.7 | 43.8 | 56.3 64.9 59.4
A 8 8 8 8 80.8 65.8 44.4 6 6 66 448 60.4 65.9
D 0.9 0 0.9 4 6 0 9 0 4 4.9 4 0 6

AClSOORPMZIPM| 2,2) 1 M 79.7 |80.5|79.1|77.3|72.9| 65.5|/52.0|41.1| 64.6| 64.0 | 65.9 | 55.6 | 38.7 | 48.1 51.4 51.1
2 M 824 |82.0[80.4|78.0|76.8|69.1|51.7|40.7| 62.7| 66.6 | 66.9 | 50.6 | 45.2 | 55.1 57.5 51.6
3 M 619 |76.0|74.6| 72.6| 68.9| 61.8| 45.6( 29.8| 56.1| 58.7 | 56.0 | 33.9 | 37.1 | 51.8 56.2 33.2
4 M 78.0 |83.4]/80.7| 78.9| 76.0| 69.6| 53.7| 34.3| 61.2| 63.0 | 62.3 | 40.4 | 40.9 | 56.6 59.9 46.5
5 M 80.6 |85.6|86.1|84.1| 81.4| 76.0| 62.5| 41.7| 63.9| 63.2 | 66.2 | 48.7 | 46.9 | 56.7 64.6 50.8
A 6 8 80 8 68.4 6 6 6 45.8 41.8 9 46.6
D 4 4 4 4 4 0 4 4 0

AClOOORPMBIPM\ (3.2 1 M 83.2 |85.3|81.6|82.3)|80.1| 73.8| 62.1| 43.2 67.1 | 622 | 43.1| 624 | 67.6 66.4 30.1
2 M 59.3 | 72.0|83.4| 83.0| 79.0| 73.8| 64.0| 44.1| 52.0| 644 | 67.6 | 40.0 | 609 | 674 70.4 22.5
3 M 777 | 78.1|75.6| 74.5|71.9| 67.6| 53.7| 34.3| 50.2| 60.8 | 59.7 | 35.2 | 535 | 65.3 66.1 51.8
4 M 80.7 [86.0/84.9|84.2|824|77.3|/60.2|435|615| 59.3 | 58.1 | 44.1| 61.6 | 725 72.4 42.7
5 M 86.4 |87.1|86.2|83.3/80.8| 71.0| 62.1| 41.0| 58.2| 52.4 | 68.0 | 44.8 | 61.9 | 71.8 74.6 15.4
A 8 8 8 8.8 60.4 4 60.8 6 414 60 68.9 0.0
D 9 8 6 6 6 4.6 0 4.0 8

AC1000RPM2IPM| (4,2) 1 M 74.6 |82.2|79.2| 67.6| 68.5| 65.1| 52.2| 36.3| 61.0| 62.2 | 63.6 | 38.7 | 49.6 | 60.2 62.8 51.4
2 M 81.1 |82.8|77.5|823|79.8|71.0(67.7|49.2| 31.8| 65.4 | 675| 41.3| 540 | 67.0 71.9 40.6
3 M 66.3 |82.0|85.0/81.8| 77.1| 78.8| 72.7| 55.1| 34.4| 64.4 | 65.6 | 40.6 | 54.8 | 69.9 72.7 5.0
4 M 77.8 |83.6]82.6|80.7| 75.2| 75.5/69.9| 51.0{ 22.7| 59.8 | 60.6 | 31.6 | 51.1 | 63.1 61.7 24.8
5 M 86.1 |85.4|87.8|835|79.4|78.2|70.2| 57.4| 37.1| 63.1 | 63.7 | 451 | 60.2 | 72.2 75.3 33.3
A 8 82.4 79 6.0 66.5 49.8 4 630 64 9 9 66 68.9 0
D 6.6 9 4 8 9 4.4 4.4

Table A37 WC weld hardness data
Hardness Values (HRF)
Weld Name Matrix | Sample|Location Loc 1 |Loc 2|Loc 3|Loc 4|Loc 5|Loc 6|Loc 7|Loc 8|Loc 9|Loc 10|Loc 11|Loc 12|Loc 13| Loc 14 | Loc 15 | Loc 16 |Extrusion
Number |Number | of X-Sect

\WC1500RPM3IPM| (1,3) 1 M 724 |78.0[81.6|81.2|77.4|73.0/62.4|41.2 719 | 69.7 | 444 | 51.2| 63.9 66.7 61.1
2 M 68.3 | 73.5|74.3|75.0/71.9|64.4[57.7]39.9|44.3| 61.2 | 646 | 388 | 43.0| 62.7 57.3
3 M 88.9 [90.3|87.3|86.2| 83.7|80.1| 72.2| 48.3| 41.3| 67.3 | 69.4 | 473 | 645 | 723 75.9
4 M 89.3 |90.6|87.7| 86.6| 89.6| 86.6| 77.5| 63.3| 59.2| 69.3 | 689 | 63.0 | 79.4 | 81l.2 82.4 43.7
5 M 89.6 |94.1|93.6| 93.3| 93.0| 92.5| 87.6| 70.5| 40.2] 69.2 | 67.2 | 67.7 | 84.0 | 89.2 88.4 4.6
A 8 8 84.9 845 8 e 6 46 67.8 68.0 64.4 9 4 6
D 9.4 80 6 6 9.9 10 6 6 9 8 0 6

WC1500RPM2IPM| (2,3) 1 M 84.2 |83.5|81.9|804|77.5| 70.9| 58.3| 45.0| 67.0| 69.8 | 66.8 | 55.3 | 37.2 | 48.6 56.5 61.8
2 M 82.3 [82.2|82.1|80.5|79.0| 70.8| 62.2| 41.8| 65.0| 59.6 | 68.5 | 51.7 | 39.5| 53.6 57.8 52.2
3 M 87.4 |90.2|89.2| 87.5|87.2| 79.3| 66.9] 35.7| 61.7| 63.0 | 70.5 | 55.0 | 45.6 | 60.6 70.6 39.9
4 M 88.9 |91.5(89.9]/90.1| 87.5| 85.2| 75.5| 62.7| 42.4| 62.9 | 68.3 | 36.9 | 653 | 75.7 78.3 61.2
5 M 88.3 |91.7{91.4|91.4|90.2| 90.1| 87.9 72.5| 44.4| 62.3 | 65.3 | 47.5| 83.7 | 85.9 87.0 58.7
A 86 87.8 86.9 86.0 84 9 0 6 6 67.9 49 4 64.9 0.0 4.8
D 4 4 4 0.6 8 10 4 6.8 9 8

WC1000RPM3IPM‘ (3,3) 1 M 80.1 |85.6]/80.3|84.6|83.0| 78.9| 73.3| 59.2| 57.0| 69.5| 70.7 | 53.1 | 51.6 | 65.3 72.7 59.1
2 M 83.0 [83.4/82.9|80.6|77.1| 74.7|68.4| 53.3| 48.2| 56.0 | 64.8 | 46.2 | 39.8 | 57.8 62.8 50.4
3 M 88.9 [90.9]/92.2|90.5| 89.7| 90.2| 84.0| 71.7| 46.7| 60.2 | 70.4 | 54.6 | 59.3 | 75.2 76.0 59.7
4 M 89.9 [91.2/90.9/90.9/91.0/89.4|85.5| 76.2| 49.8| 60.1 | 68.6 | 46.1 | 69.5| 80.3 83.2 29.8
5 M 91.0 |[89.0/92.1|90.9| 91.0| 89.6| 82.6| 85.0{ 53.7| 62.9 | 69.1 | 48.0 | 71.9 | 84.6 87.2
A 86.6 88.0 8 8 86.4 84.6 78.8 69 6 68 49.6 8.4 6 6.4 49.8
D 4 4 6 6 8 4 6 8 9.8 8

WClOOORPMZIPM| (4,3) 1 M 87.8 |87.9|87.5/85.0|81.7| 78.2| 68.1| 45.9| 67.3| 66.3 | 68.2 | 43.9 | 53.4 | 67.3 70.2 57.0
2 M 72.8 |78.8|87.3|87.4|85.6|79.5|76.2| 46.4| 32.9| 59.4 | 63.2 | 33.8 | 58.7 | 52.2 59.8
3 M 90.2 |92.8]92.9|90.7| 78.2| 90.3| 87.6| 75.8 65.7 | 55.4 | 57.2 | 80.5| 84.8 64.4
4 M 904 |91.7[90.4|91.8| 86.2| 88.3| 86.6| 72.8 59.9| 473 | 572 | 779 | 852 85.9
5 M 89.8 |91.4|91.9|92.6|91.4| 78.7| 91.3| 71.0| 35.7| 57.8 | 48.2 | 57.9 | 82.4 | 89.6 86.4
A 86 88.5 90.0 89.5 84.6 83.0 82.0 62.4 4 61.8 6 0.0 0.6 8 0
D 6.8 9 4 8.6 6 8 9 4 0 0.0

64




Table A471 DI weld hardness data

Hardness Values (HRF)
Weld Name | Malrix | Sample|Location), 4|, 0 51 oc 3lLoc 4| Loc 5|Loc 6|Loc 7|Loc 8|Loc 9|Loc 10| Loc 11|Loc 12|Loc 13] Loc 14 | Loc 15 | Loc 16 |Extrusion
Number|Number |of X-Secf
DI1500RPM3IPM | (1,4) 1 M 87.1|88.0| 86.7| 85.3| 82.6| 79.0| 70.1| 49.9| 65.1| 69.7 | 69.0 | 46.1 | 54.9 | 70.9 75.1 44.7
2 M 83.2| 82.7| 84.4| 81.0| 76.7| 73.3| 68.8| 37.9| 55.7| 69.3 | 64.8 | 43.2 | 54.0| 66.3 66.7 18.0
3 M 88.5|90.9(90.1| 87.0| 83.2| 78.4| 71.1| 44.8| 61.3| 70.5| 68.4 | 53.0 | 54.3 | 69.1 73.9 15.4
4 M 87.6|89.9| 89.5| 85.6| 85.5| 73.8| 70.8| 33.0| 65.3| 67.6 | 68.7 | 61.0 | 544 | 70.1 73.8
5 M 88.4| 89.9] 90.3| 87.6| 84.4| 77.1| 67.8| 45.1| 66.0| 66.2 | 69.2 | 50.6 | 52.1 | 70.4 74.1
A 87.0 88.3 88.2 8 8 6.3 69.7 4 6 68 68.0 50.8 9 69.4 6.0
D) 9 9 6.0 9 6 6 6 0] 6 0
DI1500RPM2IPM| 2,4) 1 M 71.5|78.7|79.0| 77.3| 73.8| 63.6| 48.2| 50.2| 64.5| 59.0 | 67.1 | 453 | 41.3 | 4838 51.8 62.6
2 M 66.2| 75.9| 75.2| 70.9| 66.5| 57.1| 36.8| 44.9| 61.3| 57.6 | 62.4 | 33.3 | 37.7| 474 | 51.1 38.1
3 M 85.6| 86.5| 84.9|81.9( 79.3| 69.7| 50.3| 49.4| 61.4| 675 | 685 | 448 | 475 | 574 61.6 53.2
4 M 84.7| 86.8| 78.4| 83.7| 76.2| 69.4| 48.8| 57.2| 61.3| 66.6 | 68.6 | 48.7 | 50.9 | 62.7 65.4 49.8
5 M 87.1| 88.6| 83.7| 82.4| 78.3| 71.5| 46.9| 64.1| 58.0| 72.3 | 68.7 | 46.2 | 49.6 | 58.8 62.2 50.8
A 9.0 8 80 9 4.8 66.3 46 6 64.6 6 4 45.4 0 8.4 0.9
D 8 0 6 4 4.6 48 6 4 4 9 8 8
DI1000RPM3IPM| 3,4 1 M 82.9|83.8| 83.3| 82.3| 80.5| 77.6| 70.1| 54.3| 46.3 65.4 | 64.8 | 422 | 554 65.6 64.4 42.7
2 M 73.1| 88.6| 86.2| 87.1| 84.4| 81.0| 75.8| 62.5| 46.3 66.2 | 61.6 | 47.7| 629 72.8 72.7 50.8
3 M 88.5|88.1| 86.4| 82.3| 80.7| 74.2| 68.8| 56.7| 37.4| 49.6 | 62.6 | 51.1 | 29.8 | 54.1 63.0 67.5
4 M 88.6| 92.4|92.1|91.1] 90.2| 83.9| 69.2| 61.9| 45.3| 55.2 | 68.6 | 67.3 | 451 | 640 | 73.3 74.0
5 M 90.7| 93.2| 94.7| 90.3| 85.2| 82.9| 78.6| 62.0| 44.9| 63.1 | 64.8 | 67.6 | 46.8 | 66.0 74.7 71.6
A 84.8 89.2 88.5 86.6 84 9.9 9.5 440 56.0 6 6 4 60 0.0 46.8
D W 4 4 8 6 4.0 4 9 6 6 4.8 4 6 4
DIlOOORPMZIPM| 4,4 1 M 81.2| 83.2| 82.3| 76.9( 72.7| 73.7| 59.8| 42.6| 64.5| 65.6 | 66.8 | 46,5 | 47.5| 62.2 69.7 48.7
2 M 90.0| 77.8| 76.7| 75.3| 73.5| 66.9| 48.1| 25.7| 47.7| 37.0 | 545 | 27.8 | 30.4 | 465 54.9 11.9
3 M 89.6| 90.5| 89.5| 83.8( 82.7| 80.8| 66.0| 40.2| 60.6| 65.5 | 67.6 | 56.2 | 46.1 | 62.4 66.8
4 M | 86.5]89.2]| 87.3] 87.4| 81.8] 79.4| 69.5| 42.6| 55.3| 62.3 | 67.3 | 58.0 | 44.7| 56.6 | 64.9 12.8
5 M 87.9| 90.0| 89.6| 89.0| 87.6| 78.6| 68.9| 38.1| 62.0| 47.5| 66.5| 58.0 | 38.0 | 57.7 65.7
A 87.0 86.1 8 8 9 9 6 8 58.0 6 64 49 4 64.4 4
D 4.9 0] 8.0 6 6.0 4 0] 6 6.4 8 0
Table A51 LN weld hardness data
Hardness Values (HRF)
Weld Name Matrix Sample | Location Loc 1|Loc 2|Loc 3|Loc 4|Loc 5|Loc 6|Loc 7|Loc 8|Loc 9|Loc 10|Loc 11|Loc 12|Loc 13| Loc 14 | Loc 15 | Loc 16 |Extrusion
Number| Number | of X-Sect
LN1500RPM3IPM| (1,5) 1 M 77.7| 81.8| 78.2| 80.5| 77.6| 71.2| 59.5| 41.4| 66.4| 69.5| 66.9 | 51.3 | 44.7 | 621 | 684 56.1
2 M 61.9]| 78.9| 81.5| 79.6| 76.9| 72.1| 58.3| 42.2| 66.5| 64.1 | 66.1 | 42.7 | 43.9| 612 | 675 44.4
3 M 76.2(82.9|83.2|82.9|79.2| 74.3| 61.1| 41.0| 66.3| 69.5| 68.5| 52.0 | 52.5| 65.6 71.5 58.3
4 M 79.4|77.7| 79.3| 80.3| 79.2| 72.5| 59.8| 42.1| 67.4| 61.7 | 67.4| 50.1 | 48.8| 63.8 | 675
5 M 85.6| 85.2| 84.0| 78.6| 78.3]| 66.7| 59.9{ 30.9| 65.4| 66.8 | 68.6 | 57.8 | 49.9 | 61.9 | 68.7 60.4
A 6 8 8 80.4 8 4 9 9 66.4 66 6 0.8 48.0 62.9 68 4.8
D 8 4 0.9 0.9 i! 0.6 0 4.8 6 6
LN1500RPM2IPM| (2,5) 1 M 80.0( 72.0| 78.3| 74.6| 74.6| 67.5| 54.2| 39.6| 63.9| 64.0 | 65.2 | 454 | 41.3| 48.6 53.1 46.9
2 M 70.7]| 73.6| 72.9] 69.6| 63.1| 55.1| 47.5| 31.6| 60.1| 57.7 | 60.8 | 46.4 | 345 | 40.1 | 36.5 25.7
3 M 79.3|80.8| 79.7| 78.3| 74.3| 66.0| 52.0| 36.9| 62.7| 63.2 | 65.8 | 55.4 | 42.0 | 50.1 53.8 35.0
4 M 78.5| 81.5| 81.0| 79.3| 75.5| 66.7| 51.5| 39.6| 57.5| 62.2 | 65.3 | 58.0 | 42.4 | 49.6 | 53.9 16.6
5 M 80.4( 78.2| 79.4| 77.2| 73.4| 63.3| 50.3| 39.0| 62.1| 60.8 | 64.8 | 52.4 | 419 | 48.3 53.5 30.2
A 8 8 8 6 6 61.6 64.4 40.4 4 0 0.9
D 6 8 8 46 4 0 8 4.9 0 6.8 0.0
LN1000RPM3IPM| (3,5) 1 M 76.7| 85.3| 86.3| 84.3| 84.0| 80.6| 73.3| 58.6| 43.4| 27.5| 65.7 | 40.0 | 55.5| 70.3 | 73.7 39.2
2 M 85.0| 76.4| 73.7| 74.4| 73.9| 69.0| 64.1| 44.9| 29.5| 56.2 | 58.8 | 30.2 | 42.1 | 56.6 | 57.2 3.1
3 M 80.9]| 81.0| 81.3| 77.7| 76.4| 68.0| 65.0| 46.8| 28.5| 54.6 | 63.6 | 48.6 | 43.7 | 59.2 | 69.3 23.1
4 M 77.4]89.5| 76.9| 80.8| 73.6| 84.7| 78.9| 60.8| 43.8| 65.7 | 67.1 | 50.4 | 54.2 | 69.5 | 72.1 11.9
5 M 68.4| 87.5| 84.9| 88.7| 86.1| 83.6| 76.7| 59.7| 43.9| 63.3 | 63.6 | 54.0 | 55.7 | 66.4 71.6
A 83.9 80.6 8 8.8 6 54 8 63.8 44.6 50 68.8 9
D 4 4 0 6.0 6.8 6 8 8.6 6.0 6.0
LN100ORPM2IPM| (4,5) 1 M 82.2]|79.4| 73.7| 75.8| 76.7| 72.2| 62.7| 44.0| 40.7| 56.9 | 64.8 | 60.0 | 39.7 | 504 | 558 37.9
2 M 76.7| 79.6| 78.4| 76.6| 74.3| 68.8| 56.5| 37.1| 44.3| 50.2 | 62.2 | 51.0 | 28.8 | 40.1 | 41.0 17.9
3 M 76.2| 84.6|83.7|82.6|81.1| 77.1| 63.8| 45.3| 60.3| 59.4 | 66.0 | 64.5| 39.6 | 51.2 58.8 41.2
4 M 80.3| 69.6| 80.4| 80.4| 79.0| 75.2| 62.9| 46.4| 54.7| 59.3 | 64.9 | 62.1 | 35.0 | 494 | 536 33.4
5 M 81.2| 82.8| 82.7| 77.2| 78.9| 74.5| 63.8| 42.9]| 60.2| 61.4 | 64.9 | 60.5| 40.8 | 51.8 | 57.7 37.9
A 9 9 9.8 8 8.0 6 61.9 4 0 4 64.6 9.6 6.8 48.6 4
D 4 6 6 8 8 8 9 46 4 4 6.4 8
Table A61T AA6061-T6 unwelded base metal hardness data
Aluminum 6061 T-6 Unwelded Hardness Values (HRF)
Locl | Loc2 | Loc3 | Loc4 | Loc5 | Loc6 | Loc7 | Loc8 | Loc9 [Loc10| Loc1l|Loc12]|Loc13| Loc14| Loc15]| Loc 16
78.2 86.2 86.8 86.4 86.5 87.3 86.1 87.7 87.2 87.3 87.8 88.0 89.4 87.3 85.5 87.0
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1000RPM 2IPM X-Sect Hardness Testing Varying Cooling Sources
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Figure A241 X-Sect hardness plot of 1000RFAYPM weld with varying cooling sources

1000RPM 3IPM X-Sect Hardness Testing Varying Cooling Sources
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Figure A2571 X-Sect hardness plot @D00RPM3IPM weld with varying cooling sources
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00 1500RPM 2IPM X-Sect Hardness Testing Varying Cooling Sources
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Figure A261 X-Sect hardness plot of 1500RPAPM weld with varying cooling sources

1500RPM 3IPM X-Sect Hardness Testing Varying Cooling Sources
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Figure A271 X-Sect hardness plot of 1500RP3PM weld with varying cooling sources
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Figure A281 X-Sect hardness plof NC weld with varying weld parameters
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Figure A291 X-Sect hardness plot of AC weld with varying weld parameters
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WC X-Sect Hardness Testing Varying Weld Parameters
T T

100 1
>~ 1500RPM 3IPM
1500RPM 2IPM
1000RPM 3IPM
S 1000RPM 2IPM
90 | e o
80 |
70~ -
= !
iy ;
o pu
b o y -4 /
60 ; o
50 — ) -
40— =
30 - -
I | I 1
05 1 15 2 25

Distance from Advancing Edge (in)

Figure A30T1 X-Sect hardness plot of WC weld with varying weld parameters

DI Cooled X-Sect Hardness Testing Varying Weld Parameters
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Figure A311 X-Sect hardness plot oflveld with varying wéd parameters
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LN Cooled X-Sect Hardness Testing Varying Weld Parameters
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Figure A321 X-Sect hardness plot of LN weld with varying weld parameters

NC Hardness Indent Locations
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Figure A331 X-Sect hardness indent location of NC weld with varying weld parameters
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AC Hardness Indent Locations
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Figure A341 X-Sect hardness indent location of ACladverith varyingweld parameters

WC Hardness Indent Locations

04 1500RPM3IPM
+  Intended
0.05 — Actual |
o~ @ + + + « + € 10 + +* © + + + © +
-0.05 |
i ! ! | J
0 05 1 15 2 25 3
i 1500RPM2IPM
+  Intended
0.05 — O Actual
or ® 40 + +O +0 + +0 © © © © © 40 40 & %
-0.05 |
0.1 1 ! | |
0 05 1 15 2 25 3
a4 1000RPM3IPM
[+ Intended|
0.05 — Actual
0 + £ + ¥ ¥ # + + + + 5 + + +
-0.05 —
b4 ! ! | |
05 1 15 2 25 3
oA 1000RPM2IPM
+  Intended
0.05 — Actual
0 B + + + t +O g ¥ + + + + £ +
-0.05 —
P | | | |
0 05 1 15 2 25 3

Distance from aluminum extrusion overhang (in)

Figure A351 X-Sect hardness indent location of WC weld with varying weld parameters
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DI Hardness Indent Locations
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Figure A361 X-Sect hardness indent location of DI weld with varying weld parameters

Figure A371 X-Sect hardness indent locatiohLN weld withvarying weld parameters
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