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CHAPTER |

INTRODUCTION

Background

Friction stir welding (FSW) was invented by Wayne Thomas at The Welding
Institute (UK) in 1991As a solidstate joining process capable of joining ligieight
metals with lower melting points, FSW quickly received the attention of many
researchers around the worlid. 1996, NASA began to investigate the use 6LA2195
in the manufacture of theternal fuel tanks in an effort to reduce the cost of shuttle
launches. The difficulties in joining this alloy with traditional fusion techniques drove
NASA engineers to explore FSW as a possible alterndth#005, just nine years later,
NASA successfly took the FSW process from the laboratory to the manufacturing floor
when external tank 134 took flighRpming. NASAGs success with the
demonstrates the need and willingness of manufacturers to adopt new technologies in an
effort to reduce cosind improve efficiency.

While FSW ha been the focus of a great deal of researcimiane thartwo
decadesriction stir spot welding (FSSW) i d n 6 t dereousopic®f ingerest until
t he e ar.TheiniRaDdéeveldpment of FSSW was performgd3umitomo Ligl
Metal Industries, LTD., Mazda, Kawasaki Heavy Industries, LTD., and Norsk Hiydro.
2003, Mazdamplemented=SSW in the assembly of the rear door panel of thes8RX
the first noted application of the process [Mishiidjis quickthreeyear turnaround

compared to the NASA example above speaks to the level of understanding of the



FSW/FSSWprocesssgarnered by the welding communitythe first decade of its
existence.

In FSSW the joint is created by plunging a rotating tool into a weldment until the
t o oshoadlder reaches a desired penetration depth. It will remain at this depth for a
specified length of timeat which pointhe toolis retractedUnlike fusion welding,
FSSWdoes notnelt the parent materialequire consumables such as filler rod, shielding
gas, or welding sticksaand uses 99% less energy to create the [Feldiman] For these
reasons FSSW can be conThe Rb8W potessacantbgr een t e
charaterized by three main parameters: rotation rate, plunge depth, and dwell time.
Compared to the multitude of parameters involved in resistance spot welding, FSSW
presents the operator with a simplaore controllable procesSsing technologies like
self-piercing rivets affords manufacturers some ofsameadvantages of FSSW but
adds to the overall complexity and weight of the design and increases the overhead for
production.

One identifieddrawback dthis process is that the tooliteaves a keyholdHe
size of its dynamic volumet he v ol ume created byinthet ating
weld during retractiorthat requires removal via either pgsbcessing or costly, highly
specialized tool design. As such, pinless tool designs have been adkintifhe
literature as a loveost alternative in this situatioHowever there exists very little
information on the topic of the application of a pinless tool for FSSW and it is the
purpose of this work to expand upon the understanding of the procasghtmumerical

simulation and experimentation.



Ovewiew of Work

Chapters Il and Il presest review of previouslgublished research on the topic of
friction stir spot welding. Chapter Il considers experimental investigatroathods and
results) wiile Chapter 11l focuses on analytic and numerical modelsiagidresults.
These chapters form the basis for the motivation of this dissertation.

Chapter IV covergheinitial efforts on FSSW with a pinless tool. This work
helped in understanding the role the pin and shoulder play in FBE&/Mcceptedhat
for joining a specificthicknesof platethereexistsan optimal pin length and thtte use
of alongerpin will result in a lessegquality weld. It has also been shown that a pinless
tool can be used to create spot welds that are approximately 90% as strong as those
created with a pin of optimal length. However, the addition of a pin of any length greater
than zero and less than the optimal length will result in a proportional increase in weld
strength [Bakavos]This claimis supportedoy interpolating the resulting weld strengths
created witha pinless tool and a tool withpin ofnearly optimal lengthin this work,
suboptimalpin lengths (pin lengths that do not penetrate the bottom sheet) were tested
andit wasfound that the inclusion of such a pin is detrimental to weld qualitg.
results of an analytimodelof the material flow during spot weidy found that, for thin
sheet, the shouldérgelycontribuesto theshape and sizstir zone of the spot weld. It
was found that unless the pin is long enough to contribute to the effective sizetof the s

zone it will only leave a keyhole in the spegld, reducing the load carrying capacity.

Chapter V continues the investigation of the use of pinless tools for FSSW. A new

spot welding tool was developed with a spherictljyered and scrolled shoulder.
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Experimentdeterminedhat, in addition to mviding additional stirring in some

instances, the inclusion of a pin added to the overall stability of the process. Using the
traditional pinless tool required the need
during the initial plunge phase of $peelding. The spherically tapered shouldered

improved the stability and the tolerance of the FSSW process. This new tool was then
used in a large experimental study to investigate the effect the rotation, plunge, and
extraction rates and the dwell timedran weld quality. The plunge rate had been
previouslyidentifiedin the literatureas the most important parameter for FSIWe
resultsfound the plunge rate to be almost negligible when compared to rotation rate,
dwell time, and plunge depth. By compaythe experimentwith the data presented in

the literatureone is led taconclude that welding with parameters that result in lower heat
inputs resulted in higher quality welds i.e. low rotation rates and short dwell times. The
datathat supported theaim on the importance of plunge rate was actually found to be
largely dependent on pin length and as a result, plunge rate. The use of a pin requires a
slower plunge rate which can significantly increase the heat input into the weld during the
plunge stageBy eliminating the pin it is possible to drastically reduce the cycle time of

the process by eliminating the need for a lengthy plunge phase.

A transientCFD model was created for the pinless FSSW tool to understand the
material flow and heat transfer g welding.The model was found to be in good
agreement with experimental temperature measurements made during weldasg.
found that the majority of the material within the weld zone rotates at a much lower rate
(< 5%)than the FSSW tooCombiningthe results of the CFD mdel with the

experimental data it waketerminedhat the highest weld quality was achieved when the



weld zone completedpproximatelyonecompleter ot ati on duri-ng wel

stirringo the spot wectwtldgualty. f ound to negat

Chapter VI introduces the idea of using a rotating anvil for FSSWaesdnt@an
in-depth look into the proces§he objective was to improve the weld quality by
increasing the size of the stir zone and to increase the thickness ahatateuld be
joined with a pinless tool. &ansientCFD model was created to help understand how the
addition of a rotating anvil would affect the material flow in the stir zone and to aide in
tool design and parameter selection. A device was desigmeoluglt so that a rotating
anvil could be tested using the existing FSW machine at Vanderbilt. After several
iterations the process was successfully able to create quality spot welds reliably. In
addition to being able to weld material up to 0.125 int¢hiek (both workpieces are
0.125 inches thick for a total joint thickness of 0.25 inchbg)initial objective of the
device,it was also found to improve the strength of the weldde irthinner plate. The
rotating anvil also helped teduce the axidbadexperienced during weldirend
lowered thecycle times of the procesEhe rotating anvil is a promising technology that
is already beginning to garner the interest of the FSW community for its applications in

automotive and aerospace manufacturing.

Chapter VIl investigates the effect tool rotations have on the quality of the spot
weld. To achieve this goal, different combinations of rotation rate and dwell time were
investigated. A linear relationship was found to exist between the number of tool
rotations completed during the spot weld and the resulting tensile shear strength. Spot
welds that only completed 10 rotations were 177% stronger than those created at 50 tool

rotations. Further investigation revealed that the energy generated durinddimgwe
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operatiorhadstrong linear relationshifo thetensile shear strength. A modified open
loop position control system is proposed that could monitor and limit the energy

generated during friction stir spot welding by adjusting the dwell time.

ChapteV 1l explores several novel applications of the rotating doviFSSW
includingtriplel ap j oi nts and a .FHird,the dpardtian ofthe | di ng me
welding process is improved by implementing an eleep force control system.

Selecting axialdrce as thénputvariable resulted in a more repeatable process and
improved the cycle timeAdditionally, Non-matched rotation rates between the welding

tool and anvil are also investigated.



CHAPTERII

FRICTION STIR SPOT WELDING

The Friction Stir Spot Weldindrocess

@ @ @ Keyhole

e
I ] I —J ] I :|
anvil anvil anvil
a b c

Figurel: The friction stir spot welding process.

FSSW, as stated in the introduction, is a sstate joining processneaning the
base metal is not melted during weldihge in FSW,the process begins by plungiag
rotating tool into the workpiece. Duringetplunge, the tool begins to heat the workpiece
via frictional contact As the temperaturef the workpiecencreases, the material in the
immediate vicinity of the FSSW tool begito soften, allowing for plastic flow of the
weldment material. Once the tool reaches the desired level of penetration into the
workpiece the plunge motion of the taslhalted and the toabntinuedo rotate for a
specified length of timeDuring thisiidwell period, the material continues txperience
plastic deformation The shoulder of the FSSW tool provides a forging force and retains

the plastically deformed material from being expelled from the weld Zdreetorging
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force place alarge axiaload (perpendicular to the workpiea®) the welding frame and
it is supported by the use afigid backing anvil After the dwell period is complete, the
rotating tool is retracted from the workpiece. The weld is forrakdost immediately

when the tootlisengages from the workpie@@gure 1)

Advantages of FSSW

The advantages of FSSW when compared to other welding technolodiles are
same ashose identified by Mishra et al. for FSW and can be seen in FigBecause of
theadvantages FSW/FSS@vovides manufacturers, the procesbeginning to see more
applications ranging from tH#13 Honda AccordHondg to the newest Apple iMac
desktop computerdjllet]. Despite these advantages, FSSW is still a long ways from
being used by the mechanicyiour local autegaragedue to the large process forces
during welding These largdorces incurred during the process necessitate the use of

large rigid robots to perform the welfSooK.

Metallurgical benefits Environmental benefits Energy benelits

* Solid-phase process » No shielding gas required ¢ Improved materials use (e.g., joining different

+ Low distortion + Minimal surface cleaning required thickness) allows reduction in weight

+ Good dimensional stability and repeatability = Eliminate grinding wastes * Only 2.5% of the energy needed for a laser

* No loss of alloying elements +» Eliminate solvents required for degreasing weld

+ Excellent mechanical properties in the joint + Consumable materials saving, such as * Decreased fuel consumption in lightweight
area rugs, wire, or any other gases aircraft, automotive, and ship applications

* Fine recrystallized microstructure * No harmful emissions

+ Absence of solidification cracking

* Replace multiple parts joined by fasteners
* Weld all aluminum alloys

* Post-FSW formability

Figure2: Advantages of FSW/FSSWijshra]



Friction Stir Spot Welding Terminology

Process Terminology

It is important to establish a common language when discussing FSSW and as
such key terms will be defined in this section. When appropriate the terminology
outlined by Threadgill et al. Wibe used to discuss FSSWhreadgil].

The FSSW tool is considered to be the i
machine spindle and the workpiece. 0 The sh
component of the tool that rests on top ofslagghtly beneath, the workpiece and is
designed to generate heat via frictional contact. The pin i pof tleelioel @an be
defined as being invariably smaller in diameter than the shoulder and completely plunged

into the workpiece during weldin@rigure 2)

Shoulder

Pin

Figure3: An FSSW tool with the shoulder and pin identified



The term Atool rotation speedo is the p
direction of rotation is defined from a tgownview; the use of the terndockwise or

counterclockwiseis appropriate.

The distance the tool 6s s Hwngweldngs penetr
defined as the fAheel plunge deptho or dAplu
usedby members othe FSSW weldingammunityto describe the amount the pin

penetrates into the workpiece even worse, useid describe théength of the pinAny

alternateuses of tis term should be avoided as it is misleadioigthe reader

The time the tool remains plunged intothe t er i al is defined as
The velocity at which the tool plunges int
and the velocity at which the tool is withdrawn from the weld be defined as the

fextrac.tion rateo

The process forces of woern during FSSW are the axial force, defined as the
force experienakby the tool during welding perpendicular to the workpiece, and the
spindle torque, defined as thé¢ofrotationgue act.i

during welding.

The keyhot is a result of the FSSW process and occurs when the tool is retracted
from the weld. The shape and size of the keyhole are dependent upon the geometry
(dynamic or swept volumef the tool used to make the spot weld and the plunge depth

selected.
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WeldZone Terminology

Stir Zone Base Metal

Figure4: Crosssection view of an FSSW spot weldril]

The cross section view of a spot weld made using FSSW (Rjyines a
significantly different appearance than that of a conventional FSW weld, the most notable
being the presence of the keyhole. The area around the pin and shoulder represent the stir
zone while the slightly darker area represents the thermomechaaitetted zone
(TMAZ). The stir zone is defined as being the material in immediate contact with the tool
during welding. The TMAZ is defined as being affected by both heat and deformation.
Two unwelded regions of the interface, labeled witbirsFigure3, can be seen at the
edge of the weld zon&he heat affected zone (HAZ) is defined as being affected only by

heat [Threadgil]

Joint Configurations
FSSW is typically restricted to primarily one or two joint configurations. The
most common being thegdgoint. In the lap joint configuration, one sheet or plate is

placed directly on top of another sheet. The weld is then made by plunging the tool into
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the workpiece such that the shoulder rests on the top sheet while the pin penetrates into
the bottom shet. This joint type is illustrated in Figude

The other less common joint type for FSSW is the butt j&ilgjure 4.b) In the
butt joint configuration two sheets of identical thickness are abutted against each other.
Forthis case, the spot welding taslplungednto the seam between the two plates.

For either case the johtihe is semiinfinite. Simply put, it is an unavoidable
consequence hat there will be a fAcraogtke t hat wil
interfacebetween the base material and weld zdnb.i s ficracko wil |l occlt
joint line is not completely eliminated during the welding process and is not limited to

FSSW e.g. the use of FSW for a lap joint configuration would also encounter this issue.

(a) (b)

Figure5: Joint configurations for FSSW
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Process Parameters

As stated in the previous sections, the FSSW process is dependent on a handful of
process parameters that include tool rotation speedge ratedwell time,andplunge
depth Other parametersay beof interest, especially for some of the variants of FSSW
that will be discussed in later sections, and should be noted when relevhrg.section
the process parameters investigated in the literature will besgesdu

The tool rotation rate iadominant process parameter in FS838\t is
responsible for the heat input into the wéldvide range of rotation rates can be used for
FSSW depending on the application and is more often restricted by the capabilities of the
spot welding machine being used. A study by Karthikeyan gKaithikeyar) evaluated
tool rotation rates between 68ad 1800 rpm while Arul et. §Arul] evaluated rotation
rates between 1500 and 3000 rpihiese two studiesffectively capturehe majority of
the tool rotation rates presented in the literabargcerning the joining of aluminum
alloys. The tool rotatn rate is proportional to the heat input into the wélke optimal
condition for tool rotation rate will depend on thelection of thether process
parameterstool geometryand the materia(s) being welded.

The plunge ate largely goes unreportedthre FSSW literature despite being
identified by Karhikeyan etal. as being the parameter with the greatest influence on the
tensile shear fracture loaldrthikeyarj of the resultant spot wel@he time to complete
the plunge will depend on the geometfylee FSSW tool, primarily the pin length, the
plunge depth, and plunge rate. Higher plunge rates will place higher axial loads on the
welding machinePlunge rates reported in the literature range fromTo4dki2007 i

6.0 Bakavo$ inches peminute.Depending on the combination of FSSW tool and

13



plunge rate the plunge stage process can require anywhere from less than a second to
more than a minute.

The dwell time of the processthe window during which the weld is created by
maintaining the tool ahe desired weld heiglaind may or may not be longer than the
plunge and extraction times. The depiction of the process in Fegirews the dwell
time as being longer than the plunge and extraction tiAgepreviously stated, during
this part of the proess, the material beneath the FSSW toekxeriencing sevengastic
deformation which will lead to the formation of the weld. The short dwell times
associated with FSSW,i010 seconds, result inteansient, or dynami@rocess, much
different than tht of the relatively steadstate FSW process. This short timespay
increase the difficulty of implementing a closledp feedback control like those used for

FSW.
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Weld Height

FSSW Tool Position

Plunge Dwell Extract t
Process Time

Figure6: The FSSW cycle

Theplunge depth can be thought of as the contact conditicattoer theamount
of contact that exists between the FSSW to
the plunge depth is too large, more material will be displaced than the shoulder is
designéd to contain and excess weld flash will form. If the plunge depth is too shallow
there will not be a sufficient forging force and the weld may nairbperly formedFor
a traditional flatshouldered tool this acceptable window of plunge depthesiag
been experimentally observed todmdy + 0.003 of an inchA poorselection of plunge
depth is tied to the observation of several different types of flaws and defects and will be
discussed in a later sectidn.FSW, the plunge depth (contact conditiapften time
maintained via force contralvhich as previously mentiongghaynotbea viable option

for FSSW. Thigssue maye addressed by creating more robust FSSW tool designs.
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Tool Design

Thedesignof theFSSW toolis paramount for weld quality dras such, is a
popular topic for researchers workimggth FSSW. In addition to weld quality, the
selection of the tool design has a profound effect on tool performance, load bearing
ability, tool lifetime, and process economi@$ie focus of this work wibe in joining
materials with relatively low melting points, such as aluminum, which are commonly
welded using steel tool&pi]. The observed wear experiencedibgls made from steel
during the FSSW of traditional aluminum alloys is negligdmel will not be discussed at

length in this work.

The geometry of the tool affects the heat generated during welding, plunge force,
spindle torque, and the material flow during welding. Dimensions of the shoulder and
probe, the inclusion of features on the probé/ar shoulder, and the shape of the

shoulder and probe for FSSW will be discussed in this section.

Probe Geometry

A wide variety of probe shapes have been investigated for FSSW. Bilici et al.
reviewed six different probe shapes to identify the optgeametryfor joining
polyethylene sheetssing FSSWFigure 7).The geometry of the probe was found to
significantly affect the thickness of the weld nugget and tensile strédfthose, the
tapered cylinder (TC) was found to createstrengest weldat similar plunge depths

[Bilici].
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eaded Cylindri S :

Figure7.FSSW t ool proyle and pin size (d): (a)
cylindrical, (c) threaded cylindricald) square, (e) triangular and (f) hexagopglilici |

A modified triangular probe design was introduced by Badarinarayan et al. and
was compared to a more traditiott@eadedrobe tool for joining Al 5083 (Figure 8).
The tool geometry was found to affect the
common defect fond to occur when welding in the lggint configuration. The severity
and shape of the hook was reduced when using the triangular shaped pin and resulted in
welds that were twice as strong as those created with the threaded cylindrical probe.
Successiveatation of the asymmetric geometry of the triangular probe was found to
improve material flow around the probe in the radial direction while the threads were
found to improve material flow in the vertical directiddadarinarayari42-48]. A more

detailed bok at material flow during FSSW will be presented in the following sections.
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Figure8: Schematic illustration of FSSW tool geometries (a) cylindrical pin shape
(threads not shown in illustration) and (b) triangular pin shBpdarinarayan 1428].

The toolprobedesigns presented thus far are fairly standardteidforms can
be found iruse for FSW as welluan et al. presented two unique tool probe designs for
spot welding Al 6016T4 using FSSW; the first being a loatgp spiral pifCP)and the
second being an offenter feature tool with three hemispherical pin feat((d€3)

(Figure 9)[Yuan.

Figure9: Macro images of a) long step spiral p&P)and b) offcenter hemisphere pin
(OC)[Yuan|
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Thar results indicated that both tool pin designs resulted in spot welds of about the same
maximum mechanical strength3.3 kN, at the same process parameters (Figure 10).
Thiswork by Yuan et alis one ofonly a few that comparestraditionalpin tool to one

without a pin (sudginless in this instance). More discussion will follow on the

differences between a pin and pinless tool design.
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FigurelQ: Lap-shear separation load as a function of shoulder penetration|[eyath

Probe Length

The length of the FSSW probe, or pin, is typically selected on the basis of
workpiecethickness, i.e. thicker workpiecequires donger probe. Tozaki et al. found
that the tensile shear strength of the weld increased with intggasibe lengtlfabove

25% bottom sheet penetration) regardless of tool rotational speed or dwellhiene
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increase in shear strength associated with the longer probe lengths was attributed to an
increase in the size of the weld nuggetZaki 200T. Bakavos et al. found that the probe
lengths that penetrated the bottom sheet by more than 20% negatively affected the tensile
shear strength of the weld. In the same study, a pinless tool was found to create welds of

comparable strength to those createthwaitraditional tool with a prob@&igure 11)

Steel Anvil

Tensile Shear Strength (kN)

Ceramic Anvil .
2.2
2 , ,
0 0.5 1 1.5 2
{(a) Pin Length (mm)

Figurell: Effect of FSSWpin length(x-axis)and anvil insulation on 6111 aluminum
alloy tensile shear strengti-axis)[Bakavos 2009]

ShoulderGeometry

The shouldegeometryof the FSSW tool largely contributes the heat generated
during welding, provides the forging force needed to create the weld, and retains the
plasticized material within the weld zone. By manipulating the shape and form of the

shoulder researchers haveebeable to improve upon these important functions. The
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inclusion of features on the shoulder has
the plasti ci ze dThediametar of the shauldef it proportiorialdd hdat
generated during &éhweld, spindle torque, axial load, and the volume of the weld zone.
The details of these relationships will be discussed in later sections.

The shape of the FSSW tool s shoul der
(Figure ). Badarinarayan et al. iegtigated the differences these different geometries
may have on the mechanical properbéspot weldanade at identical parametei$ie
authors claim a 15% improvement in mechanical strength using the concave shoulder
when compared to the convex shoulf@adarinaraya®14-23]. However, in the
discussion of the experimental approach they are not clear as to why they chose the
selected plunge depth. As previously stated, the selection of a plunge depth for an FSSW
tool is very sensitive to position aag such, a large difference in mechanical properties
would be expected if an arbitrary plunge depth was selected for three different shoulder
geometries. For example, the optimal plunge depth for a concave shoulder may not be the

same as that of a flat oonvex shoulder.

a < b c =
10° conca 10° convex
shoulder shoulder
L,=1.6mm L,=1.6mm L,=1.6mm
(MS5 threaded) (M5 threaded) (M35 threaded)

Figurel2: Schematic of FSSW tool shoulder geometalesoncave, If) flat, (c) convex
[Badarinarayan 8123]
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The shouldeof the FSSW tooinay include features to better contain material
and improve upoits contribution to stirringluring welding The inclusion of shoulder
surface features has been confirmed to greatly affect surface roughness and metal
deformation in the uppermost layers of the weldez@xdditionally, by incorporating
these shoulder feais in the design researchers hiagenable to improve the fatigue

resistant properties of the weld zoBfford)].

Figurel3: Different FSSW shoulder features shown before and after twenty welds: (a)
featureless tool, (b)teh ort put e wi per t ool (iri)y, (c) t
puted scroll tool (i v) Bakewos @01 e) t he proud

Bakavos et alstudieddifferent shoulder geometries for FSS)aing a pinless
tool design (Figure3). Thele at ures i nvestigated were var.i :
Ascroll o6 design. The variations of the wip
machined flutes cut into the surface of the shoulder that ended before the outer diameter.
The scroll tool design consexl of a machined fluted scroll that started at the center of the
shoulder and ended at the outer diamefeyr previously mentioned, a pinless FSSW tool

design is an attractive alternative to the traditional probe tool design because of the
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elimination ofthe keyhole. When using shoulder features on a pinless tool, it was found
that a balance must be kept between the tool coupling with top sheet before the
temperature of the material becomes high enough to achieve bonding in the radial and
vertical direcions [Bakavos 201]JL If the tool couples too strongly with the top plate it
may be difficult to create a quality weld due to cracking in the parent materials€ére

the scroll and wiper features a pinlesshoulderdesign was found to stronglyfluence

the flow of material during welding.

Material Flow

The flow of plasticized metal during spot welding with a pinless tool is dependent
upon the selection of process parameters a
which has been discussatliength During welding, the material from the top sheet is
pushed down into the bottom sheet where material is disptaterd in the radial
directionand given enouglprocesgime, back up into thedp sheetvhere it will be re
incorporated into thetir zone(Figure 14).The displacement of the material from the
bottom sheet into the top sheet may result in a hooking defect which will become more

pronounced with longer dwell periods.
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Lower sheet Stir zone

Figurel4: Schematic illustration ahaterial flow with a pinless toolfpzaki 2010

Usingaluminum alloys with different copper content andtallographic
techniques, Bakavos et fiBakavos 201Jlwereable to experimentally visualizbe
material flow of a spot weld made ugia pinlessdol with features (Figure 15). The
weld samples were prepared by using a tptate approach which the bottom sheet
was split along the weld center. The result nicely captures the evolution of the material
flow from the top sheet into the bottom shéeatr a dwell time of just 0 seconds, it can be
seen that stir zone is limited to the top sheet however the joint line in the bottom plate has
experienced slight displacement. After 2.5 seconds the stir zone can be observed to
completely penetrate into th®ttom plate and the joint line in the bottom plate is
completely incorporated into the weld zofiae development of the hooking defect

during welding is also shown (highlighted by the dashed.line)
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0:4.mm plunge, ‘0’ Sec

WS v~
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(b)

Figurel5: Material flowobservedluring FSSW. (al) cross section views of the weld
formation sequence, (e) plan view below top surface of weld for 0 and 0.5 seconds of
dwell time Bakavos 201]L
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Defects and Failure Modes

Spot welds made using FSSW are not immune to defect®emmorwith other
friction welding processes, tlSSWmetallurgical bond is createdrough the
application ofhigh pressureheat,and a means for deformation. However, due to a lack
of tool translation and a probe, it is sometimes difficult to craateong bond due to a
lack of material flow when using a pinless FSSW tool dedige.most common defects
encountered with FSW are voids, joint line remnants, hooking defectshésgb thinning,
and root flaws. Voids, or volumetric defects, are notdsity observed in FSSW due to
the symmetric nature of the proceAgoot flaw, or incomplete root penetration, is a
defect associated with the byatnt and is not an issue for FSSW of {@mnts.

The most detrimentatleld defect a defecunique to FSW with a pinless tools
a total lack of weld consolidation stemming from a combinatiansaffficientforging
force, rotation rate, and/or dwell timiasufficient forging force can be caused by a poor
selection of the plunge depth parameter;tairun variations in workpiece dimensions,
or robotic linkage deflectiorOther contributing factors could be tool geometry,
excessive weld surface contamination, or material thickimeaterial selection is too
thick i.e. beyond the capability of the proce$s)the case of this defedhe stir zone
neverfully propagates into the bottom sheet émgjoint is never formed

The hooking defecinamed for its distinct shaps,acharacteristidlaw found in
both FSW and FSSW of Igpints. A partial metallurgcal bond, the hook is formed in
the weld zone at the interface of the work
largely upon the geometry of the tool and the process parameters selected. The hook

forms when the weld zone penetrates into the bott@atskhich in turn creates an
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upward bending of the joint interface. The oxides that are present on the surface of the
workpiecemay or may not be completely incorporated into the weld zone which results
in the variation of the bonding conditiofihe presence of the hook may diminish the
mechanical properties of the spot weld since failure can occur along the hook when
placed under a log@adarinarayan 1428§]. In Figurel6 the distinction between an

unbonded, partially bonded, and completely bonégtn can be seen.

* partially:

completely - pgided
bonded S e

Figurel6: The hooking defect observed in a FSSW spot weédifrinarayai42-148

The thin oxide layethat existsalong the joint interfacbefore weldingnay also
remain within the weld zone after tfgént has been formed. Though it is referred to as a
defect or imperfection, this is not an accurate classification as it is virtually unavoidable.

The oxide particleare observed ttorm a wavy path that delineates from the original
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joint line. The joint lire remnant does not typically negatively affect the mechknica
properties of the spot weld fireadgill.

Top-sheet thinning, orféective thicknessis a term used to describe the minimum
thickness of the spot weld measured beneath the shoulder (not thgtkeyhole) and is
a result of the selected plunge depth. This effect is caused by the shoulder mechanically
displacing material during the plunge and dwell phases of the process. While more
stirring can be achieved by increasing the plunge deptloditkbkearing capability may
begin to suffer as the crasection of the weld decreases.

During the spot weldg process excess material displaced by the FSSW tool is
expelled from under the shoulder and out of the weld £Bigrire 4) This can result in
thin flakes of material thataneasilybe brusted off of the weld surface tathick ring of
material that surrounds the spot weld. In addition to being a cosmetic nuisance, the
formation of weld flash removes material that would otherwise be in the wed&land
can lead to a weaker weld joint. Weld flash can be reduced or eliminated by proper tool
geometry and parameter selection.

When a FSSW spot weld is subjected to excessive loading three distinct failure
modes are typically observed, the firstbeinpe fAshear modeod. This m
characterized by a complete separation of the top and bottom plate with the weld nugget
remaining in the top sheet. The fracture occurs along the original joint line interface
bet ween the top and bdbDdtotuano pflaatleusr.e Troed efi nus
characterized by a complete separation of the top and bottom plate. However for this
mode the nugget remains attached to the bottom sheet. For this mode the fracture occurs

along the perimeter of the weld zone inthe top platk.e A mi xedo mode i s a
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of the other two modes but without plate separation. In this mode the nugget is partially
separated from both the top and bottom pl a
the bottom plate. The fracture occurs aldmg perimeter of the weld zone in both the top

and bottom plate.

NotableFSSW Variations

There are two notable variations of the FSSW process; refill FSSW and swing
FSSW.The refill FSSW process was developed by GKSS in 200&fill FSSW, a
purposebuilt machine is used to create a spot weld without a keyhole that is nominally
flush with the original workpiece surface. This is accomplished by actuating the three
components of the system, a clamp ring, shoulder, and pin, independently during
welding. The process begins with the clamp firmly holding the weldment in place. The
rotating shoulder then makes contact (the probe at this point is completely retracted) and
begins to heat the workpiece. Once the temperature of the workpiece is syftigent
probe is extended into the workpiece. As the probe penethat@sorkpiecethe shoulder
retractsenoughto create a reservdinat will allowfor the material displaced by the
probeto be containedWhen the probe retracts the shoulder is lowesst boward the
workpiece, pushing the expelled material back into the weld, fifiivey the keyhole
The weld is completed when the pin is completely retracted back into the shoulder.

In swing FSSW the tool is traversed a short distance during the pheaé of the
process. This short tool translation results in a larger contact area that may result in
higher joint strength. A keyhole would be present in the resultant spot weld unless a

pinless tool was used.
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While both of these alternative FSSW peses result in quality spot welds with
the possibility of higher joint strengths only one of them eliminates the undesirable
keyhole. Thedowrside of these alternatives is that they require expensive, highly

specialized equipment to make the spot welds.
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CHAPTER 1lI

FSSW MODELING AND SIMULATION

Introduction

Gathering information experimentally about a process can be time consuming and
costprohibitive. While experimentally varying a parameteset of parameteend
noting a change in the respomsayeventually lead to new understandings, the ability to
model the process is an invaluable tool for a researtherprimary goal of any model is
the ability to predict how a system will respond given a change iofpat Whether it is
through an analytic or numeric approadte tise of modeling is not unique to FSSW and
is par for the course for more mature manufacturing processes.

In this chapter several different modeling techniques will be presented as they
appl to FSSW thoughthe steps needed to obtainamerical simulation will be the
main focusAnalytic models are ideal as they are clefath and have definite
solutions.These analytic models are based on a sound physical understanding of the
process andan be used to make reliable predictions about the system. Another approach
would be to generate an empirical based model, that is, a model based on experimental
obsevation. This type of model susceptible to experimental error and can be
misleading ifthe fundamental understanding of the process is lac&reat care should
be taken when creating an empirical mo&@hpirical modelsarehoweververy useful in
characterizing a system, capturing the relationbkigveerparameters, and optimizing a

processFor more complex systems a numerical model maydedul to the researcher
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Numerical models require inputs based on the process in order to accurately establish
initial conditions, boundary conditions, and materiagarties. Input data is commonly
taken from a combination of analytic models and experimental observation. This
approach is preferable because it provides the researcher more intuitively useful results

[Lammlein].

Analytic (Process) Models

Heat Generatio

The heat generated during FS$M result of théntimate (rotating) contad¢hat
existsbetween the FSSW tool amrkpieceduring welding.The relationship between
the heat generated and the process is complex and depends on the welding tool ,geometry
process parameters, the workpiece and tool materials, workpiece deformation, the contact
condition between the workpiece and welding tool, etc. (Figure 17). Understanding the
heat generation in FSSW may help in the selection of ideal welding parametatisrg

rate, dwell time, plunge depth, etc.) for the process.
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welding tool s geometry

Figurel7: Relationship between generated heat and process parameters during FSSW
[Mijajlovic]

The heat generated during the FSSW process is equivalent to theiqmoutento
the weld by the tool [LammlejiHamiltor]. The power input into the weld can be

determinedising the rotational speed of the tool and the weld torque (eqgn. 3.1):

Ca

0 2] (3.1)

whereP is the weld power (watts), M is the weld torqueniiN and¥i s t he t ool 06s
angular velocity (rad/s) [PeWhandka}. While a majority of this heat is transferred into

the workpiece, some of this heat is lost to the welding environifietR.representa

heat transformation, the total amount of heat generated during FS§\Ms@ function

of the mechanical power delivered by the welding tool [Mijajlavic]

0 —-0hmt - p (3.2)



Where Q.4 is theheattransferred into thevorkpiece.Values ofd canbe estimatedising
inverse modeling [Ferrollhe amount of heat generated by the tool dependseon

surface contact area between the welding tool and workpiece:

(03] 1 Q011 QQ it Q06 (3.3)

where dF, randdA are aninfinitesimalforce, segment, aratearespectively — acgh: U
is the contact shear stregsthin the weldmentHeat is generated by each surface of the
tool during welding e.g. the shoulder, pin sides, and piton. Integrating equation 3.3

for asimpleflat shoulder(featureless)pinless FSSW tool yields:

0 -~ Y (3.4)

where R is the radius (m) of the shoulder. The heat generated during welding is dttribute
to both friction and deformation heatingijajlovic, Schmidt} In some instances

FSW/FSSW models are presented in the literature with the assumption that the heating is
entirely due to friction [Aljoaba, Heudr]. Both friction and d®rmation heageneration
occursimultaneously and mutually affeohe another. The total amount of heat generated

during weldingis expressed as:

0 p 10 10 (3.5)
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where) represents the dimensionless contatiesvariable (slip) at the shoulder surface
[Atharifar, Mijajlovic, Schmid}. The amount of heat generated by friction and

deformation with respect to the contact shear stress is:

t Oh Qi "QOEIEEOEQE "Q
T hQQ'Qé 1 & BWE®E "Q

(3.6)

where [t is the coefficient of frictionP is the contact pressure (N9m, Aednigithe U

shear yield strength of the material. The shear yield strength of a material can be obtained
from the yield strength by applying the von Mises yield criterion in uniaxial tension and

pure shear [Schmidtammleir], expressed as:

t _ 3.7)

While values of weld torque, axial for¢d) (used to calculate the contact
pressure)and temperatur@C) can be experimentally measured, values ofribgon
coefficientand slip cannot antthereforemust be estimatedhe coefficient of frictionis
often estimated to have a value of somewhere betwedh4{Randan2006 Schmidt].
Nandan et al. state that fAa problem with t
friction coefficient cannot be determined from fundantal principles or it seems, by
straightforward representative experiments of relevance to the conditions af FSW
[Nandan 2008].

Alternatively, Kumar et alhaveproposed a model of the friction coefficighat

is based oranexperimental estimation of the momentum of friction and axial flmce
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the plunge and dwell stage toaditional FSW The momentum of friction is calculated
using a measurement of the resultant lateral force acting on the tool and an experimental

i p o &ttached to the welding anwilhich can be seen Figure 18(11).

Figure18: Experimental apparatus for measuring momentum of friction and axial force
[Mijajlovic].

The coefficient of frictioris expressedby Kumar et alas:

t — (3.8)

where K1) is the measured lateral forcejiLs t he | e n ¢Figlre 184 ,,(h)fee @A p ol
the measured axial force, and d(t) the diameter of the welding tool in contact with the

workpiece.This modelis only applicable to the early stages of FSW (plunge and initial
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dwell) due tdfixture instability during the traverse staggecause the tool does not move
in the laterdtraversedirection during the traditional FSSW processs proposed
method may bsuitedfor making measurements of the friction coefficigtmar].
The contact conditionlip () OAl AOAO MAOEAOETT AT A AARAAE
FSSWThis contact condition is the most critical part of the numerical model
according to Reynolds et al. [Reynolds]. | A@EI 61 1 OAI OA 1T £ p EI
the heat is due to plastic deformation, while a minimum value of O suggests pure
friction heating (egn. 3.5)[Schmidt]. The value of slip is often set so that the results
of the numerical simulation are in good agreement with experimental observations.
It should be noted thatNandan et al. utilizean opposite relation in which a
i AGEI O 1 C(dikdte®that &ll 4 the heBtigeneration is due tiiction
while a minimum value attributes all of the heating to deformation. The resudint

prediction of heat generation D OT AOAAA AU AT OE AOOBWhe5 O 11 A/
addressing discussions of slipi  OEA 1T EOAOAOOOA EO xEI 1T AA 1
model is being used The true value of slip during welding is thought to be

somewhere slightly less than 1The extent of slip can be estimated by curve fitting

the measured values at various relativeelocities [Nandan 2008].

1 p AgD—— (39)

whereloi s an adj ust abisthe npranalizng tatienal,velogitylds ¥
modelsuggests that slip spatially dependent (on.ffigure 19.a shows the variation of

slip for multiple locations along the radius of the tookafige ofvalues, 0.30.5was
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used fon ,. Based on experiments in the friction welding of steel bhescoefficient of

friction during FSSWean becalculatedusing the relative velocity between the tool and

workpiece and has the form [Nandan]:

where pi s a

shown in Figure 19.b.
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Figurel9: Variations of (afractionalslip and (b) the friction coefficient [Nand&29049
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Hamilton et al. foundhte slip(Nandan Modelyateto beprimarily influenced by
the welding energ{energy per unit lengtrgnd the proxinty of welding temperature to
the solidus temperature of the workpiédoeFSW[Hamilton]. This led to an alternative

expression of slip:

) Aop —— (3.11)

where (Bmax (J/mm) is defined as the energy level for which the welding temperature is

eqgual to the solidus temperature of the allgyrepresents the efficiency of heat rather

than the relation of heating due to friction and deformdtitamilton]. As the ratio of

(EDes/(E))maxapproaches fi s t i ¢ k yhedtingibecomewdorinant. Equation 3.10

places a limit on the maximum valuetgfto be 0.37This observation by Hamilton et al.

suggests that welding at a lower weld temperature results in more plastioatea.
Equation 3.6 uses the Coulomb law of Friction to describe the shear doroes

welding. This law predicts thanteraction caused by thelativemotion between the

rotating tool and workpiece as being eitbip or stick. Thestandardnterpretatiorof

this lawis not sufficient for FSSW anahalternative FSW/FSSW specific interpretation

is describedFigure 20)Schmidt] In the sticking conditiom(= 1) the workpiece will

stick to the moving surface of the tool if the friction sh&teess exceeds the yield shear

stress of the workpiece. If the contact shear stress is smaller than the yield shear stress of

the workpiece then a sliding condition is observed Q). The final condition exists

when the contact shear stress equalyitild shear stress of the workpiece due to a
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guastistationary plastic deformation rgtechmidt] Thisconditionis referred to as partial

sliding/sticking(slip/stick). Schmidt et al. defing as:

) _ p — (3.12)

where is the slip rate yo is the position dependent velocity the tool surface

[Schmidt].
Condition Matrix velocity ~ Tool velocity ~ Shear stress State variable
Sticking Umatrix = Vool Uigpl = wr Tfriction = Tyield §d=1
Sticking/sliding  Vmayix < Viool Vool = WF Thiction = Tyield 0 <8 <1
Sliding Umatrix = 0 Vool = WF Tiriction < Tyjeld §=0

Figure20: Definition of contact condition, velocity/shear relationship, and contact state
variable[Schmidt]

In general, one wishes to avaabl slippage (P  Unea) at the welding interface
because the welding mechanism (stirring) depends upon flow within the workpiece to
bring fresh metal surfaces into contact. High welding forces (axial)nthesion of
features on the tool, and high local temperatures (in the weld zone) promote sticking
[Nunes2017.

As expressed in Equation 3.4 the heat generated during FSSW along the shoulder
is dependent on the geometry of the ta®lvell aghe selecteavelding parameters.

Tools with a larger shoulder (and pmadius will generate more heat. Approximately

90% of the total heat generated is attributed to the tool shoulder [Schmidt]. Likewise,
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increasing the rotation rate of the tool will result in magatlgeneration. The relative

velocity increases along the tool/workpiece interface at distances further from the axis of

rotati on. As a

resul t

mor e

heat

I 21 gener a

shows the spatial variation of heat getieraat the welding interface of a standard FSW

tool with a pin [Nandai2007].
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Figure2l: Spatial variation of heat generati(wiatts)along the tool/workpiece interface
for a) the shoulder b) the pin bottom [Nan@&d7]
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WeldTorque

The torqueacting onthe toolduring welding can be experimentally measured
[Gibson Longhursf and analyticallycalculatedMore accuratelythe torque can be
estimated quantitatively due to the unknown material properties at the temperatures and
deformation rates experiencddring FSW/FSSWNeverthelesssmple models can be
constructed terovidelimited understanding of todbrces Nunes200d. By
approximating the geometry of the metal rotating with the tool during welding (Figure
22), the wéd torque, M (Nm), is the sum of the torques acting along the shearing surface
as well as appart of the tool the slips against the workpiece. If tool @igndanModel)
is assumed to be zefall deformation heatingpr simplicity the weld torque careb

expressed as:

R G B 17 (O T O (3.13)

whereUis the flow stress at the boundary of the fléfthe rotatingmaterialgeometry is
taken to be the same as the contact interface between the tool and workpiece the torque

is:

0 i tQiciot. citai (3.14)

where r is the radius of the pin (m), R is the radius of the shoulder (m), and t is the length
of the tool pin (m)Larger tool dimension&houlder and pin radius, pin height)l

result inmoretorqueacting on the tochnd more heat generation.
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Figure22: Simplified geometry of the Nunes Rotating Plug model during FSW [Nunes
2017

Solving Equation 3.14 for a pinless FSSW tool yields:

o Yt (3.15)
This expression is identical to the combination of Equatiohs3.4, and 3.6. This comes
as no surprise since the weld powedesinedas the product of the weld torque and
rotation rate. If the tool slip (Nandan Model) is assumed to be Ii¢ibh heating) then
the weld torque for a pinless FSSW tool can be expressed as:

0 =YD (3.16)
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Rewriting Equation 3.16 in terms of axial load)(felds:

0 -Y 'O (3.17)

Hamilton et al. use an expression similar to Equation 3.17 to define total weld torque and
equate iwith Equation 3.16. By equating the two expressions it suggests the contribution
to torque (heating) of friction and deformation is equal. This approachdeect dieto
theassumptions made about the value of the contact state vatatiéch each

expressior{3.15 and 3.17is obtained The total weld torque is:

0 10 o 10 (3.18)

For a pinless FSSW to@hased on the Nandan Model of slipg total torqueanbe

written as:

0 1Y 0 p o1 oY (3.19)

Theestimates made using Equation8ate in good agreement witneasured
experimental viaes. Nandan et al. reported a predictedue value of 56.7 Mn for
welding AISI 1018 Steel and an observed value of 55 Bt steady state [Nandan 2007].
Arora et al. demonstrated the ability to accurately predict weld tdogwerange of

rotation rategusing Equation 3.18) for joining AA2524 and-@Al-4V (Figure 23)
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where slip and the coefficient of friction were calculated using Equations 3.9 and 3.10

respectively [Arora].
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Figure23: Estimatel and experimental torque values for FSW of a) AA2524 and-b) Ti
6AI-4V [Arora]

The surface contact area between the tool and workpiece is proportional to the torque
acting on the tool during welding (Equation 3.18). Understanding this relationship may
allow engineers to select appropriate welding parameters and tool designs for their
specific welding system, e.g. knowing the maximum amount of torque the spindle motor
can outpuplacedimits (max/min) on the size of the welding tool and the selection of

rotation rate.
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Axial Force
Despite being an important process parameter for ensuring weld quality there are
very few analytic expressioifigr accuratelypredicing theaxial forces acting on the
FSWEFSSW tool duringvelding. Numerical work by Crawfordnvestigated the effect
tool geometry and process parameters (traverse and rotation rate) have on the axial load
experienced by the tool [Crawfordjunes et al. state that the stress required to irident
surfaceof a materials on the order of the 6 times the shear flow sta@skthat the
plunge force should be abouftsi mes t he area of [Muhes FSSW t o

2000}

0 @Yt (3.20)

Because the shear flow stress decreases with temperatwalcthlated axial force

decreases with an increase in rotation ¢gigure 24) Thiscalculatedrend is in good

agreement with both the numerical and experimental data presented in the literature

[Crawford].

46



35

Axial Force (kN)
N w
(4] (=]

N
(=]

15
300 350 400 450 500 550 600 650
Rotation Rate

A

700 750

Figure24: Compued axial force using Equation 3.20 (Data from NurRE<t al.)

In a separate worljunes et al. consider the plunge force (axial force) to be the force

needed to squeeze the matefian beneath the to@ndout to the sideé~igure 5).

a. Incipient
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b. Penetrating =
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Shear Surface

Metal Rotating
with Tool

Figure25: Idealization of weld metal flow around a FSW tool during the plunge stage

[Nunes2012
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Consider thdree body diagramsshown inFigure 3. In this diagram the stresses acting on
the extruded cylindeallowing for the calculation bthe plunge force (. A vertical
equilibrium on the extruded cylind@otating disk)requires:

“Y QYD ¢Y Q f (3.21)

where R is the radius of the tool, h is the thickness of the rotating diskj arids t h e

plungedistanceEquilibrium of the corner element requires

0 — 0 — Wt (3.22)

The total pressure (P) is:

0 0 ctIF ctp - (3.23)

Integrating this pressure over the area ofrthatingdisk yields the axial force ()}

O ¢Yt—- — - (3.24)

If a value for the shear flow stress calculated from Equation(8fdue)is inserted into
Equation 3.2 a value of the plunge force in good agreement with experitresiats is

obtained [Nune2013.
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Figure26: Free body diagram for flow elements around the FSW tool [N20&3

Thermal Boundary Conditions

"d— R nJavy (3.25)

Equation 35 [Awang, Ferro]governs the heat transfer in FSSyVs the heat
generated during weldirfgom friction and deformation, is the density (kg/ff) of the
workpiece, gis the specific heat capacity (I of the workpiece, k is the thermal
conductivity (W/mK) of the workpiece, T is the temperat(?€), ard t is the time

In order to compute the temperatures present in the FSSW proegssit
boundary conditions must be defined throughout the model (Figure 27). Heat losses in the
model are attributed to conduction losses to the workpiece, anvil, artlespn addition

to the convective heat loss to the workpiece [Querin].
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Shoulder—;

Figure27: Schematic diagram of th@nlessFSSW system considered in the model for
thermal boundary conditions [Nandag0qg

Some of the heat generataikhe tool/workpiece interface is transported into the tool
while the rest enters the workpiece. The total heat generated can be divided (f) between
heat that enters the workpiece and heat that is lost to the FSSW tool based on their

thermal properties:

o J (3.26)

where the subscript W and T represent the workpiece and tool respedthelyeat flux
is estimated to be 90% of the total heat generated and is in good agreement with
experimental observation [Nanda@06 Awang. Theheat flux is defined at the

tool/workpiece interfacas
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o ——fhm i Y (3.27)

where R is the radius of the shoulder and g represents the total rate of heat generation at
the tool/workpiecenterface (@ Equation 3.2) Perivilli, Nandan200§. The top
surface of the workpiece not in contact with the welding tool is modeled as a convective

boundary

0— QY Y (3.28)

wherehy, is the convection coefficient for the top of the workpiecgisThe initial
temperature of the workpiece. The interface between the workpiece and the supporting
anvil (Figure 1) is modeled as a convective boundangdition ¢hough it is not the same
asfree convection)Perivilli] . The heat transfer coefficient along this boundary is

determined by optimization [Nandan].

(ol QY Y (3.29)

The initial condition for temperatutaroughout the workpieds defired as:

"Yofuhohr Y (3.30)
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Equation 3.8 and thestatedboundary conditions will be used simulate the thermal
environment of FSSWThe edges of the workpiece are not typically modeled as a

convective boundary but are instead set tmnstant temperaturg.T

Material Flow

As discussed previously, material flow during wetpis dictated by the process
parametergrotation rate, plunge deptahd the geometry of the welding toSchneider
and Nunes breakdown the flow about thel during welding into three component
incompressibldlow fields (Figure 28). The flow associated with uniform translation (b)
is not present itraditionalFSSW.The rigid body rotatiorfa)(t he @Ar ot)st i ng pl u
assumedo stick to the FSSW todgho slip). The rotational speed is assumed to be the
same as that of the todihis flow will stick to the shoulder along the radtosvards the
edge of the toalintil the shear stress gives way to frictional slTipe nature of the ring
vortex flow (c) is ingood agreement with experimental observatiorade during FSSW
The ring vortex flow brings metal up on the outside, in towards the center near the
shoulder, back down on the inside (center of the tool), and back out toward the bottom of
the weld zoneThis explanation of the material flow is in agreement with experimental
observations made during Colligands shot t
experimentgboth experiments were designed to help visualize the flow field

experimentallyfColligan, Schneider].
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Figure28: Three incompressible flow fields of FSW. a) rigid body rotation b) uniform
translation c) ring vortex [Schneider]

Arora et al. developed an analytic model for the 8elocity field during FSW.
Forthis modelasimple tool geometry is used, the flow is assumed to primarily result
from the shoulderand a known geometry of the flow field based on experimental
observation is use@Figure 29a). The material flow is estimated Ibyodifying an
analytic sdution for the steady state flow of an incompressible fluid between two solid
discs, one rotating and the other stationary [Arora]. The components of velocity u, v, w in

r, d, and z directions, respectively, are given by:

6 11T i1/ Q © (3.31)

where r is the radial distance,is the rotational velocity, and d is the distance between
the two discsF, G, and H are functions of z/ftchere z is the distance beneath the rotating

disk. Theentire3-D velocity field (Figure 29.c) can lmlculated using Equation 3.3
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Figure29: a) schematic ahe velocity fielddomain. b)low field from well-tested visco
plastic flow code c) flow field from analytic expression [Arora]

The results of the predicted flow fikare in good agreement with the results fromla 3
visco-plastic mode(Figure 29.b). Discrepancies between the two models are attributed
(by the authorsfo the assumption of the flow field shape, the presence of the pin (in the
3-D viscaplastic model)and the weldingtraverse)elocity which were not considered
directly in the analytic model.

Nunes considered how close the bottom of the tool pin needs to be to the
supportinganvil to avoid lack of penetration (Figure 5.B)mply put,how much mateal
is fAstirredo ben ethdbbttorh theylindical ®olp® ofpadisRe t hat
is some distancé (penetration ligamengbove the anvilluring welding It has been
shownpreviouslythat he torque contributed by the shear surfelosing the pin
bottomis given by Equation 3.1% the shear surface drops from the bottom of the pin to

the anvil the change in torque can be expressed as:

c— t t ¢Yet (3.2)
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wherel}, is thefrictional shear stress located aethterface between the workpiece and
anvil. Once this torque configuration occurs (Equation 3.31) the torque will not rise
enough for a higher torque deformation mode to occur and therefore a lack of penetration

should not occur when shear surface droghé anvil [Nune0117].

© -p ) (3.33)

Equation 3.3 provides an estimate of the distance permissible between the bottom of the
tool and the support anvil during welding. Assuming thas significantly less than the

metal shear stress the maximum distance (penetration ligament) is:

x - (3.3)

Equation 3.33 may also be applicable for a pinless FSSW tool and in that case, may help
in predicting the maximum itkness a specific FSSW tool may be able to join. For
example, a pinless FSSW tool with a diameter of 0.4 inches may be able to join (in a lap
join configuration) workpieces up to 0.067 inches thick.

Simulating the material flow in a numerical environmsmch as COMSOL or
FLUENT (commercially available CFD packagbatareused in this workrequires that
we define the continuity equation (liker Heat Transfer ifcquation 3.8) (in index

notatior) for incompressible singiphase flow.

(NN (3.35)



where} is the density is the noANewtonian viscosity, V is the welding speeahd P is
thepressure [Nandatharifall. The nonNewtonian viscosity is defed in several
different ways by different researchéos the purpose of numerical simulatidfor this
work two different methods are used to define the viscosity of the plastiedigne:d Al
alloy during weldingThe viscosity can be based on floness following a formulation

by Sheppard and Wright:

D
, -OEl E- (3.%)

whereA, U( Fi gur e g3 andn die nmatertal/canstants and Z is the Zener
Holloman parameterhich represents the temperatww@mpensated effective strain rate

and is given by [Nandamljoaba, Ulysse, Lammle]n

©w -AgbB- (3.37)

where Q is the temperatuidependent activation energy, R is theversalgas
constant, and is the strain ratélhe viscosity of the material is defined as a function of

the flow stress and effective strain rate:

g (3.38)
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The viscositydefined by Equation 38decreases significantly with temperature and

strain rate though strain rate is the more dominant féetgure 31)Nandan2007,

Colegrové. A criticism of ths expression of flow stress (Equation @.8 that it does

not account for structural eventsooirring during deformation [Sheppar@his method

is implemented in the CFD package via a t«=fined function which can be

computationally expensivd.hi s use of this

is the prevailing method used by restars when modeling FSW/FSSW using CFD.

expressi

® cxperimental data reported by#®
cq. 1 with constants presented in Table 2
- eq. 1 with constants reported byl?
]
2
- 10 ]
By
b
3 =1
2 0.1
E C — U
7]
£=0.01 A= 51:?:% x10" g~
101 £ =0.001 -7 =0
¢ - Q=191 E(cjh}[nol‘l
- - on =60. Pa.
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Figure30: Flow stress data for Al 60&ind curve fitting values: R= 0.996[Tello]
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Figure31: Computed contours of viscosity. The contour labels represgatifhm to the
base 1®f viscosity in Pas [Nandar007]

Alternatively, the viscosity can be modeled using the Carreau viscosity model
[Lammlein, Atharifar, Sinclair]. Théemperature depende@arreau viscosity model
(Equation 3.9) can beapplied toboth the Newtonian and Nedewtonian fluid domains

of the model and fits very well to the results of Equatio BrBueni.

p I_QwH (3.9
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wherea-is the time constant, m is the power law index for the-Newtonian fluid] is
the shear straimate, T is the reference temperature, adaindpp are the zero and
infinite shear viscositieg\t low and high shear rates the viscosity is limitedqupandpups

respectively (Figure 32).

Ho

logu
Hoo

4

logy

Figure32: Variation of viscosity with shear rate according to the Carreau mble]

Atharifar et al. estimate the parameters of Equation 3.38 for Al 606+ 49, m = 0.2,

To =300 K, o = 1E8 nf/s andup = 0 nf/s. The results of using the Carreau model of
viscosity in a numerical simulatiasf FSWcan be seen in Figure 33. In addition to
producing resultthat are in good agreement with experimentally observed material flow
the Carreaunodel is a buikin function for both COMSOL and FLUENT which can

reduce the computation time.
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Figure33: Comparison between experimental and numerical results a) weld cross section
b) contour graph of dynamic viscos[@tharifar]

Computational Modeling Studies
Awang et al. simulated themperature distribution arvdorkpiece deformation
duringthe FSSW process using an explicit finite element model (ABAQU&E to the
complexity of modeling the process several assiognpwere made to reduce the run

time of the model, including:

1. Only the workpieces may experience deformation (tool and workpiece are
rigid)

2. Frictional <contact is governed by
temperature dependent.

3. The frictional coefficient is zero atmEiing

4. 100% of the dissipated energy was converted to heat.
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The workpieces are oriented in ad@mnt configurationfor spot weldingIn order to
have a refined mesh for better analysis near the tool, the workpuece modeled in a
circular geometry (Figure 34.a)he boundary conditions usedthe FE modetan be

seen in Figure 34.b.

@ =210 rad/s

[« ks > ?%%V\?ﬁrfz‘rl bg Prescribed
_ ! - Displacement
| .
: Tool ﬂ ﬂ ﬂ Pin - ﬂ ﬂ' ﬂ
: : Work
I Pieces
il Workpieces
i) (2 pes.)
i Backing
! Backing Anvil Anvil
S
(A) ®)

Figure34: Mesh representation for FSSW tool, workpiece, and anvil. b) Boundary
Conditions [Awang]

The prediction of the workpiece deformation (Figure 35) shows that the edges of the two
workpieces separate during weldifdnis predicted deformation resembthe

experimentally observed plate separatibime shape of the deformed joint line also
resembls experimental observation (Figure e explicit FEM modeling approach

used in this study was capable of handling the large amount of deformation occurring in
the FSSW proces¥he maximum temperature was found to be ®8&hich is

significantly highethan the temperature expect@d00°C) at the tool/workpiece

interface (Figure 36)This over estimation was attributed to the assumption that all of the

heat is transferred into the workpiece and the selected values for the friction coefficient.
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Figure35: Deformation and temperature distribution [Awang]
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Figure36: Temperature vs. radial distance from the center of the tool [Awang]
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A 3-D transient heat transfer model of the FSW process watedrbeg Song et al. Using

an explicit central difference scherfigquation 3.39a finite difference method), the

authors solved the heat transfer equation (Equation 3.24) for the plunge, traversing, and
extraction phases of FSWhe model wagmplementedisng FORTRAN codeThe heat

input by the shoulder was modeled as friction heat and the heat input by the tool pin was
modeled as a uniform volumetric heat generated by plastic deformation. The thermal
boundary conditionased by the authofsllowed Equatios 3.25 3.29.The results of

the thermal model were validated by comparing the results with experimental
thermocouple data (Figure 37Mhe location of the measuring points 1, 2, 3, and 4 are 2.0
mm (0.079 in) beneath the upper surface and 8, 12, 1&%mum (0.31, 0.47, 0.63, and

0.98 in) from the joint line respectively.

=

t hh hh hh ;
o’ E U
11 1

g h i K i gy (3.39)
11 Y I

<
0«
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<
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>
11

¥ - .
7 hh hh hh o .
B0 v YU

Where i, j, and k are spatial indexes (X, y, and z respectively), n is the time$hdex,
represents the heat generation source,tenaed is the time step (0.02 se§ong et al.

found that a significant increaseritation rate did not cause a significant increase in the
peak temperature measuremexperimentally During FSW/FSSW the material flow

stress drops rapidly near the materials melting point, thus causing the heat generation rate
in the workpiece to go toear zero, even though the tool rotation rate has increased. This

has a seffegulating effect that helps keep the FSW/FSSW weld in the-st@lie[ Song]

63



8 12 16 25 Join Line
L. ' ol s Y (A

8§ 2 P4 P3 P2 P1
i PRI oW o
——h——a o § e

108.0
| 1143
[ 1207
i 127.0

Weld Direction
ﬁ

Figure37: Location of thermocouples imbedded in the workpigedt joint) [Sond

A plunge rate of 5 mm/s (11.81 in/min) was used for this study, resulting in 2.54 sec of
plunge time. Figure 38.a shows tteculated temperature contours during the plunge
stage. It can be seen that the temperatures near the pin incrediseaafiie pin plunges
deeper into the workpiece and the volumetric heat source moves at the plunge speed.
During the extractiostage(Figure 38.b) the heat flux gerated by the tool was removed
and the tool pin was withdrawn from the sample. At theamtshe tool is removed, the
temperature of the workpiece is still high and then gradually drops dwedelling the

heat generated by plastic deformation as a uniform volumetric heat source was found to

be acceptable.
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Figure38. Temperature contours during tagplunge stageand b) the extraction stage of

FSW[Songd

Kim et al. modeled the effethhattwo different pin geometries (cylindrical and

triangular)have on the temperature distribution and material flow during F$RIW].

Their thermemechanical simulation of the FSSW process was performed using the CFD

code STARCD. In this model the plunge and extraction portion ofpiteecessvere
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ignored for simplicity; onlya2 second dwell stage is model&dr both tool geomats,

a convex shoulder was modeled. The meshmastrefined (Figure 39.b) near the tool

pin and more carse toward the edges of the workpieces. Like in the model developed by
Awang et al. a circular geometry was used to model the workpieldes.area laeled as

i F | uniFiduwe 39.c is the area where plastic deformation is permitted to occur while
the rest of thevorkpiece | a b e | e,dvasassunfedto be ia dga bddyorder to

reduce computational time.

Fluid

1 Solid

-
16mm

100mm

(a) (b) (©

Figure39: a) FSSW geometry used for CFD Simulation b) mesh scheme for cylindrical
pin c) close up view of mesh scheme [Kim]

The resultant temperature distributions can be seen in Figure 40 for both the cylindrical

pin (left) and triangular pin (right). The tempenaof the workpiecdAl 5083H18)

beneath the outermost edge of the shoulderkly reached temperature (57°C) very

near the melting poinh 0.3 seconds, after which the heat propagated throughout the
workpiece. The peak predicted temperature for both pin geometries was similar due to the
shoul der éds domi nant c dimetmateribl élowipredicted by bothe at g

the cylindricaland triangular pin can be seen in Figure®ie triangular pin was found
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to have a greater effect on the material flow due to the dynamic volume created when the
pin is rotated. This increase in stirring resulted in joint strengths that were up t@aswice
strong as those created with a cylindrical pin [Kim]. The predicted material flow patterns
were identified as being a useful tool in understanding the occurrence and location of

defects within the weld zone.

2075 130 185 240 295 350 405 460 515 570 | |20 75 130 185 240 295 350 405 460 515 570
(a)

2075 130 185 240 295 350 405 460 515 570 | |20 75 130 185 240 295 350 405 460 515 570
(b)

2075 130 185 240 295 350 405 460 515 570 |20 75 130 185 240 295 350 405 460 515 570
(c)

Figure40: Temperature distribution during FSSW #oeylindrical pin (left) and
triangular pin (right) at t = a) 0.01 sec b) 1.0 sec c) 2.0 sec [Kim]
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Figure41: Material flow during FSSW foa cylindrical pin (left) and triangular pin
(right) att = a) 1.94 sec b) 1.95 sec c) 1.96 sec
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CHAPTERIV

EFFECT OF PIN LENGTH AND ROTATION RATE ON THE TENSILE STRENGTH
OF A FRICTION STIR SPOWELDED AL ALLOY: A CONTRIBUTION TO
AUTOMATED PRODUCTION

C.D. Cox, B.T. Gibson, AM. Straué&sE. Cook A Ef fect of Pin Length
on the Tensile Strength of a Friction Stir Spéelded Alloy: A Contribution to
Aut omated Production. o0 Materials a8 Manuf

Abstract

Friction stir spot welding iperformed on thin plates of an aluminum alloy in a
lap joint configuration with tools of different pin lengths and various rotation rates. The
effects these process parameters have on the joint properties of the welds are investigated.
The tensile strengtbf the welds decreased when the rotation rate was increased. The
tensile strength of welds made with a-@ss tool is on average 90% the strength of the
full penetration spot welds. Intermediate pin lengths were tested between these two
extremes. It wafound that the tensile strength decreases as the pin length increases from
pinless to 10% bottom plate penetration. Three distinct failure modes were identified
when the welds were placed under tensile loading: shear mode, mixed mode, and nugget
pullout mode. The dependence of static joint strength on these process parameters is

discussed.
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Introduction

Reducing the weight of vehicles is a challenging problem facing automotive
manufacturers that seek to improve overall performance and fuel economy e@ne o
accomplishing these goals is to use lightweight metals such as aluminum for structural
and cosmetic components of the vehicle in lieu of heavier steel alloys. However current
welding processes such as resistive spot welding are difficult to implemehese light
weight metals due to their high thermal conductivity. While these metals can be joined
with alternative methods such as galrcing rivets, the use of such fasteners are
accompanied by an increase in manufacturing costs and comphistyg 200T.

Friction stir spot welding (FSSW) is a solid state joining technique derived from
friction stir welding (FSW). In FSSW, the spot weld is created by plunging a rotating tool
into the weldment, dwelling for a short period of time, and themgeng the tool. A
typical FSSW tool consists of a cylindrical shoulder and pin similar to tools used in FSW.
The spot weld is formed by plastically deforming the metal in the immediate vicinity of
the tool. The heat and shear stress are generated byctlum fcaused by the rotation of
the shoulder and to a lesser extent the pin when in contact with thepigogk The
amount of heat generated in the weld zone depends on rotation rate, tool penetration
depth, and dwell timeLathabaj. The use of FSSW psents several advantages over
conventional spot welding processes in joining these -iighgjht aluminum alloys:
higher joint strengths, grain refinement within the weld zone and reduced production
costs. Badarinarayan 142§

One of the issues asso@dtwith using FSW for spot welding applications is the

keyhole defect. The keyhole is a consequence of both the solid state process and the
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geometry of the tool used to make the weld. This defect can be seen in4&dgWhen

the tool retracts from the Wk a shadow of its dynamic volume remains in the weld
zone. In traditional FSW this defect is removed via post processing or eliminated using a
specialized tool design. Previous research has demonstrated that it is possible to eliminate

this defect for FSW by using a pinless todBakavos 2010, Tozaki 2010

I FSSW tool :I

FSSW tool

FSSW tool
@ @ @ Keyhole
[ m— = m—
anvil anvil anvil
a b c

I FSSW tool :I

=

FSSW tool | FSSW tool : I

P

anvil

d

anvil

€

anvil

f

Figure42 The Friction Stir Spot Welding Process:(A represents the traditional FSSW
process using a tbwith a pin. The resulting kédwle defect is illustrated. B: represents
the FSSW process using aleiss tool. The lack of the kiegle defect is illustrated.

The rotation rate has been reported in the literature to be directly proportional to tensile
strength Arul, Yuan, Tozaki 200#ract]. A study by Bakavos et al. investigated the

effect of pin length on weld strength. The results of this work indicated that the maximum
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joint strength occurred when the pin length fully penetrated the bottom plate by 32%. The

joint strength of the pinlegsol was 93% that of the full penetration toBbkavos 200P

In this study, pin lengths are tested that address the effects of penetration depths
that do not penetrate the bottom plate. Spot welds will also be performed at two
Ashal | ower 0 enétratiare depthp, Ithart taosepperformed by Bakavos et al.
including 5%, and 10% bottom plate penetration. Additionally, four different rotation
rates will be evaluated in combination with each of the pin lengths for their effect on the
mechanical propertgeof the weld. The resulting welds are presented and examined by

tensile strength evaluations and optical meamctions.

Experimental
Spot welds were created on 0.0400 thick
the plate were 210 2x5 09 0o vxe r0 .a0p4 0 of hwei tdh neensi o

used can be seenTable 1. Each of the tools used was made-af Reel.

Tablel: FSSW tool dimensions and material

Tool ID Pin Length | Penetration Depth | Shoulder Diameter | Pin Diameter | Tool Material
Probe 1 0.00 0.006 0.500 0. 02 O-1 Steel
Probe 2 0.01 0.016 0.500 0. 02| O-1 Steel
Probe 3 0. 03 0. 038 0.500 0. 02 O-1 Steel
Probe 4 0. 03 0.042 0.500 0. 02| O-1Steel
Probe 5 0. 03 0. 044 0.500 0. 02| O-1Steel

Each spot weld was created using a modified Kearney and Treekes 8ertical mill.
For al | of the spot wel ds a fixed plunge
determined experimentally to produce the best spot welds. The total tool penetration

depth is calculated by adding the plunge depth to the pin length. A constant dwell time of

72



5 sec and plunge rate of 0.1rmh were used for each of the spot welds. For each spot
weld a clamp was placed on the weldment to prevent the top plate from pullchug up

the pressure created during the spot welding processipae 43). The top clamp was

made with holes to allow a series of 8 spot welds to be placed on each weld sample. The

holes on the top clamp plate wendthepmade t o

ez oo L S
| Clamp Plate ‘ Spot Weld

Figure43: Clamp orientation relative to the spot welds for each sample. This clamp
prevented the top plate from pulling away from the bottom plate during the spot welding
process. The holes in the top plate weesated off center for alignment purposes with

the FSW machine.

Each of the spot welds was created using position cofdpanrloop). An automated
welding routine was created to place spot welds at some interval, 1 inch, for this
experiment, along the oterline of the overlapped material. This program also varied the
rotation rate from weld to weld. Rotation rates of 750, 1250, 1500, and 2000 rpm were
used. The range of rotation rates were selected based opettagionalimits of the FSW

machine.
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Figure44: Lap tensile specimen.

To measure the effect that pin length and rotation rate have on the strength of the spot
weld, tensile specimens were taken from each weld sample and were evaluated based on
yield strength. The dinmsions of the tensile specimens appear in Figdrdn order to
gain a better understanding of the relationship between these parameterssenacro

analysis was performed to image the weld zone structure.
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Results

Effect of Pin Length anRotation Rate on Static Weld Strength
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Figure45: Effect ofpin length andotation rate on statjoint strength ofspot welds

The relationship between pin length, rotation rate and tensile strength can be seen in
Figure 4. It is evident that the tensile strength decreases with an increase in rotation rate.
The relationship between pin length and tensile strength is nonlinear. As the pin length

increases from the Aoin FSSW tool to 0.010 inch pin length, the tensile strength

decreases. As the pin length increases to 0.032 and 0.036 the tensile strength continues to

decrease. When the pin length is long enough to penetrate the bottom plate the tensile
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strength increases, recovering (and surpassing in all but one instancepileesteength

of the nepin FSSW tool.
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Failure Analysis
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Figure46. FSSW Failure Modes for 750 RPM
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Figure47: FSSW Failure Modes for 1250 RPM
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Figure48. FSSW FailuréModes for 1500 RPM
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Figure49: FSSW Failure Modes for 2000 RPM

During the evaluaton of the tensile strength of the spot welds, three distinct failure

modes occurred. The aluminum plate experienced out of plane bending during the tensile
tests causing the weld to experi Bakaves a np
201Q. The peel foce is a result of the geometry of the weld joint being evaluated and the

thickness of the plate. The observed failure modes were:

i.  Shear ModeThis mode is characterized by a complete separation of the top and
bottom plate with the weld nugget remaininghe top plate. The fracture occurs

along the original boundary between the top and bottom plates.
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ii.  Mixed Mode This mode represents a combination of the shear and nugget pullout
modes. The failure in this mode occurs in the top plate partially along the
perimeter of the weld zone. Unlike the nugget pullout mode, the top plate does not
completely separate from the weld zone. The weld nugget remains attached to the
bottom plate but is partially #dApeel edo
two.

iii.  Nugget Plout Mode This mode is characterized by a complete separation of the
top and bottom plate. In this mode however, the interface fails in the top plate
along the perimeter of the weld zone. The weld nugget is left attached to the

bottom plate.

Images ofthe failure modes observed during testing for each of the pin length and
rotation rate combinations can be seen in Figuésthrough 49. The welds that
experienced the shear mode were imaged from above (looking down at the keyhole),
from the underside othe top plate, and from above the bottom plate. For the mixed
mode, each weld is imaged from abewelamnd f
The nugget pullout mode was imaged from above for the top and bottom plates. The
crack in the top plateroi gi nat ed on t he Hoarp4hdat maslesde ( A A
and iii while the nuggepeel failure mode originated ontheuntlea pped si de ( i B

in Figure44) for mode ii.
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Figure50: Comparison of failure mode to wedtrength. Only 2 welds in the experiment
were classified as a mode (i) failure while 12 (60%) of the welds were classified as a

mode (ii). The mode (ii) type failures exhibited the highest joint strength when compared

to the other failure modes. The remiag welds were classified as mode (iii) failures.

In Figure50it can be seen that failure mode (ii) corresponds to the strongest welds in the

study. The average strength of the welds classified as a mode (ii) failure was 22.5%

stronger than that of thet h er

modes.

Fai

ur e

mo d e

(i),

commonly occurred at the lower rotation rates of 750 and 1250 rpms. Failure mode (iii),

or the nugget pullout mode, occurred in the weakest welds of the experiment. This failure

mode more frequentlgccurred at the higher rotation rates of 1500 and 2000 rpms and

for the midrange pin lengths of 0.010, 0.032 and 0.036 inches. Failure mode (i), or the

shear mode, was solely associated for theind=-SSW tool at the higher rotation rates.
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As therotation rate increased, the failure mode for each of the pin lengths shifted from
mode (ii) to mode (iii) for the midange pins, and from mode (ii) to mode (i) for the

pinless FSSW tool.

Weld Zone Imaging

(©

(d)

(©)

Figure51: Macrosection images of crasections of welds. (a) 750 rpm/pinless, (b) 750
rpm/0.010060 pin, (c) 750 rpm/0.03206 pin, (d

Macrosection images of the 750 rpm weld cross sections can be seen irbEigAsehe

pin plunges into the surface the material from the top and bottom sheet are stirred. When
the shoulder of the tool makes contact with the surface of the top sheet the stirred
material is forced down. When this happens some of the stirred material is fatcafd o

the weld zone and forms a ring of weld flash around the shoulder of the tool. The amount
of weld flash is related to the selected

reagent was used to etch each cross section in order to enhancsiliiéy vof the
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thermemechanically affected zone (TMAZ). For every pin length, the TMAZ extends
from the edges of the tool shoulder into the bottom sheet; the size and shape of the
TMAZ is similar across all welds. For each of the shorter pin lengthgifno0.010,

0.032, 0.036 inch) the TMAZ had no distinguishable difference in bottom sheet
penetration. The TMAZ created by the longer pin lengths extended completely through
the bottom sheet.

At the interface between the top and bottom sheet several lbowlitions were
observed: a partial metallurgical bond, a complete metallurgical bond and a kissing bond.
The partial metallurgical bond (bond (i)) contains irregularly spaced joint line oxides and
voids along the joint line. A complete metallurgical bobdr(d (ii)) exists when no voids
or oxides are present at the interface. For the kissing bond (bond (iii)) a faint oxide layer

is observed with an irregular formation at the interface.
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Figure52: Images of bond interface modegiarotable failures. (a) A compiled image

for the cross section of the pinless tool at 2000 rpm. Bioaad iii) account for 100% of

the interface for this weld. (b) The combination of 750 rpm and a pinless tool resulted in

a well formed stir zone with gdametallurgical bonding. €) he 0. 0320 pin | en
2000 rpm resulted in a weld exhibiting bon
resulted in a good metallurgical bond. A small amount of bond (iii) was observed at the

right edge of the interfadeet ween t he plates. (e) The 0. 023
resulted in a weld exhibiting bond (1). (f
good metallurgical bond.
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The welds created at the lowest rotation rate were characterized by very good
metdlurgical bonding. The welds created at the highest rotation rate exhibited all three of
the observed bond types. In the case of the pinless tool at 2000 rpm G2dajgit can

be seen that a combination of bonds (i) and (iii) traversed the entisesgoison of the

wel d. For the 0. B3(2)pa hbokimgefdctt wasi ohserged ongothr e
sides of the weld. For this parameter set the hooking defect extends from the original
joint line into the top plate where it sharply turns downward baitkthe bottom plate.
The 0.0380 | e52¢e) lwas phserved td hageuarsinilar but less severe

defect.

Discussion

A strong correlation was found to exist between rotation rate and joint strength.
The highest joint strength corresponds to the lowest rotation rate of 750 rpm; the highest
rotation rate (2000 rpm) resulted in approximately50% reduction in joint strerig.
Figure52 shows the differences observed in the bond types created at 750 and 2000 rpm.
The bond types created at higher rotation rates were found to result in failure modes (i) &
(i), which were also associated with a reduction in joint strengtju(Ei50). Hooking
defects which have been shown to be detrimental to the strength of the weld were
observed at 2000 rpm. The hooking defect is an unbounded region that is located in the
TMAZ and may extend into the stir zone (SZ). This crack like featare @s a stress
concentration at the interface between 't he
sheet thicknesso (EST) of the material. T

between an unbounded surface at the interface and the top surfaceuppénesheet.
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Higher ESTs have been shown to carry larger tensile loads in aluminum alloys
[Cedergvist In Figure 52 it can be seen that for the 750 rpm welds the EST was
approximately equal to the original sheet thickness; for the 2000 rpm welds, the EST
reduced by as much as 45%.

The heat generated during FSSW is dictated by the shoulder diameter, rotation
rate and dwell time. For this experiment the shoulder diameter and dwell time were held
constant. Using the expression introduced by Roy et alpdssible to calculate the non

di mensionl ess hefRoylLi nput Q6 by the tool

0 —— (@41

Where ,, is the yield stres®f the material at a temperature of 80% of the solidus
temperaturgd is the specific heat capacitf the workpiece%.is the ratio in which heat
generated at the shoulder/material interface is transported into the woyKfiscehe
thermal conductivity of the workpie@nd™Yis the traverse velocity. Since each of these
parameters represents a stamt, their specific values are not needed: these constant will
combined into a single scaling parameter. A value of 1 was used for each of the
cal cul ati ons. The parameters A and ¥ repre
and the rotation ratef ¢he tool, respectively. The cross sectional area of the shoulder is
larger for the pinless tool than that for the tools with pins. Equdtibmssumes that the
majority of the heat is generated by the shoulder. The calculatedimensional heat
input for the combinations of pin length and rotation rate can be seen in BEgufde

results of the calculation show that for the 2000 rpm welds there is as much as a 60%
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increase in the heat generated at the shoulder/workpiece interface when compared to the
750 rpm welds. The higher temperatures associated with the heat generation may be a

cause of the partial metallurgical interfaces and joint defects associated with reduced joint

strengths. These defects may be reduced by using shorter dwell times &rrbigkion

rates.
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Figure53. Comparison of theoretical heggneratedy the FSSW tools used at the

various rotation rates and their resulting average tensile strépgtt. Q* r epr esent s
normali zed theoretical heat i1 nput calcul at
individual calculated value for each tool and rotation rate combination and Q* is the

maximum calculated value. The average tensile values represeatedT S 6/ TS* wer e
calculated by averaging each of the measured tensile strengths for a given rotation rate

for all pin |l engths used. TS6 and TS* repr
a given rotation rate and the maximum average tensilegstreespectively.

It was found that pin length has two distinct effects on the tensile strength of the spot
weld (see Figre 45). Pin lengths that do not penetrate the bottom sheet reduce the spot

weld tensile strength. At this time there is very ligleblished data available for pin
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lengths that do not penetrate the bottom sheet. Pin lengths that penetrate the bottom sheet
produced an increase in joint strength, a result that is in good agreement with data
available in the literatureBakavos 200P It is thought that there are three main causes

that lead to this observation.

1. In FSW the heat generated during welding is generated largely by the surface of
the shoulder in contact with the workpiece. As a result, Arora et al. conclude that
this contact codition and the rotation of the shoulder are primarily responsible
for the material flow during weldingArora]. Unless the geometry of the pin is
such that it can significantly contribute to the heat generation and material flow,
its effect will be detrimetal to the strength of the spot weld.

2. As previously stated, pin lengths that do not penetrate the bottom sheet can reduce
the EST of the top sheet, an effect which in turn reduces the tensile load that the
spot weld can withstand.

3. The keyhole left by amonzero pin length reduces the cross section of the tensile
coupons being evaluated. Longer pin lengths that do not penetrate the bottom
sheet were found to amplify this effect. See Fidatdor images of the keyholes

for each pin length.

An analytical slution for the 3D velocity field was presented by Arora et &rgra).
Their model made the following assumptions: the tool is a smooth cylinder, the flow
results from the rotation of the shoulder, and that the geometry of the material flow can
be empircally determined. The estimate of the material flow field was created by

modifying an analytic solution for the flow of an incompressible fluid between two discs,
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one rotating (the shoulder) and the other stationary. The three components of velocity in

cylindrical coordinates are given liguation4.2:

6 11TB 17§00 Q ®W2)

i 1 is the tangential velocity directly beneath the shoulfgs, the distance between the

two discs, and F, G and H are functions of Zdofal. The assumegeometry of the
material flow zone has the shape of an inverted cone; the shoulder of the tool forms the
cone base. The contact condition of the plasticized metal beneath the shoulder is modeled
as partialslip. Using the tangential velocity of the todlet respective velocity of the
material in contact with the shoulder can be evaluateg as, i ], where,, is the
fraction of slip at the interface. Using equatidr] the velocity profile was calculated at

various depths for the FSSW.tool s shoul

90

de



- \
\ —H—750 Shoulder
" \ —=—2000 Shoulder
(o)
= 750 Pin
= /= 2000 Pin
O \
o
*
Z
=
= A
< =~ \\
=
-~
=) '-'-__.-
[ R, == .
___E"-'——-_.__ _
- = ------—E--__g
o (] = D V9]
S S S S
(=) o (=) (=)

Depth Below Surface (in)

Figure54: Comparison o¥elocity field at various depths (0.02, 0.04, 0.06 and 0.08)

created beneath the shouldering FSSW. Two rotation rates were considered; 750 and

2000 rpm. Apinlessandnener o pin design were consider e
magnitude of the 3 dimensional velocity field for a given parameter set (u, v, w, r, z). The
velocity is calculated sudhat r = radius of shoulder or pin. V* represents the maximum
calculated value.

It can be seenin Figuet hat t he shoul derd6s contributio
than that of the pin. The resulting velocity fields are presented at some distarce

beneath the surface being considered (either the shoulder or pin bottom.) For the 2000
rom case directly beneath the tool pin the calculated velocity field of the material is
approximately 50% that of the velocity field directly beneath the sleouHowever the

pin bottom is located at some distance beneath the shoulder which results in its
contribution increasing significantly. If the pin bottom if offset by a distance of 0.04
inches (or a pin length of 0.04 inches) beneath the shoulder it e&asedn that its

contribution to the velocity field would be significantly high&B(%) and would surpass
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the shoul der 6s contr.i

but i

on at greater

increases, its relative contribution to the total velocitydfimcreases. At a sufficient

dej

length, the pin will positively affect the size of the weld zone, which may improve the

strength of the weld joint (see Figs8).
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Figure55: Graphical representation of the observed pin lenggtetn joint strength.
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However, if a pin length is used that extends beyond the zone of material flow created by

the shoulderthe quality of the weld may be reduced. Evidence of this can be found in the

literature Bakavos 200P When choosing a pin length for FSSW consideration should be

given to the fact that a limited window of optimal length exists. This length depends on

the diameter of the shoulder to be used as well as features to be included on the pin.
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For FSSW, the cross section of the weld zone includes the void created by the keyhole
defect. This property reduces the overall area of the weld which undergoes tensile
loading. Longer pin lengths that do not penetrate the bottom plate greatly reduce the
overall joint strength of the spot welds. The keyhole can be eliminated by using a pinless
FSSW tool Bakavos 2010, Tozaki 2010, Bakavos Z00OBhe tensile strength of the

pinless tool was, on average, 90% as strong as the strongest full penetration spot welds.

Conclusions

The effect that pin length and rotation rate have on the tensile strength of FSSW
wel ds created in 0.040 thick Adnhadszhé&i TE6
investigated. For the welding parameters studied, it was found that lower rotation rates
resulted in the welds with the highest tensile strengths. The use of higher rotation rates
produced partial metallurgical bonds and defects along the jimie. Norzero pin
lengths that did not penetrate the bottom plate were found to be detrimental to the quality
of the welds. When compared to the full penetration spot welds, the pinless tool
performed very well. The strength of the spot welds was enage 90% as strong as
those created by more conventional full penetration tools. At the highest rotation rate, the
pinless tool produced the strongest spot welds.

Heat generated during the spot welds was found to strongly correlate with joint
strength of the spot welds. By using shorter dwell times for higher rotation rates it may be
possible to reduce the observed defects and improve weld strength. Of the tbree fai
modes, the mixethode is preferable because it generally failed at under higher tensile
loading. This mode occurred most frequently for lower rotation rates in both pinless and

full length penetration tools.
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The pinless tool offers several advantage®r conventional FSSW tools: a
simplified geometry that is easier to model and manufacture and creating a spot weld that

is more aesthetically appealing due to the lack of a keyhole defect.
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CHAPTER V

THE APPLICATION OF A PINLESS TOOIN FRICTION STIR SPOT WELDING:
AN EXPERIMENTAL AND NUMERICAL STUDY

Chase D. Cox, Jason R. Aguilar, Marjorie C. Ballun, Alvin M. Strauss, George E. Cook
fiThe Application of a Pinless Tool in Friction Stir Spot Welding: An Experimental and
Numerical Study Broceedings of the Institution of Mechanical Engineers, Part D:

Journal ofAutomobileEngineering Accepted: 2013.

Abstract

A pinless friction stir spot welding tool with a scrolled convex shoulder is used to
create spot welds on aluminum alloy plafEse effect that rotation rate, dwell time,
plunge depth and plunge rate have on the spot welding process is investigated. A strong
correlation was found to exist between joint strength versus the tool rotation rate and
dwell time. Low rotation rates ant@rt dwell times resulted in significantly stronger
welds and conversely, higher rotation rates and longer dwell times resulted in spot welds
with hooking defects and lower joint strengths. Using shear tests and macrosection
analysis on the spot welds, ttlependence of joint strength, spindle torque, temperature
and axial force on the identified process parameters will be discdssedputational
fluid dynamic model is created to simulate the effect the tool rotation rate has on the heat

generated and rtexial flow during spot welding.
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Introduction

Friction stir spot welding (FSSW) is a solid state joining process that is currently
being used by automotive and aerospace manufacturers as an alternative to rivets and
resistance spot welding. To reduce t¢iperating costs of their finished products,
manufacturers can use FSSW to create high strength welds wweggtit alloys such as
aluminum. Furthermore, as the cost of the fuel required for operating vehicles continues
to increase, or alternativelyasth d e mand f or fAgreeno vehicles
lighter vehicles will also increase. By using FSSW, it has been reported that it is possible
to reduce the energy use by 99% and the cost of installation by 40% when compared to
resistive spot weldinfFeldman]. Presently there are over 200 FSSW robots being used
in industrial applications and there are approximately 30,000 cars per month created that
contain friction stir spot welds [Fujimdjto

In FSSW, the spot weld is created by plunging a rotatinbinto the weldment,
dwelling for a short period of time and then retracting the tool. A typical FSSW tool
consists of a cylindrical shoulder and pin similar to tools used in linear Friction Stir
Welding. The spot weld is formed by plastically deforgnihe metal in the immediate
vicinity of the tool. A drawback associated with using FSW for spot welding applications
is the keyhole (see Figure 1). When the tool retracts from the weld, only a shadow of its
dynamic volume remains in the weld zone, meattiegkeyhole is a consequence of both
the solid state process and the geometry of the tool that was used to make the weld
(Figure56). In traditional FSW, the keyhole is removed via post processing or eliminated
using a costly and highly specialized toek@n. Alternatively, it is possible to eliminate

the keyhole for FSSW by using a simple and low cost pinless tool.
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Figure56: The Friction Stir Spot Welding Process:(QA represents the traditional FSSW
process using a tool withpin. The resulting keyhole defect is illustrateel-Drepresents
the FSSW process using a pinless tool. The lack of the keyhole defect is illustrated.

Since the majority of the literature recommends that the tool pin penetrate into the
bottom sheet bat least 25%, it may seem somewhat counterintuitive that a pinless tool
can be used to create quality spot welds. The existing literature concerning the use of a
pinless tool for FSSW has demonstrated the ability to create quality joints in thin
aluminumplates. In previous research it was found that a pinless tool without any
features on the shoulder can be used to create joint strengths that & % of t hose
created with a pinned tool [Coxt.has been found by Tozaki et al. that the use of a spiral
type feature on the surface of the shoulder can be used to dramatically improve the
mechanical properties of the resulting spot welds and in some cases, even surpass those

created with a traditional pinned tool. These higher joint strengths were attribated
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increase in stirring caused by the features on the shoulder. By investigating the effects
shoulder geometries may have on joint strengths, Bakavos et al. found that while using
shorter dwell times, a fAlong flute wiper
Investigations into the roll process parameters have been performed for FSSW as
well. Karthikeyan performed an extensive study on the roll the process parameters
involved in joining AA 2024T3 using FSSW with a threaded pinned tool. However,
limited informaion exists for the use of a pinless tool to join aluminum alloys. Tozaki
investigated the effect rotation rate and plunge depth when using a pinless tool had on
joint strength, but limited the scope to only two rotation rates and relatively large plunge
depths (25% 45% of the top sheet thickness). The goal of this investigation to gain a
greater understanding of the effect that process parameters have on spot weld quality and
to identify the conditions needed to obtain maximum tensile shear strengtlusihgra

pinless tool.

Experimental
In this study, 0.040 inch thick sheets of Al 6068 were used to create the joints. The
samples were prepared to the dimensions seen in Fgufde chemical composition

and mechanical properties of the parent material can be seen in Zah#3
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Figure57: Spot weld sample geometry

Table2: Chemical composition (% weight) of Al 6056

Si Fe Cu Mn Mg Cr Zn Ti Other Al
0408 Max0.7 0.1504 Max 0.812 0.04 Max Max Max 0.15 95.8
0.15 .035 0.25 0.15 98.6

Table3: Mechanical properties of Al 60616

Ultimate Tensile Tensile Yield Shear Strength Hardness (HB)

Strength (MPa) Strength (MPa) (MPa)
310 276 207 95

A lap joint configuration was used such that the rolled direction would be parallel to the
loading direction during testing. Rigid fixturing was used to ensure that the samples did

not shift during the spot weld process. In order to monitor the tempeyaiorey the

bottom side of the spot weld, a steel anvil (7 in x 3 in x 0.75 in) was instrumented with
two thermocouples. The thermocouples were
rotation, imbedded 0.0625 in beneath the top surface of the anvil aredi$p&dn apart

from one another (FigureB).
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Figure58: Instrumented AnvilThermocouples are located 1716 an inch beneath the
surface of the anvil beneath the weld zone.

A custom wireless force transducer was usedeasure the torque and axial load
experienced by the FSSW tool during welding [Gibson 2011]. The pinless FSSW tool
designed for this study was made of O1 tool steel, and consisted of a scrolled, spherically
tapered (convex) shoulder (3 inch radius) with4inch flat (Figure 4) and had a
maximum overall tool diameter of 1 in€Rigure 59)(Appendix A) The spot welds were
created by specifying a desired plunge depth and then lowering the tool into the

workpiece until this position was obtained.
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Figure59: FSSW toolwith scrolling

The important process parameters for FSSW using a conventional tool can be found in

the literature, and theyarerepoed as being the tool s rotat.
(ipm), plunge depth (in) and dwell time (s). The plunge depth is defined as the depth at

which the FSSW tool penetrates into the top sheet and the dwell time is defined as the

time the tool remainat the desired plunge depth. The experimental limits of these values

were selected based upon the operational limitations of the FSSW machine and the

capability to produce spot welds. The selected spot welding parameters for this

investigation can be seemTable 3.
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Table4: Experimental factors and levels

Factor Units Levels
0]
Rotation rpm 750 1000 1250 1500 1750
Speed
Plunge Speec ipm 0.3 0.4 0.5 0.6 0.7
Plunge Depth  in 0.006 0.007 0.008 0.009 0.010
Dwell Time sec 2 3 4 5 6

Given the range of parameters and the large number of possible combinations, a central
composite design was selected. Using the statistical software package Minitab 15, the
experimental design was analyzed and it can be seen in Table 4. The experinsegal de
was comprised of 29 data points (4 factors with 5 levels; 16 points, 8 star points, and 5

center points). The coded values can be calculated using Egbidtion

A — (5.1)

X is the value of the level, Xis the high level, Xo is the low level®is the average of
Xui and X o and X% is the design unit level. According to the specificationthef
experimental design, each spot weld was made in a random order. After all of the

welding was completed, samples were prepared for shear and macrosection analysis.

Results
The shear strength of each spot weld is reported as the peak (failure) load (kgf)

experienced during the shear test. Additionally, the averaged peak temperature (°C),
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steady state axial load (N) and spindle torque (Nm) can be seen in Table 4. Theastatistic

software package Minitab 15 was used to analyze the experimental design.

Table5: Experimentatesignfor FSSW using a pinless tool

ID [Coded Valu Variable Response
T| D| P| Ry ( r| Owel )Time (sechIunge Depth (id)PIunge Rate (ipnpfFailure Load (kgTbTemp (°Cj Axial Load (N)| Spindle Torque (N

1 -1-1-1-1 1000 3 0.007 0.4 332.1975 267.82 9277.67 27.802
a 1-1-1-1 1500 3 0.007 0.4 252.141 274.35 8491.17 16.025
b -11-1-1 1000 5 0.007 0.4 320.6255 305.685  8726.67 24.802
ab 1 1-1-1 1500 5 0.007 0.4 247.4025 309.965  8797.67 18.074
c -1-11-1 1000 3 0.009 0.4 286.319 290.81 9179.67 33.31
ac 1-11-1 1500 3 0.009 0.4 269.446 299.285  9831.67 17.353
bc -1 1 1 -1 1000 5 0.009 0.4 279.354 323.005  9837.67 29.013
abc 1 1 1 -1 1500 5 0.009 0.4 262.0395 295.915  8268.99 17.902
d -1-1-11 1000 3 0.007 0.6 342.722 271.57 9209.67 29.619
ad 1 -1-11 1500 3 0.007 0.6 266.424 280.56 8996.67 16.194
bd -11-11 1000 5 0.007 0.6 288.4555 305.415 8841.67 26.595
abd 1 1 -1 1 1500 5 0.007 0.6 260.7755 309.93 8660.67 16.252
cd -1-11 1 1000 3 0.009 0.6 307.312 279.45 9198.67 27.171
acd 1 -11 1 1500 3 0.009 0.6 279.633 290.9 9667.67 17.116
bcd-11 1 1 1000 5 0.009 0.6 326.5245 318.38 9577.67 24.605
abcd1l 1 1 1 1500 5 0.009 0.6 211.6425 329.05 9328.67 20.424
Ua-20 00 750 4 0.008 0.5 400.208 296.895  9392.67 46.581
Ua+# 00 0 1750 4 0.008 0.5 231.429 305.85 8146.97 14.447
Ub-0-20 0 1250 2 0.008 0.5 267.765 254.095 9230.67 21.36
Ub+# 2 0 0 1250 6 0.008 0.5 254.6125 332.145  9669.67 17.894
Uc-0 0-20 1250 4 0.006 0.5 291.7945 285.87 8422.97 20.893
Uc+# 0 2 0 1250 4 0.01 0.5 263.8235 313.155  9774.67 22.06
Ud-0 0 0 -2 1250 4 0.008 0.3 232.1675 305.605  9260.67 22.689
Ud+#% 0 0 2 1250 4 0.008 0.7 243.9135 293.225  9102.67 17.137
zero 0 0 0 0 1250 4 0.008 0.5 237.413 305.195  9580.67 23.622
zero 0 0 0 0 1250 4 0.008 0.5 243.0715 299.42 9321.67 22.599
zero 0 0 0 0 1250 4 0.008 0.5 248.0275 299.25 9045.67 21.97
zero 0 0 0 0O 1250 4 0.008 0.5 253.0015 300.03 9325.67 21.885
zero 0 0 0 0 1250 4 0.008 0.5 256.2705 293.32 9109.67 21.24

Joint Strength

Contour plots of shear load vs. the selected parameters for all of theedgsivan be

seen in Figur&0. In general, the weld strengths created at lower rotation rates and
shorter dwell times resulted in stronger welds. The maximum joint strength observed was
achieved with the lowest rotation rate of 750 rpm, a dwell time of 4 sec, a plunge depth of

0.008 h and a plunge rate of 0.5 ipm (weld (B). It should be noted however, that this
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was the only data point in the study that used this rotation rate. It was observed that an

increase in the rotation rate and dwell time was detrimental to the strenlyéhspiot

welds. The lowest recorded joint strength occurred at a rotation rate of 1500 rpm, a dwell

ti

me

of 5

sec, a

pl unge

depth

of 0.

joint strength measured at the highest rotation rate (welda#) wasa 230 kgf (2.3 kN)

and this is concurrent with the reported joint strengths seen by Tozaki when using similar

welding parameters. The data gathered in this experiment suggests that the plunge rate

does not have a significant effect on the shear strerigtie spot welds. The high joint

strengths associated with lower dwell times is particularly beneficial for manufacturers,

as it allows for a low process cycle time.
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Figure60: Contour plots of shear load of spot welds vispatametersThe label of each
access can be seen in the title of each subplabg@l * x-label)
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Using the response surface method within the Minitab software package, an empirical
relationship relating the selected parameters and the measured atisards created.

The analysis considered both a linear and squared relationship for the chosen parameters
as well as all interactions between the parameters (14 degrees of freedom). Significant
values were selected as those having p values less thaTadd® ). The resulting

empirical relationship can be expressed as:

"R € OQC THLVXP® WY X BwY o @yl QQQ (5.2)

where ATO and AP0 are the coded values for
model can be checked byoking at the RSq value. Which indicates how much of the
variation can be explained using the model, e.g.-8yRalue of 1.0 would account for

100% of the variation. For this model arSg value of 0.8632 was calculated.
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Table6: Regression coefficients for shear load, spindle torque and temperature

Estimated Regression Coefficients for Shear Load (kgf)

Term Coef SE Coef T P
Constant 247.557 9.376 26.403 0.000
@ (rpm) -64.297 8.559 -7.512 0.000
Dwell Time (s) -13.807 8.559 -1.613 0.129
Plunge Depth (in) -12.035 8.569 -1.406 0.182
Plunge Rate (ipm) 4,788 8.559 0.559 0.585
@ (rpm)*e (rpm) 74.994 16.464 4.555 0.000
Dwell Time (s)*Dwell Time (s) 20.365 l16.464 1.237 0.23¢6
Plunge Depth (in)*Plunge Depth (in) 36.985 16.464 2.246 0.041
Plunge Rate (ipm)*Plunge Rate (ipm) -2.784 16.464 -0.169 0.868
@ (rpm)*Dwell Time (s) -8.048 20.966 -0.384 0.707
® (rpm)*Plunge Depth (in) 20.127 20.9¢6 0.960 0.353
w (rpm)*Plunge Rate (ipm) -14.768 20.966 -0.704 0.493
Dwell Time (s)*Plunge Depth (in) 3.268 20.966 0.156 0.878
Dwell Time (s)*Plunge Rate (ipm) -19.503 20.966 -0.930 0.368
Plunge Depth (in)*Plunge Rate (ipm) 5.486 20.9¢66 0.262 0.797

S = 20.9656 PRESS = 34485.3
R-5q — 86.32% R-Sq(pred) — 23.36% R-Sq(adj) = 72.65%

Estimated Regression Coefficients for Spindle Torque (Nm)

Term Coef SE Coef T P
Constant 22.2632 1.0482 21.220 0.000
® (rpm) -12.3204 0.9578 -12.864 0.000
Dwell Time (s3) -1.1546 0.9578 -1.205 0.248
Plunge Depth (in) 1.1554 0.9578 1.206 0.248
Plunge Rate (ipm) -1.4508 0.9578 -1.515 0.152
® (rpm)*e (rpm) 8.0898 1.8423 4,391 0,001
Dwell Time (s)*Dwell Time (s) -2.7972 1.8423 -1.518 0.151
Plunge Depth (in)*Plunge Depth (in) -0.9477 1.8423 -0.514 0.615
Plunge Rate (ipm)*Plunge Rate (ipm) -2.5112 1.8423 -1.363 0.19%4
® (rpm)*Dwell Time (s) 4.7128 2.3460 2.009 0.064
® (rpm)*Plunge Depth (in) 0.2422 2.3480 0.103 0.919
w (rpm)*Plunge Rate (ipm) 1.8923 2.3460 0.807 0.433
Dwell Time (s)*Plunge Depth (in) 0.2278 2.34860 0.097 0.924
Dwell Time (s)*Plunge Rate (ipm) 0.6187 2.34860 0.264 0.7%6
Plunge Depth (in)*Plunge Rate (ipm) -2.5548 2.3460 -1.089 0.295
S = 2.34604 PRESS = 430.254

R-Sq = 93.63% R-Sg(pred) = 64.42% R-Sg(adj) = 87.26%

Estimated Regression Coefficients for Temperature (°C)

Term Coef SE Coef T P
Constant 299.443 3.363 89.052 0.000
® (rpm) 3.811 3.070 1.241 0.235
Dwell Time (s) 33.225 3.070 10.824 0.000
Plunge Depth (in) 13.008e 3.070 4,237 0.001
Plunge Rate (ipm) -0.528 3.070 -0.172 0.866
® (rpm)*® (rpm) 1.030 5.904 0.174 0.864
Dwell Time (s)*Dwell Time (s) -7.223 5.%04 -1.223 0.241
Plunge Depth (in)*Plunge Depth (in) -0.830 5.904 -0.141 0.890
Plunge Rate (ipm)*Plunge Rate (ipm) -0.928 5.904 -0.157 0.877
@ (rpm)*Dwell Time (s) -10.767 7.519 -1.432 0.174
@ (rpm)*Plunge Depth (in) -5.203 7.512 -0.692 0.500
@ (rpm)*Plunge Rate (ipm) 10.857 7.519 1.444 0.171
Dwell Time (s)*Plunge Depth (in) -7.697 7.519 -1.024 0.323
Dwell Time (s)*Plunge Rate (ipm) 9.497 7.519 1.263 0.227
Plunge Depth (in)*Plunge Rate (ipm) -0.222 7.519 -0.030 0.977
S = 7.51894 PRESS = 4261.09

R-5q = 91.23% R-Sq(pred) = 52.78% R-Sg(adj) = 82.46%
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Spindle Torque

Contour plots of spindle torque versus the selected parameters for all of the spot welds
can be seen in FiguBd. The torque signal has been used successturligontrol

purposes and redilme quality monitoring in linear FSW [Gibson 2012, Longhurst

Pratet. It may also provide valuable insight into the FSSW process and has been
investigated in this study. The highest measured torque, 46.6 Nm, occurretbaieiste
rotation rate, 750rpm, and the lowest measured torque, 14.4 Nm, occurred at the highest
rotation rate, 1750rpm. These two welds werdbband IDUa+ respectively. By

monitoring the spindle torque and the rotation rate of the tool, it is possitédine the

weld power (watts). The equation for weld power is expressed as:

5 0 o 0 7 (53)

where F is the traverse force,Ms the traverse velocity, M is the motor torque and
the rotation rate. Due to the nature oftspelding, there is no traverse motion and
thusly, the first term oEquation5.3 can be eliminated. The observed relationship
between rotation rate and dwell time and the resultant spindle torque suggests that

creating spot welds with higher power inpwi#l result in higher joint strengths.
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Contour Plots of Spindle Torque (Nm)
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Figure61: Contour plots of spindle torqu&he label of each access can be seen in the
title of each subplot gabel * x-label)
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Similar to the shear strength study in the previrddion, a relationship relating the

selected parameters and the measured spindle torque was created. Significant values were

selected as those having p values less than 0.05 (Table 5). The resulting empirical

relationship can be expressed as:

YR QYR OO 9o & ¢ VT YBTY M & p (WD @

by

where ATO and

fi Do

ar

e

t

he

coded values

an RSq value of 0.9363 was calculatethis empirical formulation provides a

reasonble estimate of the spindle torque for the rotation rates between the extremes of

the experiment but provides an oxestimate the extremes. Alternatively the total torque

acting on the tool can be calculated analytically using EquatojEora et al.]
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O 1Y 0 p o1 Y (5.5)

where) is the slip variable (Equatidn6), R is the shoulder radius (npj,is the
coefficient of friction (Equatiors.7), Fz (N) is the axial force, angles (MPa) is the

temperature dependent shear strength of the material.

1T o @z p AP — (56)

t tzp AB — (5.7)

where¥, (130 rad/sec),,(0.1), and4, (0.25) are constants. The computatues of
torgue using Equationbare compared to the predicted values from the empirical
formulation (Equatiorb.4) and the experimental values for different rotation rates in
Figure62. The torque required during welding is predicted to be inversepoptional
to rotation rate. The analytic calculation of torque is in close agreement with the

experimentally observed values.
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Figure62: Comparison of experimental, empirical, and analytic torque values

Temperature

Contour plots of temperature vs. the selected parameters for all of the spot welds can be
seen in Figur&3. The range of recorded maximum temperatures for this study was
between 254°C and 332.1C, a difference of 7&. This is not the maximum

temperatue within the weld zone, as the interface between the tool and workpiece is
significantly hotter [Shibayanagi]. It was observed that the dwell time had the largest
effect on the measured temperature. On average, the dwell time affected the temperature

by arate of 38.9C/sec as opposed to only a 0°@rpm increase (Figusé4 and65).
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Contour Plots of Temp (°C)
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Figure63: Contour plots othe peakemperatureneasured via the thermocouples. The
label of each access can be seen in the title of each subfbe(y x-label)

As was done with the shear and torque studies, a relationship relating the selected
parameters and the measured anvil temperature watedr Significant values were
selected as those having p values less than 0.05 (Table 5). The resulting empirical

relationship can be expressed as:

YQA R QI GOl 00 & ¢O p 8 ipld (5.9

whereh DO and AP0 are the coded vraspactewady f or

For this model an F5q value of 0.9123 was calculated.
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Figure65: Temperature versus rotation rafeol contact at 7 seconds.
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Failure Analysis

During the shear strength tests, the weld pullout mode, characterized by a complete
separation of the top and bottom plate, was the only obstaiheck. The failure occurs

in the top plate along the perimeter of the weld zone (Figbil®, while the weld nugget
remains in the bottom sheet (Fig@®@a). Fortraditionalautomotive spot welding

(resistive spot welding) applications, this failurede is preferred over the interfacial

failure mode, which is characterized by a facture via crack propagation through the weld
nugget. Interfacial failure, which is associated with lower load carrying capacity, is
considered highly unsatisfactory and inblystandards are often designed to avoid its

occurrence [Chaao].

Figure66. A shear specimen exhibiting the weld pullout mode. a) The top of the bottom
plate. The weld nugget remains in the bottom plate. b) The top of tiptatepc) The
bottom of the bottom plate. d) The bottom of the top plate.
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The tested shear sample seen in Figread a nugget diameter of 0.6405 in and nugget
thickness of 0.0375 in (FiguB®6.a). The hole left in the top plate was ovoidal in shape
dueto the direction of the loading and the elongation that occurred during the shear test.
The diameter measured along the major axis is 0.6580 in and a diameter of 0.6460 in
along the minor axis. The area directly beneath the spot weld on the bottom attdne b

plate (Figures6.c) is smooth.

Macrosection Analysis

Figure67: Macrosections of spot welds. Hold parameters: 2 sec dwell, 0.006 in plunge
depth, 0.5 ipm plunge rate. a) 750 rpm b) 1000 rpm c) 1250 rpm d) 1500 rpm €) 1750
rpm
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For macrosection analysis, five spot welds were created to visualize the effect rotation
rate has on weld quality. The macrosections were prepared by taking a cross cut along the
maximum diameter of each spot weld. The samples were then polishedzeul wsing
Kel |l erds r e®d®&mitHNQIAS mimHCI, &d 1.0 mL HF). The plunge
rate (0.5 ipm), plunge depth (0.006 in) and dwell time (2 sec) were held constant during
these welds and rotation rates of 750, 1000, 1250, 1500 and 1750 rposerémages
of the macrosections of the five spot welds can be seen in Bguleint line remnants
(JLR) can be seen in each of the spot welds and are formations of oxide bands. The
presence of JLR does not affect the mechanical properties of th@<dueddr]. As the
rotation rate increases, it can be seen that the joint line moves upward into the top plate
and additional bands can be seen. These bands also become more pronounced as the
rotation rate increases. The stir zone was observed to have a uniguh bar d | e
mustacheodo shape as the materi al I's observe
shoulder toward the center of the tool. The material then moves downward and back
toward the outer edge of the weld zone as fresh material is brought ifiagayclical
movement of material may be the cause for the formation of the observed bands. Directly
beneath the center of the tool less material movement is observed @Higyras a result
of the lower local angular velocity and lower temperatures.

The appearance of expelled weld material, or flash, is less severe than for other
tool geometries present in the literature. The extra surface area of the shoulder, the
portion that is not plunged beneath the surface of the workpiece, is able to limit the

formation of weld flash and at low rotation rates, completely eliminate it (F&jlasb).
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At high rotation rates, a hooking defect was observed along both sides of the

macrosection. This defect is known to be detrimental to the strength of the weld.

Numerical Simulation
A 2-dimensional axisymmetric transient numerical simulation of the pinless FSSW
process was created using the COMSOL computational fluid dynamic (CFD) software
package. COMSOL is used to create the workpiece geometry and mesh, aridrta p
the simulation. The workpiece is modeled as a solid disc measuring 0.080 inches thick by
1.4 inches in diameter. The FSSW toohtact with the workpieds modeled as a heat
flux boundary condition; it was not physically modeled to improve compuatéitme.
The effective diameter of the tool (length of the boundary is 0.2 inches) was 0.4 inches.
The geometry of the model, the mesh, and the thermal boundary conditions can be seen
in Figure68. The heat flux across the tool/workpiece boundary wastadjuo be at its
maximum value at the edge of the tool and a minimum value at the center of the tool. The
mesh for the workpiece contained 6990 triangular elements, 851 quadrilateral elements,
368 edge elements, and 8 vertex elements. The simulationewiasnped in two parts: 1)
a solution of the transient thermal model was obtained and 2) the resultant material flow

field was computed.
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Figure68: Geometry mesh fdFSSW simulation

The heat generated (q) during welding is estimated by the weld power method using the
analytic expression of weld torque (Equati&® and 55.) The heat input is set equal to

zero if the temperature of the workpiece exceeds its melting temperaturdidebevthe

thermal model the results are compared to experimental temperature measurements of a
weld with a 6 second dwell period and are found to be in good agreement with each
other. The temperature values presented in Fi§@rare taken at a point loead at the

bottom center (r = 0, Z = 0) of the workpiece. The development of the temperature field
within the workpiece is shown in Figui. This temperature data will be used for the

material flow simulation.
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Figure69: Maximum temperature value at a point located at the bettmer of the
workpiece during welding (1250 RPM, 6 Sec Dwell) for experimentdsuremerdand
thevalues predicted by simulation.
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Figure70: Developmenbf temperaturdield within the workpiece during an FSSW spot
weld. 1250 rpm, 4 sec dwellemperatures are reported in K. Thexys has units of10
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When modeling the FSSW/FSW process using CFD it is a common practice to define a
weld material viscosity. The weld material viscosity is defined using the Carreau

Viscosity model (EquatioB.9).
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P I_ Qo (5.9

wherea-is the time constant, m is the power law index for the-Newtonian fluid] is

the shear straimate, T is the reference temperature, adandpp are the zero and

infinite shear viscosities. Atharifar et al. estimate the parameters of Ey&a&ior Al

6061 as>= 10, m = 0.2]To = 300 K, o = 1E8 nf/s andup = O nf/s. This viscosity model

is defined throughout the workpiece in the simulation. Temperature dependent functions
(interpolation) of density, thermal conductivity, and specific nese used and

implemented in COMSOL using the values in Table 6. The rotation rate of the spot
welding tool was set by specifying a velocity profile along the interface between the tool

and workpiece.

Table7: Temperaturelependent material properties

Material Properties (Al 6061) Temperature

293K 1073K
Density (kg/n) 2705 2372
Thermal Conductivity (W/mK) 195 92
Specific Heat (J/kgK 870 1170
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Velocity magnitude (m/s)

x10™ ¢ ! ! ! 1 A0.3748

0.3748

>0 0.3556

0.3363

40 0.3171

0.2979

z 30 0.2787

o 0.2595

2 20 0.2402

X 0.221

g 10 0.2018

s ol i 0.1826

) 0.1634
(1]

T 0.1441

10 ] 0.1249

0.1057

-20 0.0865

0.0673

-30 0.048

'40 C | 1 1 1 | | | | | Olgggg

0 0.002 0.004 0.006 0.008 0.01 0.012  0.014 8
Distance from Center of Workpiece (m) Yo

Figure71: Cross section view of velocitmagnitude contour from CFD modfelr a tool
rotation speed of 750 RPM
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Figure72 Cross section view of velocity magnitude contour from CFD model for a tool
rotation speed of 1250 RPM
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Velocity magnitude (m/s)
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Figure73: Crosssection view of velocity magnitude contour from CFD model for a tool

rotation speed of 1750 RPM

The resulting material velocity contours for 750, 1250, and B30 can be seen in
Figures 7173. The cross sections are taken at 3.5 seconds of a 4 secelhgltage. The
majority of the weld zone can be seen to rotate at a significantly slower rate;
approximately 2.4% that of the tool 6s
weld zone is not observed to have a strong dependence on rotatidiheatelocity
profile predicts that, for each rotation rate, the weld zone will fully penetrate into the

bottom sheet.
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Figure74: Regression graphs for a) Shear failure load b) Torque c) Temperature

The results of the empirical relationships for shear failure load, spindle torque and
temperature were plotted against their respective experimentally measured values (Figure
74). When compared to the experimentally obtained values, the empirical rdigigns
tended to overestimate, but they did capture the observed trends.

A maximum joint strength of 400.2 kgf was measured for weltds750 rpm). The

lowest joint strength of 211.6 kgf was measured for weld ID abcd (1500 rpm). Weld ID
Ua+ (1750 rpm) haha joint strength of 231.4 kgf, only slightly stronger than that of the
weakest weld. Rotation rate and plunge depth had the largest effect on the strength of the
spot weld.The plunge depth effectively controls how much of the tool area is in contact
with the weldment during welding. Larger tool areas result in large weld zones which can
support more loading.

The relationship between shear strength and rotation rate is dominant. However,
for the discussion of FSSW it is more convenient to consider the number of tool rotations

during welding instead of the conventional means of a rotation rate and dwell time e.g
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83.3 tool rotations = 1250 RPM with 4 seconds of dwell. In this study spot welds are

made with as few as 42 and as many as 125 tool rotations. As previously stated, the

results of the CFD model predict that the rotation rate of the weld zone to beh24éb t

the tool ds rotation rate.
42 RPM depending on the selected tool rotation rate. The strength of the spot welds is

plotted versus the number of rotations the weld zone makes dueinglithin Figure 75
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Figure75: Strength of the spot welds vs. the number of rotations made by the weld zone

during the weld.

The maximum joint strength occurred when the weld zone com@etezb rotations

(750 RPM, 4 sec dwil The spot welds that did not complete a single rotation were
significantly weaker as were the welds that completed more than 1.5 rotations. Reducing

the cycle time of the process may be achieved by increasing the rotation rate and
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shortening the dwelime. This may have an additional benefit in that higher tool rotation
rates required less power during welding.

For robotic applications of FSSW, it is beneficial to reduce the torque load on the
spindle motor, as it will reduce the compliancy in the rbatks, as well as reduce the
overall size and cost of the robotic manipulator. Rotation rate and dwell time had the
largest effect on spindle torque. Using the empirical relationship obtained from the
experiment, a parameter set was chosen (1750 rget, @well) such that it would
minimize the spindle torque. The predicted value for spindle torque is 11.1 Nm and the
experimentally measured spindle torque was 6.8 Asrstated, the spindle torque is
indicative of weld quality; higher values of spindledioe aregenerally associated with
higher joint strengthHowever, by reducing the dwell time it may be possible to recover
the loss in joint strength observed at the higher tool rotation rates.

Despite the large window of operating parameters a relgtinggfow window of
temperatures were measured during welding. Dwell time and plunge depth were found to
have the largest effect on temperature. For spot welds made with a 2 second dwell time
and 0.008 in plunge depth a temperature of€38as predicted eopared to the
experimentally measured value of 2429

The heat generated during FSSW is dictated by the contact area of the tool
interface (plunge depth), rotation rate and dwell time. This relationship suggests that spot
weld qualityis strongly tied © the heat generated during the spot welding process. Welds

created with high heat input, through combinations of high rotation rates, long dwell

ti mes and | arge plunge depths, are gener al

parameters.

125



As in previous work, hooking defects were found in the spot welds created at
1250, 1500 and 1750 rpm (Figw@c-e). The hooking defect is an4monded region. It
is detrimental to the quality of the weld due to the fact that it reduces the effective sheet
thicknes s, which can reduce the spot wel dbés ab
was not found to be present in the spot welds created at lower rotation rates. The
occurrence of this defect may be related to the heat input generated at higher rotation
rates It may be possible to reduce the severity of this defect at higher rotation rates by
welding at much shorter dwell times (< 1 sec).

The plunge rate was not observed to have a significant effect on the spot welding
process. This observation may appedrdon disagreement with the published
understanding of the spot welding process for tools with pins. Karthikeyan reported that
shear strength had a strong dependence on the plunge rate. However this observation does
not contradict the results of this syudvhen compared to a pinless tool, more time is
required to plunge a tool with a pin into the workpiece. The additional heating incurred
by this step of the process could account for the reported dependence on plunge rate.

The axial force was monitored ging each of the spot welds, but was not
observed to have a significant relationship with any of the selected parameters. An
average axial load of 94.0.46 kN was calculated for this study. Force control (axial) is
a standard control method for FSW, may not be asdicativeof quality for spot

welding asother response signals may be.
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Conclusions

The pinless spot welding tool was able to successfully create high strength joints
in thin aluminum plate without leaving a keyhole. The effects that rotation rate, dwell
time, plunge depth and plunge rate have on the FSSW process when using a pinless tool
have been investigated. The tool plunge depth was identified as a significant parameter
for optimizing joint strength. Although plunge depth was significant, the tool rotation rate
and dwell time were found to have the largest impact on the welding prtmeely
dominating the resulting strengths of the welds and the spindle torque experienced during
welding. Welds that were created using lower rotation rates and shorter dwell times
resulted in welds that were significantly stronger than those cred@tetligher rotation
rates and/or longer dwell times. The hooking defect was observed only in the welds
created at higher rotation rates. Heat generated during the spot weld process may play a
vital role in joint qual i ingtionslaasl towedectleen g a't
and mechanically stronger spot wel@ike CFD model was able to successfully predict
the temperature within the weld zone during welding. The model also suggests that the
strength of the weld is highest when the weld zone cet@pll.25 rotations. Excessive
weld zone rotations were identified as a possible explanation for poor joint strengths at

higher rotation rates.
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CHAPTER VI

A METHOD FOR DOUBLESIDED FRICTION STIR SPOT WELDING

Chase D. Cox, Brian T. Gibson, Alvin MBtrauss, George E. CaolAiMethod for
Double Sided Friction Stir Spot Weldiglournal of Manufacturing Processes,
Accepted, 2013.

Abstract
A rotating anvil similar to a pinless friction stir welding (FSW) tool can be applied to
friction stir spot weldng (FSSW) of thin metal plates. FSSW is a solid state joining
process that is currently being used by automotive manufacturers as an alternative to
rivets and traditional resistance spot welding. The principal detractor of this process is the
keyhole leftby pin extraction, which can be detrimental to the weld strength. A pinless
tool can be used to eliminate the keyhole. However, this approach is limited to joining
thin sheet (< 1 mm). A rotating anvil with the pinless FSSW process permits the joining
of thicker cross sections, decreases the cycle time and reduces the reaction forces and
torgues acting on the spot welding frame. The use of a rotating anvil for FSSW is
currently not presented in the literature and it is the objective of this work to sisttiai
ideal conditions for creating mechanically sound spot welds. Tensile shear tests,
macrosection analysis and a numerical model of the process are used to evaluate the spot

welds.

Macrosection and numerical analysis reveals that the material flow between the

pinless tool and rotating anvil is complex and unique to this process. It has been found
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that the use of a rotating anvil for FSSW is a viable means to repeatably create quality

spot welds in thicker weldements.

Introduction

Automotive manufacturers are facing challenging issues related to creating light
weight automobiles in an effort to improve fuel economy (Fig@e One approach to
reducing the weight of their vehiclestesuse lighter materials in the design of the
structure e.g. aluminum in place of steel. However traditional joining processes such as
resistive spot welding are difficult to implement on metals like aluminum due to their
higher thermal conductivity. Whalthese metals can be joined with alternative processes
such as rivets the use of mechanical fasteners adds to the overall complexity, weight and

cost of the manufactured produbti§hrg|.
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Figure76: Dependence of ga®nsumption on the weight of an automobile [Prangnell]

FSSW is a solid state joining process derived from friction stir welding (FSW). In

FSSW, the spot weld is created by plunging a rotating tool into the weldment, dwelling
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for a period of time, and theetracting the tool. The spot weld is formed by severely
plastically deforming the metal in the immediate vicinity of the tool. The amount of heat
generated in the weld zone depends on rotation rate, tool penetration depth, and dwell
time [Lathaba). Theuse of FSSW presents several key advantages over conventional
spot welding processes in joining these hgletight aluminum alloys: higher joint
strengths, grain refinement within the weld zone and reduced production costs
[Badarinarayah

One identified dawback of this process is that the welding tool leaves a keyhole
(the size of its dynamic volume) in the spot weld during retraction that requires removal
via either posprocessing or costly, highly specialized tool design (FigiyeOn such
method ighe refill FSSW process developed by GKSS in 2003. In refill FSSW, a
purposebuilt machine is used to create a spot weld without a keyhole that is nominally
flush with the original workpiece surface. This is accomplished by actuating the three
components fothe system, a clamp ring, shoulder, and pin, independently during
welding. The process begins with the clamp firmly holding the weldment in place. The
rotating shoulder then makes contact (the probe at this point is completely retracted) and
begins to hat the workpiece. Once the temperature of the workpiece is suffiorent
welding the probe is extended into the workpiece. As the probe penetrates the workpiece,
the shoulder retracts enough to create a reservoir that will allow for the material displaced
by the probe to be contained. When the probe retracts the shoulder is loaeked b
toward the workpiecdprcingthe expelled material back into the weld zone, filling the
keyhole. The weld is completed when the pin is completely retracted back into the

shoulder. Alternatively, pinless tool designs have been identified in the tileeaas a
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low-cost alternative in this situatigmozaki, Bakavos|However, the pinless tool design

is limited by the thickness of the weldment in which it can create a spot weld of good

quality ©1 mm).
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Figure77: The Frttion Stir Spot Welding Process:@: represents the traditional FSSW
process using a tool with a pin. The resulting keyhole defect is illustxEdrepresents
the FSSW process using a pinless tool. The lack of the keyhole defect is illustrated

It is commonplace in the FSW community to utilize a dotditked tool design for

welding. The inclusion of a pin on these dousilded welding tools may have prevented

this application from being implemented for spot welding. Using a pinless tool in a
doublesided welding configuration may present a means to increase the thickness of the

weldment used in FSSW. Traditionally in FSSW, the anvil (Figure 1) is used to support
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the massive forging loads incurred during welding. For the proposed exndbtespot
welding method (Rotating Anvil for Friction Stir Spot Welding) the anvil will be rotated

during welding.

In this study a computational fluid dynamic (CFD) model is created to test the
effects the use of a rotating anvil in FSSW may have on the process wheg jbioker
weldments. A rotating anvil is designed, implemented and evaluated on the FSSW
machine located in the Vanderbilt University Welding Automation Laboratory

(VUWAL). The results of the CFD model and experimental tests are presented.

NumericalModel

Design

A 2-dimensionabxisymmetriccomputational fluid dynamic model was created to
simulate the RAFSSW procegsing COMSOL. Two workpieces of different thicknesses
are considered in two separate simulations; a 2 mm thick solid disc with a radius of 14
mm and a 4 mm thick solid disc with a radius of 28 mm. The workpieces in the
simulations represent 1 mm and 2 rtinitk plates in a lap joint configuration. In Figure
2 it can be seen that contact condition between the tool and rotation anvil are simulated to
be plunged 0.13 mm beneath the top and bottom surfaces of the worKjhiece.
simulationis performed in twasuccessive steps. A transient thermal model is created to
simulate the temperatures within the workpiece during weldingtdrnperature
dependent material flow field is then computed for a specified instance in time. For

simplicity, material deformation assiated with plunging the welding tool into the
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workpiece is not considered. Additionally, the workpiece is restricted from arof-out

plane deformation and the model will not account the formation of weld flash, hooking
defects or lack of bonding. The reaal simulation will be used in this application to

better understand the flow characteristics within the stir zone during FSSW when using a

pinless tool.

Thermal Model

The FSSW tooand rotating anviaremodeled as a heat flux boundary conditionboth
thermal simulationghey arenot physically modeleth order toimprove computation

time. The effective diameter of the tool (length of the boundasynisn) is 10 mm The

heat flux across the tool/workpieaad rotating anvil/workpieckeoundary wasa@justed

to be at its maximum value at the edge of the tool and a minimum value at the center of
the tool.The power input into the weld can be determined using the rotational speed of

the tool and the weld torqEquation 6.1)

P=M=*w (6.1)

where P is the weld power (watts), M i s th
t ool 6s angul akhandkarlPelcA rdatayiond| nata af @08 RPM jwas used

for both the welthg tool and rotating anvilA previously obtaine@&xperimental torque

(singlesided FSSWyalue of 27.8 Nm (obtained using 1000 RPM, 3 sec dvgali3ed,

resulting in acalculatech e at i nput o bothihe Re®idgtoovandtrdtasng f o r

anvil. The heat input was distributed across the weld interface between the welding tool
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and workpiece as well as the boundary between the rotating anvil and workpiece by
applying the heat locally in proportion to the localgantial velocity.The initial

workpiece temperature before welding is set to be®B93he heat input along the
tool/workpiece and rotating anvil/workpiece boundaries is initially set to zero. During the
first 0.5 seconds of the simulation the heat inpuicreased to the specified value. Some
percentage of the heat generated during welding is lost to the FSSW tool and the
surrounding environment during welding. Experimental observation reports that 90% of

the total heat generated is transferred toatbekpiece [Nandan].

The otherhermal boundary conditions are defined®@sV/(m’K) for exposed
surfaces and 50 W/(i) for metatmetal contact. An emissivity of 0.2 was applied for
thealuminumworkpiecesurfacesThe volumetric mesh of the mm thickworkpiece
consisted of 6891 triangular elements, 856 quadrilateral elements, 469 edge elements and
10 vertex elements. The volumetric mesh of the 2 mm thakpiececonsisted of 7110
triangular elements, 856 quadrilateral elements, 470 edge elements\arteX0
elements. The thermal boundary conditions as well as the mesh used for the workpiece in

the simulation can be seen in Figure 78.
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Figure78: Thermal boundary conditions and mesh used for the workpiece in the FSSW
simulation.
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Figure79: Temperature field within the workpiece during FSSW with a rotating anvil for
1 mm and 2 mm thick workpieces. Temperatures are reported in °K.
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