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ABSTRACT 
 
 

Friction stir welding has been shown by previous investigators to have many advantages 

over traditional metal joining practices.  Friction stir lap welds and friction stir spot welds have 

been shown to be stronger than rivets when joining materials of the same thickness.  

Substructures containing continuous lap welded joints have demonstrated increased load carrying 

capabilities over their riveted counterparts.  In full-scale structures, however, continuous welds 

are not always an option.  Welds may be interrupted by fixturing limitations, tooling restrictions, 

or stiffening members that cross the weld path.  In these situations, a discontinuous lap weld 

would be necessary.  The principal problem with a discontinuous weld is that the tool plunge and 

exit locations cannot be eliminated with a run-off tab, as in continuous welded structures.  These 

plunge and exit locations are then subjected to operational loads.  In fatigue applications, it has 

been demonstrated that cracks will initiate in the exit hole of a discontinuous weld.  The purpose 

of this study was to investigate techniques to terminate a lap weld without compromising the 

structure by leaving an unprotected exit hole. 
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CHAPTER 1 

INTRODUCTION 
 
 

Friction stir welding (FSW) was patented by The Welding Institute in Cambridge, 

England, in 1991 [1].  FSW is an innovative solid state process that makes use of a specially 

designed, non-consumable spinning probe to create a metallurgical bond between two 

components.  This process can be used to join a wide variety of metals. 

Industrial applications of FSW have begun.  As the technology continues to mature, it 

should find further acceptance in current fields as well as expand into other industries that do not 

currently use this process. 

Eclipse Aviation (now Eclipse Aerospace) is one of the pioneers of the industrial use of 

FSW.  Figure 1 contains a photograph of the Eclipse 500, a very light jet, which is constructed 

using FSW on many primary and secondary structures [2].  Eclipse Aviation uses lap welds 

through surface coatings and sealants for a majority of their applications.  The Eclipse 500 

received full FAA Type Certificate on September 30, 2006, and as of June 2009, 260 aircraft 

have been delivered [3]. 

 

Figure 1: Eclipse 500 [4]. 
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The National Aeronautics and Space Administration (NASA), via Lockheed Martin and 

Boeing, also has production articles that utilize FSW.  Using this process, Lockheed Martin 

produces the external tank of the space shuttle, shown in Figure 2 [5].  The Boeing Company 

also uses FSW to produce the Delta II and Delta IV expendable launch vehicles [6], illustrated in 

Figure 3. 

 

Figure 2: External Tank of Space Shuttle [7]. 
 

 

Figure 3: Delta II [8] and Delta IV Expendable Launch Vehicles [9]. 



3 

Lockheed Martin also plans to use FSW on the new Constellation program [10], with 

friction stir welds planned on the Orion crew exploration vehicle (CEV), shown in Figure 4, as 

well as the Ares I crew launch vehicle and Ares V cargo launch vehicle, shown in Figure 5. 

 

Figure 4: Orion Crew Exploration Vehicle (CEV) [11]. 

 

 

Figure 5:  Ares I Crew Launch Vehicle and Ares V Cargo Launch Vehicle [12]. 
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Friction stir welding is also used in marine, automotive, and rail applications [13, 14, 15].  

Examples of this process in these industries are the U.S. Navy’s new Littoral Combat Ship, 

Figure 6; Fundo high-performance wheels, Figure 7; and the Hitachi A-train, Figure 8. 

 
 

Figure 6: Littoral Combat Ship [16]. 
 

 
 

Figure 7: Fundo High-Performance Wheel [14]. 
 

 
 

Figure 8: Hitachi A-Train [15]. 
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1.1 Basic Forms of Friction Stir Welded Joints 

Friction stir welds can be created in a variety of joint geometries, the most common of 

which are butt and lap joints.  The basic structure of the welded region remains largely the same, 

with only slight differences based on joint type.  Several common defects can be found in each 

joint type.  The advantages that FSW offers over other joining methods make it useful in a wide 

variety of industries. 

1.1.1 Friction Stir Butt Welds 

The basic friction stir welded butt joint, shown schematically in Figure 9, can be created 

by joining two work pieces of similar thickness.  The two work pieces can be similar or 

dissimilar metals [17]. 

Work Piece 1 Work Piece 2
Weld 
JointWork Piece 1 Work Piece 2
Weld 
Joint

 

Figure 9: Typical Friction Stir Welded Butt Joint. 

The weld joint is created by spinning a tool designed for friction stir welding such as the 

one illustrated in Figure 10.  At the start of the weld, the tool is driven into the seam between the 

two work pieces.  Then the tool is moved along the seam, forming a metallurgical bond between 

the two materials, which is shown schematically by the ‘Weld Joint’ portion of Figure 9, and in 

more detail in Figure 11.   

 

Figure 10: Generic FSW Tool. 



6 

 

 

Figure 11:  Typical FSW Butt Joint Weld Process [18]. 

The spinning and translating motion of the tool extrudes material around the pin, mixing 

the material of the two work pieces, as shown in Figure 12.  The action of the tool serves to 

break up the oxide on the faying surface between the two pieces, allowing the metal from both 

pieces to mix and form a joint comprised of both alloys.  In joints between dissimilar metals, a 

distinct interface between the two materials is often observed under metallographic examination.  

Complete mixing is neither typically achieved nor required for the process to produce a sound 

joint.  The shoulder of the pin tool provides a forging force behind the tool, which forges the 

recently mixed materials into a fully consolidated weld joint [19].   

 

Figure 12: FSW Processing Zones [20]. 
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The friction stir welding process creates a non-symmetrical weld joint.  As shown in 

Figure 13, the parent material, which is unaffected by the welding process, is represented in Zone 

A.  Zone B is often referred to as the heat affected zone (HAZ).  During the welding process, the 

HAZ reaches temperatures that can alter its microstructure and mechanical properties, but does 

not undergo any mechanical deformation.  The HAZ would typically have mechanical properties 

similar to the parent material in an overaged condition.  The thermo-mechanically affected zone 

(TMAZ) is represented in Zone C of Figure 13.  TMAZ undergoes plastic deformation and is 

subjected to elevated temperatures during the welding process.  Zone D is the stir zone, which is 

the portion of the joint that has undergone the most drastic transformation.  The material in this 

zone is extruded around the pin, breaking down the structure of the material of the work piece, 

creating an altered grain structure in the stir zone [21, 20]. 

Advancing SideRetreating Side Advancing SideRetreating Side

 

Figure 13:  Typical Friction Stir Weld Cross Section [18]. 

The advancing side of the weld is created when the tool translation direction and the tool 

rotation direction are aligned, as shown in Figure 11 and Figure 13.  The advancing side of the 

weld joint usually creates a more “crisp” transition between the TMAZ and the HAZ.  On the 

retreating side of the weld, the rotation direction and tool travel direction are opposite each other.  

Both sides of the weld interface have distinct metallurgical and mechanical properties [18]. 

Some common defects associated with butt welds are lack of penetration, wormholes, and 

surface lack of fill [22].  Lack of penetration is identified by a weld joint that does not reach 

through the full thickness of the plates being welded, as shown schematically in Figure 14.  The 
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lack of penetration defect is typically caused by using a pin tool that is too short for the thickness 

of pieces being welded.  Other factors may also contribute, including lack of proper cleaning and 

a high tool advance per revolution ratio (as found in “cold” welds). 

Work Piece 1 Work Piece 2
Weld 
Joint

Lack of Penetration

Work Piece 1 Work Piece 2
Weld 
Joint

Lack of Penetration  

Figure 14: Lack of Penetration Defect in FSW Cross Section. 

A wormhole is another common defect associated with FSW butt joints.  A wormhole is a 

small void inside the weld joint that typically forms on the advancing side of the joint.  An 

illustration of the wormhole defect is shown in Figure 15.  Any number of factors can cause a 

wormhole, such as too high rotation speed, too low rotation speed, and insufficient forge force, 

among others [23, 24]. 

Work Piece 1 Work Piece 2
Weld 
Joint

Wormhole

Work Piece 1 Work Piece 2
Weld 
Joint

Wormhole  

Figure 15:  Wormhole Defect in FSW Cross Section. 

The surface lack of fill defect is very similar to the wormhole defect.  This type of defect 

is a wormhole that forms at the surface of the weld joint, as illustrated in Figure 16.  A wormhole 

and surface lack of fill are typically caused by the same factors. 

Work Piece 1 Work Piece 2
Weld 
Joint

Surface Lack of Fill

Work Piece 1 Work Piece 2
Weld 
Joint

Surface Lack of Fill

 

Figure 16: Surface Lack of Fill Defect in FSW Cross Section. 
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1.1.2 Friction Stir Lap Welds 

Friction stir lap welding is similar to butt welding.  The lap weld joint is created by 

overlapping the two plates to be joined rather than aligning their edges.  This configuration is 

illustrated in Figure 17.  The plates of a butt joint are typically the same thickness, whereas 

plates of dissimilar thickness can be readily friction stir welded in the lap joint configuration. 

Work Piece 1

Work Piece 2

Weld 
Joint

Work Piece 1

Work Piece 2

Weld 
Joint

 
 

Figure 17: FSW Lap Joint Cross Section. 
 

The lap joint configuration eliminates the lack of penetration defect but is still susceptible 

to wormhole and surface lack of fill defects.  However, the lap joint configuration is subject to 

different kinds of weld artifacts: cold lap and hooking/thinning.  Cold lap is not necessarily 

considered a defect because in certain loading conditions it does not influence weld performance.  

Cold lap occurs when the oxide layer between the two joined plates is not fully broken up, thus 

leaving an area of unmixed, and thereby unjoined, material in the weld joint, as shown 

schematically in Figure 18. 

Weld 
Joint

Retreating 
side

Advancing 
side

Cold Lap

Weld 
Joint

Retreating 
side

Advancing 
side

Cold Lap  
 

Figure 18: Cold Lap Shown Schematically in FSW Lap Weld. 
 

Hooking and thinning are also considered weld artifacts, and not necessarily defects, 

because in certain joint configurations these effects can be desirable.  Hooking and thinning are 

caused when the pin tool induces a vertical flow during the welding process.  Only the upward 
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flow of this artifact is shown schematically in Figure 19, but hooking and thinning can also form 

in the downward direction.  The vertical motion of the material can force the interface upward or 

downward, reducing the effective thickness of the affected sheet.  Hooking typically forms on 

the advancing side of the weld joint and outside of the nugget.  Thinning typically occurs on the 

retreating side, inside the nugget.  Again, only the upward flow of the interface is illustrated in 

Figure 19, but the material can also flow downward. [25]. 

Weld 
Joint Weld 

Joint
Retreating 

side
Advancing 

side
Retreating 

side
Advancing 

side

Sheet Thinning Hooking

Weld 
Joint Weld 

Joint
Retreating 

side
Advancing 

side
Retreating 

side
Advancing 

side

Sheet Thinning Hooking

Effective thickness of 
upper sheet has been 
reduced

Weld 
Joint Weld 

Joint
Retreating 

side
Advancing 

side
Retreating 

side
Advancing 

side

Sheet Thinning Hooking

Weld 
Joint Weld 

Joint
Retreating 

side
Advancing 

side
Retreating 

side
Advancing 

side

Sheet Thinning Hooking

Effective thickness of 
upper sheet has been 
reduced

Weld 
Joint Weld 

Joint
Retreating 

side
Advancing 

side
Retreating 

side
Advancing 

side

Sheet Thinning Hooking

Weld 
Joint Weld 

Joint
Retreating 

side
Advancing 

side
Retreating 

side
Advancing 

side

Sheet Thinning Hooking

Effective thickness of 
upper sheet has been 
reduced

 
 

Figure 19:  Hooking/Thinning Shown Schematically in FSW Lap Weld. 
 
1.2 Friction Stir Weld Fatigue Experiments 

Burford et al. [26] investigated the effects of swept spot welds and continuous lap welds 

on the crack growth rates of a 0.040-inch thick 2024-T3 aluminum sheet with a 0.040-inch thick 

7075-T6 strap (simulated stiffener) welded to it.  They compared the performance of FSW lap 

welds and friction stir spot welds (FSSWs) to riveted coupons of similar geometry and pristine 

2024-T3 panels with no welded stiffener.  Their study demonstrated that FSW lap weld coupons 

and FSSW coupons, with the welded strap perpendicular to the loading direction, had an 

increased fatigue life over both the pristine and riveted panels.  Burford et al. noted that when the 

initial flaw was located in the weld region, the crack would grow away from the weld line and 

into the parent material.  The crack would grow much slower than the parent material crack 

growth rate while it was transitioning from the welded region to the parent material region.  

Once the crack tip had grown from the welded region and entered the parent material, it would 

then grow at a rate comparable to the parent material. 
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Barnes et al. [22] investigated the effects of defects on fatigue results of 7075-T6 butt 

welded specimens.  In their study, a 7075-T6 aluminum sheet was friction stir welded to 7075-

T6 extrusions.  All welds were post-weld artificially aged to a –T76 temper.  Two thickness sets 

were used in this study: a 0.050-inch sheet was welded to 0.050-inch extrusions, and a 0.125-

inch sheet was welded to 0.125-inch extrusions.  Barnes et al. investigated one welding defect—

lack of penetration; two setup defects—excessive gap and excessive mismatch; one metallurgical 

difference; and tool wear.  Lack of penetration welds were made with pin lengths of 10% and 

30% of the optimal pin length, as defined in this study.  They defined excessive gap as the 

distance between the two sheets being welded; ideally, there is no gap between the two 

weldments.  They defined mismatch as the difference in thickness between the two welded 

pieces.  Traditionally in butt-welded joints, the thicknesses of the two plates to be welded are 

identical.  The metallurgical difference investigated by Barnes et al. related to the amount of re-

crystallized grains found on the extrusion to be welded.  The control welds were made with 

extrusions with more re-crystallized grains than the “Minus ReX” coupon.  The tool wear 

coupons were welded after the tool experienced sufficient use to erode the pin tool threads to half 

of the original depth.  The coupons were tested at a variety of stress levels.  Only the coupon 

with 30% lack of penetration was found to be statistically different than the optimal coupons, 

having a lower fatigue life than all other coupons tested.  The excessive gap, excessive 

mismatch, re-crystallized grains and tool wear differences investigated in this study had no 

conclusive effects on the welded coupons. 

Many other authors have investigated FSW coupons in a fatigue environment, all with 

results similar to those of Burford [26] and Barnes [22].  Of all the papers surveyed, only 

Christner [27] tested weld joints that were not perpendicular to the loading direction.  In 



12 

addition, of all the papers surveyed, only Christener tested coupons that contained both the 

plunge and exit locations of the weld.  In this study, the plunge and exit potions of the weld were 

not included until the final phase of the study, when panels were subjected to a pressure test.  

Here 7xxx stiffeners were welded onto 2xxx sheets.  Both the stiffeners and the sheets had a 

corrosion coating, and the lap welds were made through a corrosion inhibiting sealant.  Some 

panels were tested with initial electrical discharge machining (EDM) flaws, and others were 

tested without.  In cases where the initial flaws were in the weld region, the crack would grow 

out of the weld region and into the parent material, similar to the findings of Burford et al. [26].  

In one case where there was no initial flaw, a naturally occurring flaw was detected at 371,000 

cycles.  No mention was made of where the fatigue crack initiated.   

From the results of these studies it would be reasonable to conclude that a defect free lap 

weld will have superior crack growth rate properties when compared to the parent metal.  If a 

crack were to appear in a welded structure, it would grow in the parent material, not in the weld 

region. 

1.3 Background 

Prior to investigating the effect of exit strategies for discontinuous FSW, much work was 

done to characterize the performance of discontinuous welded lap joints.  Since the results of 

much of this work have not been published, they will be presented here to provide insight into 

the value of developing a discontinuous weld exit strategy.   

Discontinuous friction stir lap welded coupons were tested under both static and fatigue 

conditions.  The static performance of these joints was found to be equal to or greater than an 

equivalent riveted joint.  Fatigue properties of discontinuous lap welded coupons, when the weld 

was perpendicular to the loading direction, were also shown to exceed those of an equivalent 
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riveted joint.  When the loading direction was parallel to the welded joint, the exit hole of the 

discontinuous weld was revealed to be the critical link to weld joint performance.  It was 

hypothesized that improving this region of the weld could greatly improve the fatigue 

performance of discontinuous friction stir lap welded specimens.  Consequently, it became 

apparent that a new method of terminating a discontinuous lap weld was necessary.   

1.3.1 Static Tests of Discontinuous Friction Stir Lap Welded Stiffened Panels 

All static mechanical testing was performed on a 55-kip load frame.  The configuration 

for the static test panels was based on work done by Burford et al. [26] while investigating 

continuous friction stir lap welds and friction stir spot welds.   

An ARAMIS photogrammetry system [28] was used in the static tests to capture the in-

plane strains and out-of-plane displacements.  This data was used to determine the effect of a 

discontinuous weld on the overall stress distribution of the stiffened panels.  A total of eight 

stiffened panels were tested: four panels had two welds, shown as Panel A in Figure 20, and the 

other four had three welds, shown as Panel B of Figure 20.  The coupons were 9 inches wide and 

24 inches long when welded. After welding, 0.50-inch was machined off each longitudinal edge, 

leaving an 8-inch wide coupon.  The length between grips of the load frame was 16 inches.  The 

dashed lines in Figure 20 represent the as-welded geometry, and the solid lines show the as-

tested dimensions. 

The specimens were machined such that the grain direction was perpendicular to the 

loading axis.  Doublers were attached to the grip edges in order to develop sufficient bearing 

strength to prevent the specimen from failing in the grip region.  The test matrices shown in 

Table 1 and Table 2 were followed.  The panels were loaded under uniform displacement at a 

rate of 0.1 in/min, transverse to the weld direction, until ultimate failure of the specimen.  
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Photogrammetry data was recorded at 500-pound intervals until a load of 18.5 kip was reached; 

then data was recorded at 250-pound intervals in an effort to collect more data near the instant of 

failure.  Figure 21 contains a photograph of the backside of a panel, the side prepared for the 

photogrammetry system, installed in the load frame. 

 

Figure 20:  Static Test Panels: (A) Two-Weld Configuration and (B) Three-Weld Configuration. 

Table 1:  Two-Weld Test Matrix 
 

Gap (%) Gap Length (in) Weld Length (in) 
12.5 1.00 4.00 
20.5 1.64 3.68 
30.0 2.40 3.30 
37.5 3.00 3.00 

 
Table 2:  Three-Weld Text Matrix 

 
Gap (%) Gap Length (in) Weld Length (in) 

25.0 1.00 2.33 
41.0 1.64 1.91 
60.0 2.40 1.40 
75.0 3.00 1.00 
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Figure 21:  Static Panel Test Installed in Load Frame. 
 

Figure 22 contains photogrammetry images of the measured strain fields for specimens of 

the two test matrices at an applied load of 18.5 kip.  In each photograph, the strain gradient is 

depicted by a color scale that ranges from a maximum strain of 4.5%, shown in red, to a 

minimum strain of 1.5%, shown in dark blue.  An examination of these photographs indicates 

that the discontinuous welds reduced the strain in the area adjacent to the welds.  The stiffener 

welded to the sheet acted as a region of double thickness, thus protecting the softened HAZ from 

large stresses.  As a result of fatigue loading, a crack from a flaw induced in a panel would most 

likely propagate away from the low stress welded region into the high stress portion of the sheet 

[26].  With the crack growing in the high stress parent metal and not in the low stress welded 

region, it is reasonable to assume that the crack growth rate of these panels with discontinuous 

welds would closely resemble crack growth rates of the parent metal in a pristine condition. 
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Figure 22: Strain Fields of Discontinuous FSW Static Panels shown in Figure 20. 

1.3.2 Fatigue Tests of Discontinuous Friction Stir Lap Welded Stiffened Panels 

A series of fatigue tests were performed on a 55-kip load frame.  Figure 23 through 

Figure 25 contain detailed drawings of discontinuous lap weld fatigue test panels. Figure 26 and 

Figure 27 contain detailed drawings of spot weld fatigue test panels.   

All fatigue test specimens were fabricated from a 0.040-inch-thick 2024-T3 aluminum 

sheet.  Specimens were 16 inches wide and 28 inches long, which allowed for a gauge length of 

24 inches.  Two 0.040-inch-thick 7076-T6 aluminum stiffeners were welded 4 inches on either 

side of the centerline of the test specimen.  The grain direction of the sheet was chosen to be 

parallel to the loading direction.  The panels were welded in a manner that allowed the advancing 

side of the lap weld to be placed nearest the vertical center line of the sheet.  Doublers were 

attached to the edges at the grip ends in order to develop sufficient bearing strength to prevent a 

crack from forming in the grips.  The discontinuous lap welds were 2.33 inches long and spaced 
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1.0 inch apart.  The weld length and spacing was taken from Merry, et al [30].  The spot welds 

also had 1.0-inch spacing. 

 

 

Figure 23: Discontinuous Lap Weld Fatigue Coupon (Notch Location Aligned with Middle of 
Discontinuous Welds). 
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Figure 24: Discontinuous Lap Weld Fatigue Coupon (Notch Location Aligned with End of 
Discontinuous Welds). 
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Figure 25:  Discontinuous Lap Weld Fatigue Coupon (Notch Location Aligned Between 
Discontinuous Joints). 
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Figure 26: Spot Weld Fatigue Coupon (Notch Location Aligned with Spot Welds). 
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Figure 27:  Spot Weld Fatigue Coupon (Notch Location Aligned Between Spot Welds). 

 

A 0.750-inch by 0.010-inch EDM notch was created in the panel to initiate crack growth 

during fatigue loading.  The notch was centered horizontally on the panel, but its vertical 

placement was a variable of the test.  Three different center crack locations were used to 

determine the effect of discontinuous welds on stiffened panels.  One configuration aligned the 

notch with the center of the centermost discontinuous lap weld (see Figure 23), another aligned 



22 

the notch with the plunge and retract area of the lap weld (see Figure 24), and the final 

configuration aligned the notch with the center of the space between the lap welds (see Figure 

25).  For the spot welded panels, only two crack locations were needed: one aligned with the 

center of the spot weld (see Figure 26) and the other aligned with the center of the space between 

the spot welds (see Figure 27).  Three panels of each configuration were tested.  An additional 

panel was tested in static tension without a crack to verify that a uniform strain field existed at all 

of the crack locations. 

The test panels were tested at a constant amplitude of 9.6 ksi and an R ratio of 0.1.  The 

maximum stress the test panels were subjected to was 10.6 ksi and the minimum stress was 1.0 

ksi.  Tests were conducted at a frequency of 8 Hz. 

All test panels failed before a crack growing from the initial flaw could reach either 

stiffener.  The root cause of the failure was found to be a secondary crack that had initiated at an 

exit hole of a discontinuous weld and grew more rapidly to failure than the cracks growing from 

the 0.750-inch EDM notch in the central bay.  Figure 28 contains a photograph of the exit hole 

crack formation.  All of the panels failed due to the crack growing from the exit hole of the weld 

instead of failing due to the unstable crack extension of the induced flaw at the center of the 

panel.  Figure 29 contains a photograph of a typical panel that had failed due to the crack 

growing from the weld exit hole.  This failure mode prevented any evaluation of the influence of 

crack alignment with the weld geometry on the performance of the subscale test panels. 
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Figure 28: Secondary Crack Initiation. 

 
Initial 
crack

Secondary 
crack

 

Figure 29: Failed Panel Caused by Secondary Cracking at Weld Exit Holes. 
 
 The results from these fatigue tests indicated that a new method of terminating 

discontinuous welds was needed to prevent crack initiation at the exit holes during in-service 

fatigue loading.  In addition, a new test method had to be developed to investigate the most 

promising discontinuous weld termination techniques.  Thus, this became the focus of the 

research reported in this thesis. 
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CHAPTER 2 
 

TEST DESCRIPTION AND PROCEDURE 
 
 

This chapter contains a description of the procedures used to develop the welding 

parameters and detailed testing conditions used to evaluate a number of proposed discontinuous 

weld termination techniques.  A variety of welding tools were evaluated and screened on 

unguided lap shear coupons.  After selecting the most robust weld tool, welding parameters were 

investigated until an optimized set of processing parameters was developed.  Friction stir spot 

welding parameters were determined in a similar manner, by down-selecting weld tools and 

processing parameters until the most promising combination was reached.  All welding 

parameters were optimized to produce the maximum static strength.  After selecting the weld 

tools and processing parameters, the weld termination test coupons were created and tested. 

2.1 Experimental Procedure 

Unguided lap shear coupons were prepared to be used in the development of the process 

parameters for friction stir lap welding and friction stir spot welding of 0.040-inch-thick bare 

sheet aluminum alloy 7075-T6 to 0.040-inch-thick bare sheet aluminum alloy 2024-T3. This was 

completed prior to the fabrication of the stiffened panels described in the previous chapter.  

Optical microscopy and uniaxial tensile strengths were used to determine a satisfactory set of 

processing parameters for the lap and spot welds.  All tensile coupons were tested in the 

unguided lap shear configuration per ASTM E8 [29]. 

All welds were made on a five axis MTS ISTIR™ PDS FSW machine.  Light sanding 

and a solvent wipe were used on the faying surfaces prior to welding to reduce the oxide layer 

and clean off any residue that could have been present on the surface of the material.  The 

materials were secured using a stainless steel anvil with finger clamps on top of a 0.50-inch steel 
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bar running the length of the weld.  The clamps were spaced 6 inches apart in the direction of the 

weld.  Each clamp was tightened to 40 ft-lbs, which is equivalent to a down force of 

approximately 900 pounds.  The steel bars were spaced 0.875 inch apart.  This setup is shown 

schematically in Figure 30. 

 

 
Figure 30:  Parameter Development Weld Setup (End View). 

 
2.1.1 Lap Welds 

Three pin tools were investigated for the friction stir lap weld stiffened panel 

construction: Trivex™ Grande (see Figure 31), Wiper Trivex™ (see Figure 32), and a threaded 

CounterFlow™ (see Figure 33).  These tools were similar in geometry, to the Psi Tool™ (see 

Figure 34), which had the optimum processing window, as shown in Table 3.  The Wiper 

Trivex™ and CounterFlow™ had the same shoulder diameter, probe length, and probe diameter 

as the Psi Tool™.  The Trivex™ Grande tool had the same shoulder diameter and probe length 

as the Psi Tool™ but a larger probe diameter. 

 

Figure 31:  Trivex™ Grande FSW Tool. 

Stainless Steel Backing Support 2024-T3 

0.875” 

Spacer 

Spacer 

0.5” x 1” - Steel Bar 900 lbs. 900 lbs. 

7075-T6 
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Figure 32:  Wiper Trivex™ FSW Tool. 

 

 

Figure 33:  Threaded CounterFlow™ FSW Tool. 

 

 

Figure 34:  Psi™ Tool FSW Tool. 
 

Table 3:  Processing Window for the Psi™ FSW Tool 

Run # RPM IPM Load Control
1 1500 20 0 1 2 Tool Dependant
2 1500 25 0 1 2 Tool Dependant
3 2000 20 0 1 2 Tool Dependant
4 1000 20 0 1 2 Tool Dependant
5 1500 15 0 1 2 Tool Dependant

Lead Angle

  

Due to the geometric similarities, the candidate lap weld tools for this study were 

investigated in the same processing window as the Psi Tool™, and the results were compared to 

the results of the Psi Tool™.  The coupons were first tested in the R-loaded condition to screen 

out less desirable welds, since R-loaded welds are traditionally weaker than A-loaded welds [25].  
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An A-loaded weld refers to the condition where the load path transitions from the top sheet to the 

bottom sheet through the advancing side of the weld, as shown in Figure 35.  R-loaded refers to 

the condition where the load path transitions from the top sheet to the bottom sheet through the 

retreating side of the weld. 

 

Figure 35:  A-Loaded and R-Loaded Diagrams. 

The processing parameters that lead to the best performance in the R-loaded 

configuration were then tested in the A-loaded configuration, and photographs of their cross 

sections were examined.  The Trivex™ Grande tool outperformed all tools when tested in the R-

loaded configuration, reaching a strength of 2,376 pounds per inch of weld line, but performed 

poorly when tested in the A-loaded configuration, only reaching a strength of 360 pounds per 

inch of weld line.  After examining the photograph of the cross section shown in Figure 36, it 

was clear that the advancing side of the welds made with the Trivex™ Grande had extreme 

hooking, which left only a small portion of processed material in the load path of the A-loaded 

specimens.  The R-loaded specimens had no defects in the load path; consequently, the usually 

weaker configuration yielded higher tensile values. 

7075-T6 

2024-T3 7075-T6 

2024-T3 

Tool rotation 

Tool travel 
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28 

 

Figure 36:  Trivex™ Grande Hooking. 

The Wiper Trivex™ displayed similar characteristics to the Trivex™ Grande.  That is, 

the R-loaded tensile coupons performed well, with an average strength of 1,850 pounds per inch 

of weld line.  The R-loaded coupon’s lower tensile strength relative to the Trivex™ Grande was 

most likely caused by the exaggerated cold lap on the retreating side of the weld.  The average 

tensile strength of the A-loaded coupons was only 1,064 pounds per inch of weld line.  The A-

loaded specimens failed due to the hooking on the advancing side of the weld, much like the 

specimens welded with the Trivex™ Grande tool.  A photograph of the cross section of the weld 

made with the Wiper Trivex™ weld can be seen in Figure 37. 
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Figure 37:  Wiper Trivex™ Hooking and Cold Lap. 
 

The CounterFlow™ outperformed the other two candidate tools.  The lap joint produced 

by the CounterFlow™ had minimal hooking defects and contained very little cold lap, two 

Advancing 
Side 

Retreating 
Side 

0.050 in 
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potential defects of lap welds [25].  A photograph of the cross section of the weld made with the 

CounterFlow™ tool can be seen in Figure 38. 

 

 

Figure 38:  CounterFlow™ Macro. 
 

The weld produced by the CounterFlow™ tool achieved high tensile strengths under both 

loading conditions.  The average tensile strength of the R-loaded coupons was 2,184 pounds per 

inch of weld, and the average tensile strength of the A-loaded coupons was 2,039 pounds per 

inch of weld.  The average strength of the A-loaded and R-loaded configurations was 2,111 

pounds per inch of weld.  By comparison, the Psi™ tool had an A-loaded and R-loaded average 

of 1,840 pounds per inch of weld. [30]. The CounterFlow™ tool was selected to fabricate the 

discontinuous coupons for this experiment.  The processing parameters selected for the friction 

stir welding operation are listed in Table 4. 

Hooking 
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Table 4:  Lap Weld FSW Processing Parameters for Discontinuous Joints 

Rotation Speed 
(RPM)

Travel Speed 
(in/min)

Normal Force 
(lb)

Lead Angle 
(deg)

2000 20 1250 1.0  

2.1.2 Spot Welds 

Four pin tools were investigated to produce the friction stir spot weld exit coupons.  An 

illustration of the Containment Psi™ tool is shown in Figure 39, and an illustration of the 

Concave Trivex™ tool is shown in Figure 40.  The Wiper Trivex™ tool and the CounterFlow™ 

tool were shown earlier in Figure 32 and Figure 33, respectively.  All spot welds were formed 

using the swept spot process, called OctaSpot™, which is illustrated in Figure 41.  Using this 

technique, the tool was plunged into the center of the spot weld, moved to the periphery of the 

spot weld, then moved in a circular path around the spot weld, processing 450°, then moved back 

to the center of the spot weld.  The tool was then retracted from the workpiece to complete the 

spot weld. 

 
 

Figure 39:  Containment Psi™ FSW Tool. 
 

 

 
 

Figure 40:  Concave Trivex™ FSW Tool. 
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Figure 41:  Friction Stir Spot Welds — Octaspot™ Swept Spot. 

These four tools were investigated over a wide range of parameters to determine the 

optimum tool and processing window for the FSSW coupon construction.  The parameters 

investigated were rotation speed (rpm), travel speed around the circumference (in/min), normal 

force (lb), lead angle tangent to the path (degrees), lead angle in the radial direction (degrees), 

and the rate at which the pin tool was initially plunged into the material (in/min).  

In all, over 950 tensile coupons were systematically tested based on Design of 

Experiments (DOE) techniques during the investigation of these four tools.  Fully consolidated 

welds were produced using all four tools at a variety of process parameters.  This was confirmed 

by visually inspecting the cross sections of each weld.  After the testing results were analyzed, 

the CounterFlow™ tool was found to be capable of producing the strongest, most repeatable spot 

welds.  The results of this FSSW investigation were published by Tweedy et al. [31]. 

Due to the travel away from the center to start the spot weld, and then back to the center 

to complete the spot weld, the spot welds were not symmetric.  To better understand this effect 

on the weld, two cross sections were taken. The first cross section was taken along the final 

travel path from the circumference to the center of the spot weld and is shown in Figure 42, and a 

photograph of the cross section is shown in Figure 43. The second cross section was taken along 
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the initial travel from the center to the circumference of the spot weld; the orientation is 

illustrated in Figure 44, and a photograph of the cross section is provided in Figure 45.  The 

reprocessed section of the spot weld is represented with two directional arrows on Figure 42 and 

Figure 44.   

 
 

Figure 42:  Macro Orientation A of a Typical OctaSpot™ Swept Spot. 

 

Figure 43:  CounterFlow™ Macro A. 

 

 
 

Figure 44:  Macro Orientation B of a Typical OctaSpot™ Swept Spot. 
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Figure 45:  CounterFlow™ Macro B. 

An examination of the photographs of Figure 43 and Figure 45 led to the following 

observations.  A distinct interface between the adjoining metals was observed, which indicated 

that the 7075-T6 aluminum top sheet did not mix well with the 2024-T3 lower sheet.  Rather, the 

two metals were interleaved, which is consistent with what was reported by Mishra and 

Mahoney [21].  The interface was not symmetric about the exit hole.  There is no published 

evidence that this asymmetry creates directional properties in the Octaspot™ swept spot weld.  

That is, the relationship between the travel path to and from the center of the spot weld and the 

load path does not impact the unguided lap shear static strength of the Octaspot™ swept spot 

weld [31]. 

Based on examinations of the cross sections of the spot welds and the unguided lap shear 

mechanical test results, the CounterFlow™ pin tool was selected to produce the FSSW test 

panels.  The processing parameters selected for this study were those listed in Table 5. 

Table 5:  FSSW Processing Parameters 

Rotation Speed 
(rpm)

Travel Speed 
(in/min)

Normal Force 
(lb)

Tangential Lead 
Angle (deg)

Radial Lead Angle 
(deg)

Plunge Rate 
(in/min)

1080 18.7 1400 0.5 1 12  

2.2 Coupon Testing 

The special no-load transfer fatigue coupons illustrated in Figure 46 were designed for 

this segment of the test program.  The two materials of the coupon were welded together using 

the same setup as the process development coupons shown in Figure 30.  The process parameters 
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for the linear friction stir lap welds, summarized in Table 4, were used to fabricate the coupons.  

The coupon geometry was such that the influence of the plunge and retract regions of the weld 

could be evaluated.  Welds were oriented to allow direct comparison between the plunge and 

retract region of the weld to determine which had the greatest influence on the fatigue life of the 

test specimen.  The A-coupons were designed to evaluate only the plunge area of the weld, with 

both weld plunge locations in the gauge section of the test coupon.  The B-coupons were 

designed to directly compare the plunge and retract regions of the weld, with one plunge and one 

retract area in the gauge section.  The C-coupons were designed to evaluate only the retract area 

of the weld with both weld retract locations in the gauge section of the test coupon. 

All coupons were subjected to a constant amplitude fatigue loading of 9.6 ksi and an R 

ratio of 0.1.  The maximum stress the test coupons were subjected to was 10.6 ksi and the 

minimum stress was 1.0 ksi.  A coupon was considered to have failed when the coupon ruptured.  

Five coupons of each geometry were tested. 

 

Figure 46: Fatigue Coupon Configuration. 

A 

B 

C 
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After the first set of specimens described above was tested, a second set of coupons was 

designed and tested to evaluate the effectiveness of the two lap weld exit strategies illustrated in 

Figure 47.  The spot weld exit coupons were created by making a lap weld and creating a swept 

spot, as illustrated in Figure 41, at the end of the weld before the tool was retracted.  The re-weld 

exit coupons were created by making a lap weld and then reversing the direction of travel to 

retrace the original weld line.  The tool retraced 0.50-inch of the original weld path before being 

retracted from the material.  Five coupons of each geometry were tested at the same parameters 

as the previous fatigue coupons shown in Figure 46. 

 

Figure 47: Lap Weld Exit Strategies. 

The hypothesis associated with each of these exit strategies was that the stress 

concentration at the exit hole of the weld could be isolated from the load path by surrounding the 

retract location with processed material.  Longitudinal cross sections of the three discontinuous 

weld exit strategies tested in this thesis are shown schematically in Figure 48. 

 

Figure 48: Exit Theories. 
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Finally, five riveted coupons for each of the configurations shown in Figure 49 were 

tested to establish a standard with which to compare the friction stir welded results.  The first 

configuration had the rivet countersunk in the 2024-T3 aluminum sheet, while the second 

configuration had the rivet countersunk in the 7075-T6 aluminum sheet. 

 

Figure 49: Riveted Coupon Configuration. 
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CHAPTER 3 
 

RESULTS AND DISCUSSION 
 
 

The exit hole region had a significant impact on the coupon’s fatigue life.  The weld 

termination techniques investigated appeared to have little impact on the fatigue life of the 

coupons.  All coupon configurations surpassed the eight lifetime requirement (160,000 cycles to 

failure) used by Christner [27]. 

3.1 Fatigue Results 

The results of the no-load transfer fatigue coupons with various exit strategies (coupon 

types “B” and “C”) are shown in Figure 50 and Table 6.  
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Figure 50: Exit Strategy Fatigue Results. 
 

Table 6: Exit Strategy Fatigue Results 

 

It was no surprise that coupon A had by far the greatest fatigue life, since it had no exit 

holes.  Neither of the two weld exit strategies tested in this experiment significantly improved the 

fatigue life of the coupons beyond the baseline weld exit strategy of simply removing the pin tool 

Coupon Type Baseline Spot Weld Exit Re-weld Exit
A 5,680,614 - -
B 431,631 356,980 268,076
C 301,937 311,868 247,272
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to terminate the weld.  The spot weld exit strategy appeared to slightly increase the fatigue life of 

the type C coupon, but this increase was marginal.   Every welded coupon that contained an exit 

region of the weld failed at the exit region.  The crack formed on the upper sheet of the weld, 

near the center of the exit hole, which is shown in the photograph in Figure 51.  The extra weld 

nugget volume produced by the swept spot technique did not counteract this failure mechanism, 

as it failed in exactly the same manner as the baseline weld exit.  The re-weld coupon, with the 

exit hole moved away from the end of the weld, also had the crack form at the location of the pin 

retraction.   

 

Figure 51: Baseline Coupon Exit Hole Failure Location. 

The riveted coupons illustrated in Figure 49 had an average fatigue life of 10.7 million 

cycles for the coupons with the rivet countersunk in the 7075-T6 aluminum sheet, and 5.3 

million cycles for the coupons with the rivet countersunk in the 2024-T3 aluminum sheet.  Most 

commercial aircraft will have their structures riveted with the countersink in the 2024-T3 

material.  The 2024-T3 aluminum is a common material used for the exterior skin of the fuselage 

for many aircraft, and it is aerodynamically advantageous to have the exterior of an aircraft as 
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smooth as possible.  Consequently, the countersunk rivet is in the 2024-T3 fuselage skins when 

they are riveted to the 7075-T6 aluminum stiffening structure of most commercial aircraft. 

Christner [27] cites eight lifetimes, or 160,000 cycles, of cabin pressure as the cycles to 

failure requirement for the Eclipse 500 aircraft.  This airplane uses materials and thicknesses 

similar to those used in the experiments of this study.  If the criterion for success is to survive 

160,000 cycles, then any of the weld exit strategies examined would be successful.  However, if 

the fatigue life of the friction stir welded joint must exceed the fatigue life of a riveted joint (5.3 

million cycles for the most common configuration), then all of the welded joints would fail 

regardless of pin tool exit strategy.  The weld exits would have to be improved until the fatigue 

life matches the fatigue life of the type A discontinuous weld coupons. 
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CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 
 
 

The weld termination techniques investigated in this study did not appear to improve the 

fatigue life of the coupons tested.  Changing the pin could potentially improve fatigue life of the 

coupons.  Retractable pin tools could also mitigate the contribution of the exit hole to the coupon 

fatigue performance.    

4.1 Conclusions 

While friction stir welding has been shown by many authors to produce static and fatigue 

properties that are as good as or better than those of riveted joints, the test articles of those 

experiments did not contain the plunge and exit locations of the friction stir weld.  In this study, 

the test articles that contained only a plunge area were found to have fatigue lives that were 

nominally equivalent to that of the riveted coupons. However, those articles with an exit location 

of the weld were found to have fatigue lives that were considerably less than the riveted test 

articles.  The exit hole provided an initial sharp crack that is present before the specimen is 

loaded.  During fatigue loading, the crack would extend rapidly, causing the coupons with exit 

holes to fail much sooner than riveted coupons, or friction stir welded coupons with no exit holes 

(plunge only).  Attempts to reduce the influence of the exit hole on the fatigue life of the test 

specimen, using either the spot weld exit or the re-weld exit strategies, were not successful.  

Neither of the two exit strategies investigated in this paper extended the fatigue life of the 

coupon beyond that of coupons with the standard exit which is traditionally used in friction stir 

welds. 

Based on the results of this study, it would be wise to use runoff tabs whenever possible.  

Eliminating the exit hole by using runoff tabs would make the plunge location the critical 
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limiting factor from a fatigue perspective.  The plunge locations investigated in this study were 

shown to have fatigue lives of approximately 5.7 million cycles to failure.  This compared very 

well with the 5 to 10 million cycles to failure for the riveted coupons.  If the exit hole could be 

removed or altered to produce fatigue characteristics similar to those the plunge location, other 

weight saving options not limited by exit hole fatigue life could be investigated. 

4.2 Recommendations 

Further investigations to improve the weld quality of the exit location of discontinuous 

FSW are necessary.  Additional exit strategies, not investigated in this study, might be shown to 

improve the quality of the exit region of the discontinuous welds.  Two tools that look to be the 

most promising are a smooth pin tool and a retractable pin tool. 

4.2.1 Smooth Pin Tool 

The current investigation used only a one-piece pin tool with threaded features.  The 

threads leave sharp corners that match the thread profile in the material when the tool is 

retracted.  This produces a hole through the upper sheet of the weld, with a rough inner surface 

containing many sharp edges that can initiate crack formation.  If a tool with a smoother profile 

were to be used, it is possible that these crack initiation sites would be eliminated, thereby 

extending the life of the specimen. 

4.2.2 Adjustable Pin Tool 

An adjustable pin tool (U.S. Patent #5,893,507) might provide a technologically 

advanced exit strategy. Instead of the one-piece pin tool used in this investigation, an adjustable 

pin tool with a separate shoulder and pin, as illustrated in Figure 52, might improve the fatigue 

performance of the exit location.   
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Figure 52: Adjustable Pin Tool [32]. 

The pin portion of the adjustable pin tool is controlled by an actuator that is separate from 

the control actuator of the shoulder. Thus, the user can vary the amount of pin protruding beyond 

the shoulder during the welding operation.  With this technology, the exit hole may be 

completely removed from the weld.  This could be accomplished by making the full length weld, 

then traveling back along the same path (similar to the re-weld coupon).  On the reverse travel 

path, the pin could be gradually retracted into the shoulder, as demonstrated in Figure 53.  When 

the weld is completed, the pin would be flush with the shoulder, theoretically completely 

eliminating the exit hole.  This could, potentially, increase the fatigue life of the welded coupon 

dramatically. 
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Figure 53: Adjustable Pin Tool Weld Diagram. 
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