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ABSTRACT
The goals of this project were to determine and document the effects of sealants and
surface treatments have on the ultimate strength, fatigue life, and corrosion resistance of swept
Friction Stir Spot Welded (FSSW) joints. One sealant, the PRC-DeSoto PR-1432 GP and several
surface treatments were examined. The surface treatments attempted were AlClad, Chromic Acid
Anodization on bare sheets, and Alodine chemical conversion coating on bare sheets. Bare sheets
without a surface treatment were also evaluated to establish a baseline comparison.
Ultimate lap shear testing was based on the unguided NASM 1312-4 2-spot weld coupon
configuration and the guided NASM 1312-21 4-spot weld coupon configuration. Results
indicated that the sealants and surface treatments decreased the joint strength of the individual
spot welded joints a relatively small amount compared to the bare material strength. However,
the sealant’s adhesive properties can potentially compensate for this loss if there is sufficient
sealant coverage.
The guided NASM 1312-21 4-spot weld coupon configuration was used for fatigue
testing. Uniform amplitude fatigue tests were conducted with a variety of load levels to generate
a load-life curve. The sealants and surface treatment seemed to have no effect on fatigue life at
medium to low fatigue load levels. However, at high fatigue load levels, the sealants and surface
treatments were slightly detrimental. The fatigue lives of the swept FSSW coupons was less than
those of the NAS 1097 AD4 riveted coupons at the medium to low loads. However, the swept
FSSW coupons were not optimized for fatigue and may improve under such conditions.
The results of the corrosion testing indicated that the integrity of the sealant was not
compromised by the swept FSSW. Generally, the surface treatments were not affected by the
FSSW operation except where the tools displaced the surface and on the anvil side of the coupon
v

in the heat affected zone. Since these areas are more vulnerable to corrosion, some protection
should be added after welding.
In general, the results of this project show that swept FSSW can successfully weld
through sealants and surface treatments with only a minimum loss of the ultimate strength or
fatigue life of the joint. The FSSW operation can be performed while maintaining most of the
corrosion resistance.
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LITERATURE REVIEW
1.1 The Basics of Friction Stir Welding
1.1.1 The Beginning
Friction Stir Welding (FSW) was invented by Wayne Thomas and his team at The
Welding Institute, Ltd. (TWI) in the United Kingdom. This is a relatively new process which was
patented in 1991 [1]. While FSW has been implemented in several industries, much is yet to be
understood and discovered about FSW and its related processes.
1.1.2 Friction Stir Welding Tool
This process requires a FSW tool, as shown in Figure 1. This tool is often called a pin
tool. The tool must be made of a material that is wear resistance and harder than the material to
be welded [1]. It has two primary parts that interact with the workpiece or workpieces to be
welded. The first part is the actual probe which is also called the pin, and the second is the
shoulder.

Figure 1 - Generic FSW Tool
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In some applications, the FSW tool has a second shoulder. The second shoulder would be
attached to the bottom end of the probe. The probe and this lower shoulder would move
independently of the upper shoulder. This type of FSW tool is called a Bobbin tool or a SelfReacting Tool.
1.1.3 The Fundamental Concept
The tool is rotated at a high speed and slowly plunged into the workpiece. Heat is created
through friction and plastic deformation of the workpiece which softens the workpiece. The
workpiece material can be mixed by the probe and shoulder once it has softened sufficiently. The
shoulder keeps the plasticized material contained and creates the necessary forging pressure. [3]
Advancing and retreating sides are created when the tool travels as illustrated in Figure 2.
The side for which the edge of the tool is rotating in the same direction of travel of the tool is the
advancing side. The retreating side is the opposite side. These differing motions create
asymmetry in the weld.

Figure 2 - FSW Tool while in the Workpiece [2]
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1.1.4 Basic Metallurgy of Friction Stir Welding
1.1.4.1 Metallurgical Processing Zones
The heating of the material during friction stir applications is not intended to bring it to
solidus temperature, thus FSW is a solid state welding process. FSW can also be thought of as a
metal working process that involves both extruding and forging which creates a wrought product.
According to Arbegast et al, the temporary zones illustrated in Figure 3 are formed as the
FSW tool moves through the material. The FSW tool heats the workpiece in the vicinity of the
tool contact. This heat creates a Pre-Heat Zone. The size of the Pre-Heat Zone is a function of the
weld parameters, such as the rotation speed and welding speed of the tool, and the thermal
properties of the material to be welded. Next is a zone in front of the probe where the stress in
the material exceeds the critical flow stress. This is the Initial Deformation Zone. The material in
the Extrusion Zone flows around the probe. After the Extrusion Zone is the Forging Zone. The
pressure exerted by the shoulder in this area forces the material to flow into the cavity left by the
advancing probe. The last zone around the FSW tool is the Cool Down Zone. The heat input in
this region decreases as the tool moves farther away. There is no material flow in this zone. [4]

Figure 3 - Metallurgical Processing Zones during FSW [4]
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1.1.4.2 Metallurgical Zones
The friction stir welding process creates distinct permanent metallurgical zones. These
can best be seen with a transverse view of the weld plane as illustrated in Figure 4. Zone A is the
unaffected parent material, Zone B is the Heat Affected Zone (HAZ), Zone C is the
Thermomechanical Affect Zone (TMAZ), and Zone D is the Stirred Zone, which is sometimes
called the weld nugget or Dynamically Recrystallized Zone (DXZ). Each of these metallurgical
zones has different structures and material properties. [2, 3, 4]

Figure 4 - Metallurgical Zones [2]

The parent material has not been altered by the weld process. It has not been deformed
although it may have received some heat input. However, this heat does not alter its
microstructure or mechanical properties. The material of the HAZ has not deformed but has been
altered by the heat input. Plastic deformation and heat have altered the microstructure of the
TMAZ. The stirred zone is the zone which has been fully recrystallized. [3, 4]
1.2 Types of Friction Stir Welding
There are two basic types of joint configurations. These are the butt joint configuration
and the lap joint configuration. Other joint types exist but are generally variants or combinations
of these two. Type A in Figure 5 is a butt joint and Type B is a lap joint.

Type A: Lap joint

Type A: Butt joint

Figure 5 – Types of Friction Stir Welded Joints
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1.2.1 Friction Stir Processing
Friction stir welding is actually a subset of Friction Stir Processing (FSP). FSP is not a
joining technology but rather uses techniques similar to those of FSW to control both grain size
and grain distribution in the workpiece. FSP creates relatively uniform fine grains for material
thicknesses that are greater than those that can be accommodated by conventional fine grain
thermomechanical processes. [5]
1.2.2 Friction Stir Butt Welding
Butt welding is easily the most researched type of FSW. An issue that is common with
butt welding is plate separation. The FSW tool will tend to push the sheets apart so rigid
clamping is required. This configuration has an explicit joint line. This line must be followed
closely or the joint will not form properly. Another potential problem when friction stir butt
welding is lack of penetration. The FSW tool must be long enough to mix the workpiece
throughout the thickness of the material, thus all the way to the backing plate. This typically
requires the tool to be slightly shorter than the thickness of the workpiece. This difference is
usually on the order of 0.005 to 0.015 inches depending on tool design and parent material
thickness
1.2.3 Friction Stir Lap Welding
In contrast to butt welds, lap welds do not need a tool that nearly reaches the bottom of
the bottom workpiece. It merely needs a tool that is long enough to reach the bottom workpiece
and create a joint. One important aspect of lap welds is the faying surface. The faying surface is
the occluded surface which is formed by the overlapping materials. The faying surface often will
behave as a crack in lap welds. When the joint is under stress, the faying surface may grow
through the joint until failure.
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Vertical movement of material in lap welds is much more critical than in butt welds. As
material moves up or down through the material thickness, it drags the faying surface interface
with it, and this can create sheet thinning. The sheet thinning changes the Effective Sheet
Thickness (EST). Cederqvist and Reynolds found that two critical factors influencing the
strength of lap welds were the EST and the shape and sharpness of the sheet interface. A second
pass of the FSW tool can help with these two issues. Regardless of the number of passes, the
load path should be considered when designing for friction stir lap welding. The joint may have
different load carrying capabilities depending on if the load path runs through the advancing side
or retreating side. Thus, lap joints are often tested in both loading configurations. [6]
1.2.4 Friction Stir Spot Welding
Friction Stir Spot Welding (FSSW) is a generic term. A single spot weld is one that
creates a discrete, localized joint of limited size. Spot welds are typically intended to act in
concert with other spot welds at the joints of a structure. There are several types of FSSW that
have been tried by other researchers and are reported on in the open literature.
1.2.4.1 Plunge Friction Stir Spot Welding
The plunge or poke spot weld is one that uses the conventional type of FSW tool. The
tool is rotated and plunged into the material. It is held there for a short period of time then
retracted, as ideally illustrated in Figure 6. [7, 8]

Figure 6 - Plunge (Poke) FSSW [7]
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Addison and Robelou investigated which parameters were important in plunge FSSW
through AA6061-T4 of 2 mm (0.080 inch) thickness. They found that the plunge rate had little
effect on the strength of the weld joint while tool rotation speed was very important, with greater
rotation speeds being better. Other factors, such as plunge depth, dwell time, and retraction rate,
were evaluated and determined to be negligible. [9]
Tweedy et al also investigated the significant parameters of FSSW. This work was done
with AA2024-T3 and AA7075-T6 of 1 mm (0.040 inch) thickness. Similarly to the Addison and
Robelou results, plunge rate had no significant effect on the strength of the joint, and the tool
rotation speed was very significant. However, converse to Addison’s and Robelou’s findings,
they found that the strength of the joint decreased when rotation speeds exceeded 1000 RPM.
They postulated that this may be an effect of the FSW tool design. Other important factors were
plunge depth and dwell time. As illustrated in Figure 7, once the FSW tool plunges to a certain
depth, the joint strength for deeper plunges does not change significantly. The tool does not
create strong joints at depths less than this. The data from Figure 8 shows that the tool must also
dwell in the material long enough to sufficiently mix the material. After it has reached this point,
more mixing will not increase the joint strength. In fact, dwelling longer may weaken the joint
due to overheating. [10]

Figure 7 - Effect of Plunge Depth [10]

Figure 8 - Effect of Dwell Time [10]
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1.2.4.2 Refill Friction Stir Spot Welding
The plunge type FSSW leaves an exit hole when retracted. The GKSS research center in
Germany, developed a technique to eliminate the exit hole. Their friction stir spot welding
technique, called Refill FSSW, utilizes a probe that moves independently of the shoulder. Figure
9 illustrates the tool and procedure for Refill FSSW. A non-rotating clamping ring is lowered on
to the material, securing it in place. Next, the rotating shoulder and probe touch the surface of the
material. The probe is then plunged into the material as the shoulder is lifted from the surface.
The displaced material from the probe fills the void under the shoulder. The probe is then
retracted as the shoulder move into flush contact with the surface. Next, the rotation ceases while
the shoulder and probe maintain forging pressure. Finally, the clamping ring, shoulder, and probe
are retracted from the surface. An alternate method begins with an initial plunge with the
shoulder while retracting with probe. The shoulder would then retract while the probe plunges.
This alternate method creates a larger nugget and is potentially stronger. [12]

Figure 9 - Refill FSSW [11]

1.2.4.3 Stitch and Swing Friction Stir Spot Welding
Other types of FSSW include Stitch FSSW, developed by the GKSS research center, and
Swing FSSW, developed by Hitachi. These processes involve the typical plunge with a standard
8

FSW tool. The tool is then translated or rotated in the material as illustrated in Figure 10. This
creates an elongated spot with a corresponding increase in shear area. Typically, these two forms
of FSSW result in increased spot weld strength. [13]

Figure 10 – Stitch (Left) and Swing (Right) FSSW [13]

1.2.4.4 Swept Friction Stir Spot Welding
The last type of FSSW to be discussed is swept FSSW. This method was first attempted
by TWI with their Squircle™ pattern, shown in Figure 11 [9]. Swept FSSW has since been
attempted with success at Wichita State University (WSU). WSU’s pattern is the Octaspot™.
The research presented in this thesis utilized the Octaspot™ swept FSSW method. The
advantage of the swept spot weld over the traditional plunge spot welds is the increased joint
strength that results from increased shear area. [10]
Vertical translation of the joint interface usually occurs while forming the spot welds.
This alters the surface between the top and bottom sheets creating an upturned or downturned
interface. Consequently, this decreases the effective sheet thickness. Both of these results are
detrimental in linear lap welds. This translation of the interface is typically consumed during a
swept spot weld. The resulting interface will have little or no upturn or downturn. [10]
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Figure 11 - Squircle swept FSSW [9]

The Octaspot™ Swept FSSW pattern, illustrated in Figure 12, involves several steps. The
first step is a plunge into the material. The tool is moved to the periphery of the tool path in the
next step. Then the tool is traversed around the periphery for at least 360 degrees, 450 degrees
for this experiment. Once this orbit is completed, the tool is moved back to the center of the spot
weld and retracts.

Figure 12 – Octaspot™ swept FSSW
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Tweedy et al investigated the critical parameters of swept FSSW. They found, in their
work with 2024-T3 to 2024-T3 aluminum sheets, that placing the advancing side of the FSW
tool, as opposed to the retreating side, on the outside of the tool path improved the strength of the
lap joint. Also, they found less variability of joint strength when using load control rather than
position control during the spot weld process. They reported that plunging on the periphery of
the spot weld tool path rather than the center increased the spot weld strength. However, they
were unable to statistically determine the individual importance of tool rotation speed, welding
speed, tilt angle, or plunge depth/forge load due to a large degree of coupling of these parameters
in their results. [10]
1.2.4.5 Friction Stir Spot Welding Complexity
Each of these spot weld types has a different level of complexity. While the traditional
plunge spot weld is the simplest, it would also typically have the least joint strength [10]. Each of
the other types of spot welds increases the spot weld shear area and consequently joint strength.
Swing, Stitch, and Swept FSSW require more degrees of control to perform their complex
motions. Refill FSSW requires the ability to independently control the motions of the clamping
ring, shoulder, and probe. An increased cost of equipment may accompany the increase in
complexity. These are factors which must be considered early when applying FSSW.
1.3 Corrosion, Sealants, and Surface Treatments
1.3.1 Corrosion
Corrosion is an important issue for all welded joints. Most applications will experience
some sort of in-service corrosive environment. Because of this, one must account for corrosion
when determining the useful life of a structure. Several distinct types of corrosion exist.
Likewise, there are many protection schemes utilized which protect a structure in specific ways.
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Uniform corrosion takes place over the surface of a large area of a structure.
It is relatively uniform in depth of influence over this area.
Galvanic corrosion occurs when metals with dissimilar electrical potential are in contact
while exposed to an electrolyte. The galvanic corrosion attacks the anodic member. [14]
Pitting is a localized form of corrosion. It occurs when the rate of corrosion is higher in
small localized areas, when compared to the global area, creating a pit [15]. This may be due to
the small area being anodic and the larger surrounding area being cathodic.
Crevice corrosion occurs when an electrolyte is present at the faying surface of a joint.
The term crevice corrosion describes the location of the attack rather than a form of corrosive
action. Other forms of corrosion, such as pitting, may be taking place at the faying surface. [16]
Intergranular corrosion is a localized form of corrosion occurring at the grain boundaries
of the material. In this process, the grain boundary acts as an anode in contact with grains that act
as a cathode. Thus, a specific form of galvanic corrosion occurs. [15]
Exfoliation corrosion is a form of subsurface corrosion. The mechanism is usually
intergranular corrosion. The corrosive activity occurs along a plane parallel to and below the
surface of the material. Since the corrosion byproduct is more voluminous than the material it
replaces, the layers above are pushed away. [16]
Stress corrosion cracking is the result of the interaction between stress and corrosive
reactions. These stresses may be residual or externally applied. Stress corrosion cracking can
describe any crack propagation that is assisted or induced by the environment. [15]
1.3.2 Sealants
Sealants are substances that are applied to the faying surface of a joint. These sealants are
intended to prevent ingress of potentially corrosive substances into the joint thus preventing
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crevice corrosion. Previous work by Li et al demonstrated that friction stir welded lap joints
could be created through materials with a sealant at the faying surface. They tested a number of
specimens of AA7075 friction stir lap joints that were exposed to a salt spray corrosive
environment. They found that there was no crevice corrosion present in the FSW lap joints
during the course of the tests. [17]
Christner holds a patent for a specific procedure for the application of surface sealants in
conjunction with friction stir welding. In his technique, an uncured polymer sealant is placed on
the faying surface between the materials to be joined. When the joint is created by FSW, the heat
from the friction stir welding cures, or accelerates the curing, of the sealant in the joint. [18]
1.3.3 Surface Treatments
Surface treatments, alteration of the surface of a metal, can be used to prevent corrosion.
Tweedy et al have reported that successful swept friction stir spot welds were possible for
materials with various surface treatments. These included an anodization treatment and Alodine.
Their experiments consisted of placing a bare, or untreated, sheet on top of a surface treated
sheet and forming a swept friction stir spot weld. Fully consolidated welds were created that
exceeded the standards of Mil-Handbook 5 for rivets and resistance spot welding. [19]
Cladding is a process used to metallurgically bond a thin layer of an aluminum alloy to
the surface of a different aluminum alloy. This outer layer provides a measure of corrosion
resistance to the material it surrounds. The cladding is an expendable, anodic layer to the
underlying cathodic material. Through this technique, 2xxx series aluminum alloys are typically
clad with a 1xxx series aluminum alloy. Since the bonded layer is thin, typically 5% to 10% of
the total thickness, it only marginally reduces the strength of the combined material from that of
the unclad material. [20]
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Anodization creates an oxide film on the surface of metals. This is accomplished by
placing the metal in an electrolytic solution and passing a current through it, creating an
electrochemical reaction. The oxide film is a barrier that protects the material underneath. [21]
Chemical conversion coatings are oxide, phosphate, or chromate compounds bonded to
the surface of aluminum alloys. The coating forms by a chemical oxidation-reduction reaction as
opposed to an electrochemical reaction with anodization. The two behave similarly and fulfill the
same purpose. Alodine is an example of a chromate based chemical conversion coating. [22]
1.4 Application
There are currently many instances of FSW being used in several industries. The external
tank of the space shuttle and the Delta II and IV rockets were both fabricated in part with FSW
[23]. The Eclipse Aviation Eclipse 500, pictured in Figure 13, is a very light business jet. It was
constructed with numerous friction stir lap welds with sealants and was previously subjected to
FAA certification procedures [23, 24].

Figure 13 - Eclipse 500 and FSW Articles [23]
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The automotive industry has also begun using FSW processes. The hood and rear door of
the Mazda RX-8 have been constructed with the plunge FSSW technology since 2003 [25].
Since 2005, Ford Motor Company has produced the center tunnel in the Ford GT, shown in
Figure 14, by welding two extrusions to a stamped component using friction stir lap joints. This
gives them improved dimensional accuracy and strength over gas metal arc welding [23].

Figure 14 - Center Tunnel on Ford GT [23]

Riveting and resistance spot welding are the major competitors to FSW and FSSW.
Dracup and Arbegast suggested in their patent application from 2004 [26] that friction stir
welding is a potential replacement technology for riveting. Tweedy et al showed that swept
friction stir spot welds could meet the design allowables contained in Mil-Handbook 5 for
riveting and resistance spot welding [19]. It is unlikely that FSW will completely replace riveting
and resistance spot welding. Rather, efficient structures will probably use a combination of these
technologies.
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1.5 Aluminum Alloy 2024 (AA2024)
1.5.1 History and Applications
Alcoa introduced the 2024 aluminum alloy in the T3 temper in 1931. It quickly became
the dominant 2xxx series alloy for aircraft. It was the first Al-Cu-Mg alloy to have a yield
strength approaching 50 ksi. It is still found in many aging aircraft. It is often found in
supporting structural elements as well as skins in the clad form. [27]
1.5.2 Properties
Sheets of bare AA2024-T3 have an A-basis yield strength of 42 ksi and an A-basis
ultimate strength between 63 and 64 ksi. It has a 10% to 15% elongation at break. [27]
The clad AA2024-T3 sheet has a nominal cladding thickness of 5% in gauges less than
1.6 mm (0.062 in). Clad T3 sheet has an A-basis yield strength of 39 ksi and an A-basis ultimate
strength of 58 ksi. It has a maximum elongation between 10% and 15%. [27]
AA2024 T3 sheet also has excellent toughness properties at a moderately high strength
levels. It does not have good resistance to corrosion. Alcoa recommends that these alloys should
be protected from corrosion at the faying surfaces of joints. [27]
1.5.3 Metallurgy
Aluminum alloy 2024 is a heat treatable Al-Cu-Mg alloy whose chemistry is shown
below in Figure 15. It is a precipitation strengthened or hardened alloy which means that it
undergoes a precipitation hardening process before use. [27]

Figure 15 - AA2024 Chemical Composition [27]
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The precipitation hardening process starts with annealing the metal by heating to near its
melting temperature and holding it at that temperature for a defined period. This brings the metal
into a homogenized α-phase solid solution. The α-phase solid solution metal is then rapidly
cooled in a quenching process. However, this supersaturated state is not stable. [28]
Metastable precipitates will immediately begin to form at room temperature in a process
called naturally aging. As the metal naturally ages, precipitates called Guinier-PrestonBagaryatsky (GPB) zones form. These precipitates disrupt the motion of dislocations which is
the strengthening mechanism for the alloy. GPB zones will be the last type of precipitates to
form at room temperature. [28, 29]
Aluminum alloys of the 2xxx series usually attain their maximum stable states in 4 to 5
days of natural aging. AA2024 undergoes this natural aging to reach the T3 condition [30].
1.5.4 Fiction Stir Welding
The friction stir welding process inputs heat into the metal through friction and from
plastic deformation. This will affect the material, even outside of stirred zone. During friction stir
welding in 2024-T3, GPB zones begin to dissolve in the HAZ. They become S or S´ precipitates.
This facilitates a drop in hardness from the base material/HAZ boundary to the HAZ/TMAZ
boundary where the minimum hardness occurs in the TMAZ. The welding process creates high
temperatures and a finely mixed zone similar to the homogenized α-phase solid solution from the
solution heat treatment. This will allow GPB zones to form in the nugget during cooling. S or S´
precipitates may also be present in the nugget. The TMAZ/nugget boundary will typically be the
most vulnerable point for fracture. [29, 31]
There have been several studies of FSW in AA2024. Transverse tensile strengths of 58
ksi have been reported in butt welded sheets of 1 mm (0.040 inch) 2024-T3 aluminum [32]
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which is equivalent to an approximate 90% joining efficiency based on Alcoa’s values for
minimum transverse tensile strengths. Another study attained approximately a 92% joining
efficiency for transverse tensile strength in butt welding 1.6 mm (0.063 inch) 2024-T3 [33]. A
third study of 2 mm (0.080 inch) 2024-T3 reported a 90% joining efficiency for transverse
tensile strength [34]. These studies show that butt welding 2024-T3 can result in very good weld
properties.
Less work has been done for AA2024 in the lap joint configuration. Two studies reported
individual swept FSSW strengths at more than twice the Mil-Handbook 5 rivet design allowables
[10, 19]. Another study also found plunge FSSW could reach individual spot weld strengths
which were twice riveted design allowables [10].
1.5.5 Corrosion
Several researchers have investigated corrosion in friction stir welding of AA2024. One
report of their works found intergranular corrosion in the nugget and HAZ after four hours of
immersion in a NaCl and H2O2 solution. The investigators also noted that changing welding
parameters could vary the extent of corrosion [35]. Another experiment found intergranular
corrosion primarily in the HAZ and TMAZ after NaCl immersion, NaCl salt spray testing, and
HCl immersion [36]. Generally, the results of previous investigations indicate that intergranular
corrosion is the most common form of corrosion for AA2024 exposed to NaCl solution.
Widener et al also found that friction stir welds of 2024-T3 were very susceptible to
exfoliation corrosion along the weld. However, if the material undergoes a post weld heat
treatment to the T8 temper, some EXCO resistance is gained. Welding in the T8 temper
maintains the most EXCO resistance. [37]
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OBJECTIVES AND METHODS
2.1 Objectives
The primary goal of this project was to determine the effects of sealants and surface
treatments on swept FSSW. This was accomplished by coupon testing. Coupons were pulled to
failure to determine ultimate lap shear load. Coupons were also fatigued to determine the fatigue
life. A final set of coupons were corroded. The corroded coupons were then pulled to failure to
determine residual strength. Cross-sections of corroded spot welds were also analyzed.
AA2024-T3 sheet material was used in this experiment. The sheet was 1 mm (0.040 inch)
thick. The surface treatments examined were AlClad, Alodine chemical conversion coating, and
Chromic Acid Anodization (CAA). Bare surfaces were also examined for a baseline comparison.
The sealant investigated was the PRC-DeSoto PR-1432 GP, a 2-part dichromate
polysulfide compound. The sealant cures in 72 hours. It has an application time of 1 hour and a
tack free time of less than 6 hours. [38]
The material safety data sheet (MSDS) for the PR-1432 GP sealant states that inhalation
of vapor in high concentrations may cause “nausea, headache, dizziness, weakness, and fatigue.”
Results of skin contact include “drying, defatting, splitting and cracking” as well as “burns
resulting in permanent damage.” “Repeated overexposure may cause central nervous system
depression, and kidney/liver damage.” Among other issues listed in the MSDS, this sealant
contains ingredients which are listed as carcinogens. The MSDS also describes first aid
procedures for the different types of exposure. [39]
There were no dissimilar combinations of surface treatments used in this experiment. All
instances of surface treatments also had the sealant at the faying surface as illustrated in Figure
16. The welds in bare material were attempted with and without sealant. All testing occurred
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after a minimum of 100 hours after welding. This time allowed the material to sufficiently
naturally age. It also gave enough time for the sealant to cure.

Figure 16 - Surface Treatment and Sealant Configuration

2.2 Sealant Application Procedure
The sealant was applied using a roller with a 3/8 inch nap. It was applied at the faying
surface of one sheet at thickness of between 2.5 and 3.5 thousandths of an inch. This thickness
range was within the suggested limits for this sealant in FSW applications [40]. It was measured
with the Hotcake wetfilm thickness gauge, shown in Figures 17 and 18. The joint was welded
within 15 minutes of the application of the sealant.

Figure 17 - Hotcake Wetfilm Thickness Gauge [41]

Figure 18 - Gauge When Wet [41]

2.3 Welding of Coupons
2.3.1 General Welding Practices
All welding took place in the Advanced Joining and Processing Lab (AJPL) in the
National Institute for Aviation Research at Wichita State University. The friction stir spot welds
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were made on an MTS I-Stir Process Development System (PDS). The welding machine has the
5 axes of motion required to perform the complex movement in the swept spot welds.
Spot welds were made with the advancing side on the outside of the sweep. This was
based on the findings of Tweedy et al [10]. The plunge location was placed in the center even
though this opposes the findings of Tweedy et al [10]. This was due to the fact that the tools had
much more previous development with the center plunge than the periphery plunge. If the
periphery plunge was chosen, much more work would have to be done to redevelop the tools.
2.3.2 NASM 1312-4 Coupons
An illustration of the NASM 1312-4 2-spot weld coupon is shown in Figure 19. It is
intended to be unguided. The spot welds are on opposite faces of the coupon. The spacing
specified for this coupon was determined by a dimension, D, that is traditionally the fastener
diameter [42]. However, the definition of D chosen for this experiment was the swept path minor
diameter, 4.1 mm (0.160 inch), illustrated in Figure 20, plus the tool probe base diameter, 3.6
mm (0.140 inch). Therefore, D was defined as 7.6 mm (0.300 inch). Each sheet was 152.4 mm (6
inches) long prior to welding. The coupon was clamped as illustrated in Figure 21. An overhead
photograph of the clamping is provided in Figure 22.
0.6” (15.2 mm)

1.2”
(30.5 mm)

1.2” (30.5 mm)

1.2” (30.5 mm)

4.8” (122 mm)
Figure 19 - NASM 1312-4 Coupon
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0.6” (15.2 mm)

Major
Diameter

Octaspot™
Travel Path

Minor
Diameter

Figure 20 – Octaspot™ Diameter types

An investigation into the spacing between the two spots has been performed. The spacing
varied between 22.9 mm (0.90 inch), 30.5 mm (1.2 inches), and 38.1 mm (1.5 inches). The
results of the investigation showed that the optimum spacing was at 30.5 mm (1.2 inches) which
would be consistent with the 4D spacing of the NASM 1312-4 specification. [43]

Figure 21 - NASM 1312-4 Clamping

Figure 22 - Overhead View of Clamping

22

2.3.3 NASM 1312-21 Coupons
The NASM 1312-21 coupon is a 4-spot weld, 100% load transfer coupon, illustrated in
Figure 23. It is intended to be guided. All of the spot welds are on the same face of the coupon.
As was the case for the NASM 1312-4 coupon, the traditional spacing is based on the fastener
diameter, D [44]. Each sheet was 152.4 mm (6 inches) long prior to spot welding. The coupons
were clamped as illustrated in Figure 24.
0.6” (15.2 mm)

1.2”
(30.5 mm)

0.6” (15.2 mm)
1.2” (30.5 mm)
0.6” (15.2 mm)

4.8” (122 mm)
Figure 23 - NASM 1312-21 Coupon

Figure 24 - NASM 1312-21 Clamping
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0.6” (15.2 mm)

EXPERIMENTATION
3.1 Tool Selection
3.1.1 Procedure
Three FSW tools were initially considered for this project. Previous development had
been completed with these tools in prior swept FSSW studies. The Psi™ tool, shown in Figure
25, had been used to weld through surface treatments [19]. The threaded Counterflow™ tool
[45], shown in Figure 26, and the modified Trivex™ [46], shown in Figure 27, were both used in
a study on factors affecting swept friction stir spot welds [10]. The results for the threaded
Counterflow™ tool were not reported on in that study. In the previous studies, data for these
three FSW tools were measured from coupons with a single spot weld and tested in unguided lap
shear.

Figure 25 – Psi™

Figure 26 –
ThreadedCounterflow™

Figure 27 – Modified Trivex™

The basic features of the three FSW tools were similar. The design of the shoulder and
the length of the probe were the same for each tool. The shoulders had a diameter of 10.2 mm
(0.400 inch) and a concavity angle of 7°. The length of the probe from the shoulder plane was
1.4 mm (0.055 inch). The probe base diameter was of 3.5 mm (0.136 inch). Each tool was also
coated in an all purpose, composite coating. This coating is called the Alpha™ coating.
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Data previously reported for the Psi™ tool only included spot welds that were welded in
position control. Additionally, the optimum processing parameters were outside the capabilities
of the AJPL’s MTS I-Stir PDS machine because of a recent motor upgrade to increase the torque
capabilities at the expense of maximum rotational speed. A new window was selected for this
tool to evaluate the effects of load control. It was found that the results were comparable to those
developed with position control. As a result of this preliminary study, the Psi™ tool was chosen
to compete with the two other tools.
The next step in the FSW tool selection process was to complete a 27-point Box-Behnken
Design of Experiment, prepared in StatGraphics® Centurion XV, for each tool. The complete
results for these DOEs are reported in Tables 5, 6, and 7 in the Appendix. Each tool had a unique
window of rotation speed, welding speed, forge load, and tilt angle based on the ultimate lap
shear load results from the corresponding load control data sets. The spot welds were made
through sheets treated with CAA and the PR-1432 GP sealant.
The spot welds were made in the NASM 1312-4 coupon configuration. These coupons
were made with 101.6 mm (4 inches) sheets instead of 152.4 mm (6 inches). All welds were
completed per the setup shown in Figures 19 and 21.
The final FSW tool and weld parameter selection for the project was determined by
weighing the ultimate lap shear load, failure mode, and the joint cross-section appearance.
High ultimate lap shear loads in coupons failing through plug pullout was most favorable.
It would be unfavorable for spot welds to have low ultimate lap shear loads or to fail through
nugget shear. It is also favorable to see few small flaws or no flaws in the joint of the crosssections. The cross-section viewing is beneficial for determining weld parameters which would
perform well in fatigue. Undesirable flaws may be detrimental to fatigue and ultimate lap shear.
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Figure 28 - Lap Shear Coupon Undergoing Testing

3.1.2 Results
3.1.2.1 Static Tensile and Ultimate Lap Shear Results
Parent materials of the bare and clad sheets used in this experiment were tested for
ultimate strengths in the longitudinal direction. Three samples of each were tested. The bare
material had an average ultimate strength of 70.1 ksi with a standard deviation of 0.3 ksi. The
clad material had an average ultimate strength of 63.2 ksi with a standard deviation of 0.1 ksi.
The Psi™ tool produced the highest strength specimens among the three tools. The
results for the six strongest coupons for this tool are shown in Table 1. The failure modes for this
tool were all plug pullout from the bottom sheet of the joint.
Table 1 - Tool Selection Psi™ Results
Rotation Speed
(RPM)
1,500
1,700
1,700
1,700
1,500
1,900

Welding Speed
(mm/min) [IPM]
356 [14.0]
406 [16.0]
406 [16.0]
356 [14.0]
406 [16.0]
356 [14.0]

Forge Load
(kN) [lbs]
6,005 [1,350]
6,005 [1,350]
6,672 [1,500]
6,672 [1,500]
6,672 [1,500]
6,005 [1,350]
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Tilt Angle
(deg)
0.50
0.50
0.25
0.50
0.50
0.50

Shear Load
(kN) [lbs]
12.67 [2,848]
12.91 [2,902]
13.18 [2,962]
13.56 [3,049]
13.66 [3,070]
14.20 [3,192]

The threaded Counterflow™ tool had the second highest strength specimens of the three
tools. Several of the coupons had the undesirable nugget shear failure modes. The strongest and
third strongest coupons had this failure mode. The results for the six strongest coupons for this
tool are shown in Table 2.
Table 2 - Tool Selection Threaded Counterflow™ Results
Rotation Speed
(RPM)
1,200
1,200
1,200
1,000
1,000
1,000

Welding Speed
(mm/min) [IPM]
279 [11.0]
279 [11.0]
279 [11.0]
279 [11.0]
279 [11.0]
330 [13.0]

Forge Load
(kN) [lbs]
4,671 [1,050]
6,005 [1,350]
5,338 [1,200]
5,338 [1,200]
6,005 [1,350]
6,005 [1,350]

Tilt Angle
(deg)
0.75
0.75
0.50
0.75
1.00
0.75

Shear Load
(kN) [lbs]
11.43 [2,569]
11.64 [2,616]
11.65 [2,620]
11.66 [2,622]
11.72 [2,634]
12.53 [2,816]

The modified Trivex™ tool had the lowest strength specimens of the three tools. The
failure mode for all specimens was plug pullout. The results for the six strongest coupons for this
tool are shown in Table 3.
Table 3 - Tool Selection Modified Trivex™ Results
Rotation Speed
(RPM)
1,350
1,350
1,550
1,550
1,350
1,550

Welding Speed
(mm/min) [IPM]
229 [9.0]
229 [9.0]
229 [9.0]
229 [9.0]
229 [9.0]
279 [11.0]

Forge Load
(kN) [lbs]
4,448 [1,000]
3,781 [850]
5,115 [1,150]
4,448 [1,000]
5,115 [1,150]
5,115 [1,150]

Tilt Angle
(deg)
0.00
0.25
0.00
0.25
0.25
0.25

Shear Load
(kN) [lbs]
11.23 [2,525]
11.28 [2,535]
11.45 [2,575]
11.80 [2,653]
12.37 [2,781]
12.56 [2,823]

3.1.2.2 Tool Selection Metallography
Cross-sections for each set of weld parameters shown in tables 1, 2, and 3 were
examined. The Psi™ tool was selected based on the tool study ultimate lap shear results and the
cross-section appearance. The sets of weld parameters chosen are shown in Table 4. Photographs
of the cross-sections of welds using Weld Parameter Sets 1, 2, and 3 are shown in Figures 29, 30,
and 31. Weld Parameter Set 1 had the best appearance overall with the lowest amount of oxide in
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the nugget. Thus, it was selected for later fatigue and corrosion testing. All three weld parameter
sets were used in later lap shear testing.
Table 4 - Final Selected Weld Parameter Sets for Psi™
Weld Parameter Set
1
2
3

Rotation Speed
(RPM)
1,500
1,500
1,900

Welding Speed
(mm/min) [IPM]
356 [14.0]
406 [16.0]
356 [14.0]

Forge Load
(kN) [lbs]
6,005 [1,350]
6,672 [1,500]
6,005 [1,350]

Figure 29 – Weld Parameter Set 1 Cross-Section

Figure 30 -Weld Parameter Set 2 Cross-Section

Figure 31 - Weld Parameter Set 3 Cross-Section
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Tilt Angle
(deg)
0.50
0.50
0.50

3.2 Ultimate Lap Shear Testing
3.2.1 Procedure
3.2.1.1 NASM 1312-4 and Sealant Only
Five NASM 1312-4 coupons were tested for each sealant and surface treatment
combination for each weld parameter set. Once fabricated, the coupons were tested after 100
hours of natural aging. To assess the contribution of the sealant to the overall joint strength, a set
of five coupons were made with only sealant creating the joint. These coupons were made with
the same dimensions as the welded coupons.
3.2.1.2 NASM 1312-21
The NASM 1312-21 coupons were tested in lap shear after naturally aging for 100 hours.
Coupons were only made for Weld Parameter Set 1. Five coupons were tested for each sealant
and surface treatment combination. The coupons were guided by a restraint fixture, shown in the
photograph of Figure 32, when pulled.

Figure 32 – NASM 1312-21 Fatigue Coupon in Restraint Fixture
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3.2.2 Results
3.2.1.1 NASM 1312-4
Complete lap shear results for each weld parameter set, sealant, and surface treatment
combination are show in Tables 8, 9, and 10 in the Appendix.
Visual inspection of the spot welds on the clad sheets confirmed that the forge load was
too great. This was apparent because the shoulder plunged much deeper in the clad material than
in the sheets without cladding. The surface of the clad sheet, which is the softest in the project,
was displaced, creating excessive flash. The strengths of the clad coupons were the lowest. This
was not unexpected since the clad material had less strength than the unclad material. Tool and
weld parameter development specifically for the clad material may have produced better results.
The CAA coupons were made at a later time than the other coupons due to a material
supply issue. A single Psi™ tool was used to make many coupons in the intervening time and
became worn. The wear was most apparent on the edges of features. The edges of the flats and
the flutes, which are sharp and well defined when the tool was new, became rounded and illdefined in the worn tools. Also, the hard surface coating, intended to increase tool life, had also
been completely worn off of the surface where the tool had been in contact with the material.
Two sets of coupons were made for the CAA material. One set was made with the original Psi™
tool. A second set of CAA coupons was made with a new, unused Psi™ tool.
The results of the bare coupons with sealant compared to the results of the bare without
sealant showed greater strengths can be reached with sealants included in this configuration. The
surface treatments seem to result in a slight reduction in the coupon’s strength; however, the
combined effect of sealant and surface treatments appeared to have increased the joint strength of
the coupons over that of bare material without sealant.

30

2925

13.00
Weld Parameter 1
Weld Parameter 2

12.50

2700

12.00

11.50

11.00

2475

10.50

10.00

2250

Ultimate Shear Load (lbs)

Ultimate Shear Load (kN)

Weld Parameter 3

9.50

9.00

2025
Bare w/o
Sealant

Bare w/
PR-1432 GP

Clad w/
PR-1432 GP

1st CAA w/
PR-1432 GP

2nd CAA w/
PR-1432 GP

Alodine w/
PR-1432 GP

Figure 33 - NASM 1312-4 Tensile Results

3.2.1.2 NASM 1312-21
Complete lap shear results for each sealant and surface treatment combination are show
in Table 11 in the Appendix.
The coupons in the NASM 1312-21 configuration contain less sealant at the faying
surface than those of the NASM 1312-4 configuration. This was due to the -21 coupons having
more area covered by spot welds which resulted in generally lower standard deviation than the
NASM 1312-4 results.
The measured joint strengths of the bare coupons with and without sealant were very
close to each other. The coupons with sealant had lower strengths than those without sealant. The
sealant may not have had enough coverage area on the coupon to be effective. Also, it appears
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the sealants may have degraded the strength of the weld. These two hypotheses can not be
confirmed by the measured data, and further work is needed determine if they are valid.
Two flush, countersunk NAS 1097 AD4 riveted coupons were also tested and failed at

24.00

5,400

22.00

4,950

20.00

4,500

18.00

4,050

16.00

3,600
Bare w/o
Sealant

Bare w/
PR-1432 GP

Clad w/
PR-1432 GP

CAA w/
PR-1432 GP

Ultimate Shear Load (lbs)

Ultimate Shear Load (kN)

8.3 kN (1872 lbs) and 10.2 kN (2298 lbs).

Alodine w/
PR-1432 GP

Figure 34 - NASM 1312-21 Tensile Results

3.2.1.3 General Ultimate Lap Shear Results
The five coupons with only sealant creating the joint had an average ultimate lap shear
load of 5.96 kN (1340 lbs) with a standard deviation of 1.02 kN (229 lbs). The difference
between the strength of the bare coupons without sealant and the bare coupons with sealant is not
equivalent to the strength of coupons with only sealant.
The sealant only coupons had the greatest standard deviation of any of the coupons
tested. The increase in standard deviation from the bare coupons without sealant to those with
sealant was certainly due, in part, to the sealant having such a high standard deviation. It should
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be noted that the standard deviations for the bare coupons without sealant are lower than
expected based on previous published and unpublished results.
The results indicate that the sealant increased the strength of NASM 1312-4 coupons but
decreased the strength of the NASM 1312-21 coupons. The -4 coupons had a larger coverage
area of sealant and smaller coverage area of the spot welds than the -21 coupons. This variance
in coverage area affected the influence of the sealant. From the results, it would appear the
sealant decreased the strength of the spot weld itself. When there was not enough sealant to
account for a loss in spot weld strength, the coupons with sealant had less strength than those
without sealant.
3.3 Fatigue Testing
3.3.1 Procedure
The fatigue pretests were conducted according to the NASM 1312-21 specification
guidelines and guided with the restraint fixture shown in Figure 32. Welds were made using
Weld Parameter Set 1. Five constant amplitude load tests were conducted for three coupons with
each sealant and surface treatment combination. The amplitude of loads were 67%, 50%, 33% of
ultimate load; a load that was computed to produce a coupon life of 3 million cycles; and a fifth
load to complete the load-life curve. All samples were fatigued at a load ratio of R=0.1.
Only two coupons for Alodine were made and tested for the fifth load due to a material
shortage. Six bare coupons were fatigued with sealant at the 67% load level. Coupons were
fatigued at a frequency of 40 Hz until they reached 5 million cycles of loading. After this, they
were fatigued at 80 Hz. If the coupons survived to 11 million cycles, they were assumed to have
reached runout. Additional coupons with NAS 1097 AD 4 rivets were also tested with the same
spacing as the FSSW coupons.
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3.3.2 Results
Complete fatigue results for each sealant and surface treatment combination are show in
Tables 12 and 13 in the Appendix.
The results for all fatigue coupons are provided on a load-life plot, in Figure 35. Figure
36 contains the fitted trend-line load-life curves. Figures 37 through 41 provide comparisons of
the measured results for each spot welded coupon type with those for the riveted coupons. The
results for FSSW fatigue life were lower than those of the riveted coupons at medium to low
loads. This may be due, in part, to the fact the process was optimized for ultimate lap shear.
The tool and weld parameters were not optimized for fatigue. Tools and weld parameters
optimized for fatigue may perform better. Among the weld parameters which could be adjusted
is the forge load. The shoulder created indentions on the surface in which, in some instances,
were the source of failure.
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Figure 35 - Fatigue Load-Life Data
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Figure 36 - Fatigue Load-Life Curves
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Figure 37 - Bare w/o Sealant & Riveted Load-Life Curves
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Figure 38 - Bare & PR-1432 GP & Riveted Load-Life Curves
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Figure 39 - Clad & PR-1432 GP & Riveted Load-Life Curves
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Figure 40 - CAA & PR-1432 GP & Riveted Load-Life Curves
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Figure 41 - Alodine & PR-1432 GP & Riveted Load-Life Curves
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The results for FSSW were quite close for the different surface treatments. The sealant
also appeared to have little effect. Figure 42 shows results for bare coupons with and without
sealant and riveted coupon results. Though it appeared the sealant coupons have slightly lower
fatigue life at higher stress. At medium to low stresses, the fatigue lives were quite similar.
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Figure 42 - Bare with and without Sealant and Riveted Load-Life Curves

The riveted coupons were unable to be fatigued at the high load levels. This is due to the
lower strength of riveted coupons. Therefore, FSSW would be the only option between the two
for high load fatigue applications.
3.4 Corrosion Testing
3.4.1 Procedure
The coupons for the corrosion testing were made according to the NASM 1312-4 coupon
configuration. Like the NASM 1312-4 tensile testing, five coupons for each sealant and surface
treatment configuration were made. Coupons were made using only Weld Parameter Set 1.
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The immersion tank used for corrosion testing contained a solution of 3.5% NaCl. The
tank was alternately filled and emptied of this solution. The tank ran one-hour alternating
immersion cycles. During these cycles, specimens were immersed for 10 minutes of the cycle
and the specimens were dried for the remaining 50 minutes of the cycle.
The coupons were pre-fatigued for 500 cycles at 200 lbs. This pre-fatiguing was intended
to bring out any flaws in the bonding of the sealant while not greatly affecting the potential
residual strength of the coupons.
Coupons underwent alternate immersion for 240 hours. After removal, four of the five
coupons of each type were pulled in unguided lap shear to failure to determine the residual
strength. The remaining coupons of each type were then cross-sectioned for visual and
macroscopic inspection.
3.4.2 Results
3.4.2.1 Residual Strength Testing
Complete lap shear results for corrosion for each sealant and surface treatment
combination are show in Table 14 in the Appendix.
The measured results of the corrosion testing are presented, in Figure 43 below, in the
form of ultimate shear loads. Note that the Alodine and clad coupons had an increase in strength
after corrosion. One explanation for this may be that the corroded coupons naturally aged, and
thus strengthened, for more than five months before beginning corrosion testing. Other
explanations may be that there were few data points for each type coupled with the high standard
deviation of the corroded coupons and the good corrosion resistance of these surface treatments.
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The corrosion noticeably decreased the strength of the bare coupons. The coupons with
surface treatments had no significant decrease in strength from corrosion. However, all corroded
coupon sets had an increase in standard deviation over their respective pristine coupon sets.
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PR-1432 GP
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PR-1432 GP

Alodine w/
PR-1432 GP

Figure 43 - Pre and Post Corrosion Coupon Strengths

3.4.2.2 Post-Corrosion Visual Inspection
The Alodine and clad surface treatments appeared to be the best at protecting the surface
against corrosion. The Alodine coupons looked much as they did before exposure to the
corrosive environment. The clad coupons were also in good shape, even though they did
experience some tarnishing. Both the Alodine and clad did well in repelling buildup of NaCl on
the surface. The CAA coupons did not repel buildup of NaCl as well. The CAA surface was also
subjected to pitting, as shown in Figure 45. There may have also been cracking or damage to
anvil side under the weld which may have facilitated corrosion in the HAZ. The bare material
had pitting as well, and it also did the worst in repelling NaCl.
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Figure 44 - Post-Corrosion Coupons. Bare with PR-1432 GP, Clad with PR-1432 GP, CAA with PR-1432 GP,
Alodine with PR-1432 GP, and Bare without Sealant, from Left to Right

Figure 45 - Corroded CAA coupon with Pitting

All of the coupons had a preferential attack at the spot weld where the surface treatments
had been displaced by the tool. There was also attack on the anvil side of the spot weld. It
appeared to occur in the HAZ. The anvil side surface of the clad coupons was affected by mark
off from the anvil. The clad had much less corrosion on the anvil side than the other materials.
What corrosion that was present was most likely due to this surface disruption from the mark off.
The sealant did an effective job at preventing crevice corrosion. The coupons with no
sealant allowed solution to penetrate to the faying surface. The coupons with sealant appeared to
have prevented the solution from reaching the faying surface. The faying surfaces of bare
coupons with and without sealant are shown in Figure 46.
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Sealant
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Uncorroded
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Figure 46 - Faying Surfaces after Corrosion. Bare without Sealant (Left) and with Sealant (Right).

3.4.2.3 Macroscopic Inspection
The cross-sections, in Figure 47 through 51, revealed little about any corrosion attack.
What corrosion was visible appeared in the HAZ on the anvil side. Testing for a longer period or
with a more aggressive corrosive agent may have caused a greater affect on the cross-sections.

Figure 47 - Bare without Sealant Post-Corrosion

Figure 48 - Bare & PR-1432 GP Post-Corrosion

Figure 49 - Clad & PR-1432 GP Post-Corrosion
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Figure 50 - CAA & PR-1432 GP Post-Corrosion

Figure 51 - Alodine & PR-1432 GP Post-Corrosion

3.5 Microhardness Investigation
A cross-section was prepared from a spot weld to examine an artifact which was
observed in some of the weld nuggets, shown in Figure 52. It is difficult to see, but the color of
the artifact was close to that of the sealant. It appeared that oxide surrounding sealant was found
within the nugget.

Figure 52 - Nugget Artifact Area

A microhardness map of this region of the sample cross-section was made using a LECO
AMH43 Automatic Microindentation Testing System. The microhardness map, shown in Figure
53, confirms that the region of the artifact was a soft material surrounded by hard material inside
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the nugget of the weld. This information reinforced the idea that the surface sealant, or a crack,
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surrounded by oxide material existed within the nugget of the weld.
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Figure 53 - Microhardness Map (Vickers Hardness Scale)

3.6 Macroscopic Investigation of Multiple Cross-Section Views
Additional cross-sections of the Weld Parameter Set 1 spot welds were made in
CAA sheets with PR-1432 GP. These cross-sections were made in planes 30 degrees apart,
illustrated in Figure 54. The total of six cross-sections were intended to give a better
understanding of how the weld processed the surface treatment and sealant.
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Figure 54 - Orientation of Cut Planes

The multiple views, Figures 55 to 60, indicated the oxide mixed in variable groups
around the nugget. These variations may result in different strengths and fatigue lives. Also, in
the final part of the Octaspot™ weld path, seen in Figure 58, the tool drew material towards the
center in its wake. This may also lead to different properties from different angles which could
be different strengths or fatigue characteristics. The different orientations could positions flaws
in a direction that is less resistant to failure.

Figure 55 - Cut Plane 1

Figure 56 - Cut Plane 2
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Figure 57 - Cut Plane 3

Figure 58 - Cut Plane 4

Figure 59 - Cut Plane 5

Figure 60 - Cut Plane 6
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CONCLUSIONS
Results for the NASM 1312-4 coupon testing indicated that the sealant may help increase
the joint strength of the coupons. However, the sealant also tended to increased the standard
deviation of the coupons. The sealant appeared to have a negative effect on the static strength in
the NASM 1312-21 coupons. Since there was less sealant in the NASM 1312-21 coupons, it had
less scatter. The sealant appeared to have a detrimental effect on the strength of the spot welds
themselves. When there was not enough sealant to account for a loss in spot weld strength, the
coupons with sealant had less strength than those without sealant. Generally, surface treatments
decreased the static joint strengths of the specimens.
Average strengths for the coupons in the NASM 1312-21 for FSSW were shown to be
much stronger than the riveted coupons. Riveted coupons had only between 35% and 44% the
average strength of the average FSSW coupon in bare material without sealant.
FSSW coupons failed to match the fatigue life of riveted coupons at medium and low
fatigue loads. The parameters for the FSSW coupons were optimized for ultimate lap shear.
Optimizing tool design and weld parameters for fatigue life potentially could allow FSSW to
compare well with riveted coupons in fatigue at the medium and low fatigue loads.
Since FSSW coupons reached greater ultimate lap shear loads than the riveted coupons,
the FSSW had a larger range of potential fatigue loads than the riveted coupons. The riveted
coupons could not be fatigued at the high load levels at which FSSW coupons were fatigued.
FSSW was consistent overall for fatigue life. The sealants and surface treatments had
little effect on fatigue life except for having slightly shorter life at the higher loads.
The corrosive environment degraded the strength of the bare coupons. Surface treatments
appeared to prevent this degradation. The standard deviation was much higher for corroded
47

coupons than for pristine coupons. NaCl solution was able to penetrate to the faying surface for
the coupons without sealant. There was no visible penetration of the NaCl solution in coupons
with sealant.
There was noticeable corrosion attack where the shoulder and probe of the tool had
displaced the surface. Attack also occurred on the anvil side surface in the HAZ. Alodine had the
least surface corrosion. The clad surface was tarnished by corrosion and had the second least
surface corrosion. CAA had the second most surface corrosion with pitting and some NaCl
buildup. Bare had the most surface corrosion with less pitting than the CAA and but more NaCl
buildup.
Microhardness tests showed that there was a soft spot surrounded by hard material in
some of the weld nuggets. This may indicate that there was sealant, or perhaps a crack, in the
nugget surrounded by oxide. Multiple views showed that the nugget was not symmetrical. This
may affect properties from different directions which could result in different strengths or fatigue
characteristics. The different orientations could position flaws in a direction that is less resistant
to failure.
The results from these experiments show that swept friction stir spot welding can be
performed successfully with materials with treated surfaces and sealant at the faying surface.
There was a small drop in strength and minimal impact to fatigue life from the sealant and
surface treatments, and the sealants and surface treatments maintained most their corrosion
resistance.
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FUTURE WORK
Potential areas for future work for swept FSSW in fatigue can be identified based on the
results of this project. It would be of interest to study the effect of other types of fatigue coupons,
such as a low load or no load transfer coupon. It also may be valuable to see how the 100% load
transfer coupon competes with rivets when the tool or weld parameters are optimized for fatigue
life.
Other types of corrosion tests for swept FSSW could be valuable as would the same set of
tests for a longer duration. SCC tests for swept FSSW would be especially interesting.
It may also be worthwhile to examine the effects of sealants and surface treatments in
regards to the static lap shear strengths and fatigue life from multiple directions in a similar
method as was done for the multiple cross-sections. This would see if the nugget asymmetry has
a noticeable effect. Another relevant test would be to find the correlation between the amount of
sealant coverage and the increase or decrease in strength of a coupon.
Another experiment involving fatigue and ultimate lap shear testing could potentially
determine the critical points for failure initiation in the spot welds. Potential sites for failure
initiation are at the oxide concentrations in the nugget and indention marks from the shoulder.
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Table 5 - Psi™ Tool Baseline Tool Study Results
Coupon

Rotation Speed
(RPM)

Welding Speed
(mm/min) [IPM]

Forge Load
(N) [lbs]

Tilt Angle
(degrees)

1

1,700

305 [12.0]

6,005 [1,350]

0.50

11.63

[2,614]

2

1,900

406 [16.0]

6,672 [1,500]

0.50

12.46

[2,800]

3

1,700

356 [14.0]

6,005 [1,350]

0.25

12.43

[2,795]

4

1,900

305 [12.0]

6,672 [1,500]

0.50

11.92

[2,679]

5

1,900

356 [14.0]

7,340 [1,650]

0.50

12.01

[2,700]

6

1,700

356 [14.0]

7,340 [1,650]

0.75

11.93

[2,683]

7

1,700

406 [16.0]

6,672 [1,500]

0.25

13.18

[2,962]

8

1,700

356 [14.0]

6,005 [1,350]

0.75

12.46

[2,800]

9

1,700

356 [14.0]

6,672 [1,500]

0.50

13.56

[3,049]

10

1,500

406 [16.0]

6,672 [1,500]

0.50

13.66

[3,070]

11

1,700

305 [12.0]

6,672 [1,500]

0.25

12.07

[2,714]

12

1,900

356 [14.0]

6,005 [1,350]

0.50

14.20

[3,192]

13

1,700

406 [16.0]

6,005 [1,350]

0.50

12.91

[2,902]

14

1,900

356 [14.0]

6,672 [1,500]

0.75

11.75

[2,641]

15

1,900

356 [14.0]

6,672 [1,500]

0.25

11.16

[2,508]

16

1,500

356 [14.0]

6,005 [1,350]

0.50

12.67

[2,848]

17

1,700

406 [16.0]

7,340 [1,650]

0.50

12.52

[2,814]

18

1,500

305 [12.0]

6,672 [1,500]

0.50

11.04

[2,482]

19

1,500

356 [14.0]

7,340 [1,650]

0.50

12.01

[2,701]

20

1,700

305 [12.0]

7,340 [1,650]

0.50

12.08

[2,716]

21

1,700

356 [14.0]

6,672 [1,500]

0.50

10.72

[2,409]

22

1,700

406 [16.0]

6,672 [1,500]

0.75

11.86

[2,666]

23

1,700

356 [14.0]

6,672 [1,500]

0.50

11.67

[2,623]

24

1,700

305 [12.0]

6,672 [1,500]

0.75

10.87

[2,443]

25

1,500

356 [14.0]

6,672 [1,500]

0.25

12.14

[2,730]

26

1,700

356 [14.0]

7,340 [1,650]

0.25

12.40

[2,787]

27

1,500

356 [14.0]

6,672 [1,500]

0.75

12.13

[2,726]
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Table 6 - Threaded Counterflow™ Tool Baseline Tool Study Results
Coupon

Rotation Speed
(RPM)

Welding Speed
(mm/min) [IPM]

Forge Load
(N) [lbs]

Tilt Angle
(degrees)

1

1,000

229 [9.0]

4,671 [1,050]

0.75

10.33

[2,322]

2

1,200

330 [13.0]

5,338 [1,200]

0.75

10.82

[2,432]

3

1,000

279 [11.0]

4,671 [1,050]

0.50

11.05

[2,484]

4

1,200

229 [9.0]

5,338 [1,200]

0.75

11.18

[2,513]

5

1,200

279 [11.0]

6,005 [1,350]

0.75

11.64

[2,616]

6

1,000

279 [11.0]

6,005 [1,350]

1.00

11.72

[2,634]

7

1,000

330 [13.0]

5,338 [1,200]

0.50

9.76

[2,195]

8

1,000

279 [11.0]

4,671 [1,050]

1.00

10.54

[2,370]

9

1,000

279 [11.0]

5,338 [1,200]

0.75

11.39

[2,561]

10

800

330 [13.0]

5,338 [1,200]

0.75

11.06

[2,487]

11

1,000

229 [9.0]

5,338 [1,200]

0.50

11.00

[2,474]

12

1,200

279 [11.0]

4,671 [1,050]

0.75

11.43

[2,569]

13

1,000

330 [13.0]

4,671 [1,050]

0.75

11.18

[2,514]

14

1,200

279 [11.0]

5,338 [1,200]

1.00

10.83

[2,434]

15

1,200

279 [11.0]

5,338 [1,200]

0.50

11.65

[2,620]

16

800

279 [11.0]

4,671 [1,050]

0.75

10.29

[2,313]

17

1,000

330 [13.0]

6,005 [1,350]

0.75

12.53

[2,816]

18

800

229 [9.0]

5,338 [1,200]

0.75

10.24

[2,301]

19

800

279 [11.0]

6,005 [1,350]

0.75

11.09

[2,493]

20

1,000

229 [9.0]

6,005 [1,350]

0.75

10.66

[2,397]

21

1,000

279 [11.0]

5,338 [1,200]

0.75

10.02

[2,252]

22

1,000

330 [13.0]

5,338 [1,200]

1.00

10.11

[2,272]

23

1,000

279 [11.0]

5,338 [1,200]

0.75

11.66

[2,622]

24

1,000

229 [9.0]

5,338 [1,200]

1.00

10.07

[2,264]

25

800

279 [11.0]

5,338 [1,200]

0.50

10.85

[2,439]

26

1,000

279 [11.0]

6,005 [1,350]

0.50

10.17

[2,286]

27

800

279 [11.0]

5,338 [1,200]

1.00

9.66

[2,172]
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Table 7 - Modified Trivex™ Tool Baseline Tool Study Results
Coupon

Rotation Speed
(RPM)

Welding Speed
(mm/min) [IPM]

Forge Load
(N) [lbs]

Tilt Angle
(degrees)

1

1,550

178 [7.0]

3,781 [850]

0.25

10.55

[2,371]

2

1,750

279 [11.0]

4,448 [1,000]

0.25

10.14

[2,279]

3

1,550

229 [9.0]

3,781 [850]

0.00

11.13

[2,502]

4

1,750

178 [7.0]

4,448 [1,000]

0.25

10.48

[2,357]

5

1,750

229 [9.0]

5,115 [1,150]

0.25

10.64

[2,391]

6

1,550

229 [9.0]

5,115 [1,150]

0.50

10.46

[2,352]

7

1,550

279 [11.0]

4,448 [1,000]

0.00

10.16

[2,283]

8

1,550

229 [9.0]

3,781 [850]

0.50

9.74

[2,190]

9

1,550

229 [9.0]

4,448 [1,000]

0.25

10.01

[2,250]

10

1,350

279 [11.0]

4,448 [1,000]

0.25

10.16

[2,285]

11

1,550

178 [7.0]

4,448 [1,000]

0.00

9.92

[2,229]

12

1,750

229 [9.0]

3,781 [850]

0.25

10.25

[2,304]

13

1,550

279 [11.0]

3,781 [850]

0.25

9.06

[2,037]

14

1,750

229 [9.0]

4,448 [1,000]

0.50

9.07

[2,038]

15

1,750

229 [9.0]

4,448 [1,000]

0.00

11.14

[2,505]

16

1,350

229 [9.0]

3,781 [850]

0.25

11.28

[2,535]

17

1,550

279 [11.0]

5,115 [1,150]

0.25

12.56

[2,823]

18

1,350

178 [7.0]

4,448 [1,000]

0.25

11.15

[2,507]

19

1,350

229 [9.0]

5,115 [1,150]

0.25

12.37

[2,781]

20

1,550

178 [7.0]

5,115 [1,150]

0.25

10.38

[2,333]

21

1,550

229 [9.0]

4,448 [1,000]

0.25

10.05

[2,259]

22

1,550

279 [11.0]

4,448 [1,000]

0.50

11.08

[2,490]

23

1,550

229 [9.0]

4,448 [1,000]

0.25

11.80

[2,653]

24

1,550

178 [7.0]

4,448 [1,000]

0.50

9.30

[2,090]

25

1,350

229 [9.0]

4,448 [1,000]

0.00

11.23

[2,525]

26

1,550

229 [9.0]

5,115 [1,150]

0.00

11.45

[2,575]

27

1,350

229 [9.0]

4,448 [1,000]

0.50

10.72

[2,409]

58

Shear Load
(kN) [lbs]

Table 8 - NASM 1312-4 Ultimate Lap Shear Results for Weld Parameter Set 1
Bare without
Sealant
1
11.07 [2,489]
2
11.06 [2,486]
3
11.07 [2,488]
4
11.03 [2,479]
5
11.06 [2,486]
Avg 11.06 [2,486]
St Dev 0.02
[4]

kN [lbs]

Bare with
PR-1432 GP
11.44 [2,571]
11.66 [2,621]
12.12 [2,724]
10.95 [2,462]
12.35 [2,776]
11.70 [2,631]
0.55 [124]

Bare with
PLV 6032
9.29 [2,089]
9.24 [2,077]
9.24 [2,078]
9.27 [2,085]
9.74 [2,191]
9.36 [2,104]
0.22 [49]

Clad with
PR-1432 GP
9.70 [2,180]
10.50 [2,361]
10.80 [2,428]
10.14 [2,279]
10.47 [2,353]
10.32 [2,320]
0.42 [94]

1st CAA with
PR-1432 GP
10.85 [2,439]
11.51 [2,587]
11.29 [2,539]
10.95 [2,462]
10.95 [2,461]
11.11 [2,498]
0.28 [63]

2nd CAA with
PR-1432 GP
11.44 [2,571]
11.37 [2,555]
11.41 [2,564]
11.41 [2,565]
12.02 [2,703]
11.53 [2,592]
0.28 [63]

Alodine with
PR-1432 GP
10.44 [2,348]
10.15 [2,282]
10.86 [2,441]
10.06 [2,261]
9.92 [2,231]
10.29 [2,313]
0.37 [84]

Table 9 - NASM 1312-4 Ultimate Lap Shear Results for Weld Parameter Set 2
kN [lbs]
1
2
3
4
5
Avg
St Dev

Bare without
Sealant
11.14 [2,504]
11.22 [2,522]
11.09 [2,493]
11.21 [2,519]
11.10 [2,495]
11.15 [2,507]
0.06
[13]

Bare with
PR-1432 GP
12.10 [2,721]
12.00 [2,698]
12.53 [2,817]
11.86 [2,666]
12.37 [2,781]
12.17 [2,737]
0.27
[62]

Clad with
PR-1432 GP
11.09 [2,494]
10.89 [2,448]
10.69 [2,404]
9.91 [2,227]
9.67 [2,175]
10.45 [2,350]
0.63
[141]

1st CAA with
PR-1432 GP
11.82 [2,657]
10.54 [2,369]
11.57 [2,602]
10.81 [2,430]
11.31 [2,542]
11.21 [2,520]
0.53
[119]

2nd CAA with
PR-1432 GP
11.25 [2,529]
11.08 [2,491]
11.65 [2,619]
11.17 [2,511]
11.00 [2,473]
11.23 [2,525]
0.25
[57]

Alodine with
PR-1432 GP
12.53 [2,816]
11.08 [2,492]
12.50 [2,811]
11.37 [2,557]
11.28 [2,535]
11.75 [2,642]
0.70
[158]

Table 10 - NASM 1312-4 Ultimate Lap Shear Results for Weld Parameter Set 3
kN [lbs]
1
2
3
4
5
Avg
St Dev

Bare without
Sealant
12.11 [2,722]
11.94 [2,685]
12.11 [2,722]
12.01 [2,701]
11.97 [2,691]
12.03 [2,704]
0.08
[17]

Bare with
PR-1432 GP
11.52 [2,590]
11.64 [2,617]
11.90 [2,675]
10.95 [2,462]
11.58 [2,603]
11.52 [2,589]
0.35
[78]

Clad with
PR-1432 GP
11.60 [2,607]
11.17 [2,512]
11.09 [2,494]
10.20 [2,292]
10.44 [2,346]
10.90 [2,450]
0.57
[129]
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1st CAA with
PR-1432 GP
11.08 [2,491]
11.37 [2,557]
12.07 [2,713]
12.27 [2,759]
12.07 [2,713]
11.77 [2,647]
0.52
[116]

2nd CAA with
PR-1432 GP
11.50 [2,585]
12.06 [2,712]
12.82 [2,883]
12.46 [2,800]
12.36 [2,779]
12.24 [2,752]
0.50
[111]

Alodine with
PR-1432 GP
11.66 [2,621]
11.61 [2,609]
11.56 [2,598]
11.09 [2,493]
11.61 [2,610]
11.50 [2,586]
0.23
[53]

Table 11 - NASM 1312-21 Ultimate Lap Shear Results for Weld Parameter Set 1
kN [lbs]
1
2
3
4
5
6
Avg
St Dev

Bare without
Sealant
23.86
5,363
23.38
5,257
22.76
5,117
23.59
5,303
23.37
5,253
23.19
5,213
23.36
5,251
0.37
83

Bare with
PR-1432 GP
22.67
5,096
21.45
4,822
23.68
5,323
20.92
4,702
23.50
5,283
N/A
22.44
5,045
1.23
276

Clad with
PR-1432 GP
18.14
4,078
17.73
3,986
17.99
4,045
17.16
3,858
17.43
3,918
N/A
17.69
3,977
0.40
90

CAA with
PR-1432 GP
19.71
4,431
19.46
4,375
19.10
4,294
19.39
4,360
19.21
4,318
N/A
19.37
4,356
0.24
53

Alodine with
PR-1432 GP
20.75
4,664
21.08
4,740
20.93
4,706
19.67
4,423
20.23
4,548
N/A
20.53
4,616
0.58
130

Table 12 - Fatigue Data
Bare without Sealant
Max Load
# of cycles
(kN) [lbs]
1,552
15.65 [3,518]
2,049
15.65 [3,518]
2,392
15.65 [3,518]
8,526
11.68 [2,626]
8,752
11.68 [2,626]
13,230
11.68 [2,626]
36,778
7.71
[1,733]
36,976
7.71
[1,733]
46,177
7.71
[1,733]
309,543
3.51
[788]
599,518
3.51
[788]
671,089
3.51
[788]
3,528,103
1.87
[420]
11,000,000
1.87
[420]
11,000,000
1.87
[420]
N/A

Bare with PR-1432 GP
Max Load
# of cycles
(kN) [lbs]
1,184
15.65 [3,518]
1,305
15.65 [3,518]
1,448
15.65 [3,518]
1,454
15.65 [3,518]
1,486
15.65 [3,518]
1,566
15.65 [3,518]
5,005
11.68 [2,626]
5,391
11.68 [2,626]
6,042
11.68 [2,626]
47,374
7.47
[1,680]
48,830
7.47
[1,680]
50,198
7.47
[1,680]
376,292
3.40
[764]
426,802
3.40
[764]
570,852
3.40
[764]
3,894,617
1.81
[407]
10,536,165
1.81
[407]
8,768,374
1.81
[407]
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Clad with Pr-1432 GP
Max Load
# of cycles
(kN) [lbs]
2,289
11.85 [2,665]
3,077
11.85 [2,665]
3,476
11.85 [2,665]
11,653
8.85
[1,989]
12,126
8.85
[1,989]
29,719
8.85
[1,989]
77,734
5.84
[1,312]
332,734
5.84
[1,312]
348,403
5.84
[1,312]
11,000,000
2.66
[597]
11,000,000
2.66
[597]
11,000,000
2.66
[597]
11,000,000
1.41
[318]
11,000,000
1.41
[318]
11,000,000
1.41
[318]
N/A

Table 13 - Fatigue Data
CAA without Sealant
Max Load
# of cycles
(kN) [lbs]
2,163
12.98 [2,918]
2,585
12.98 [2,918]
2,861
12.98 [2,918]
10,086
9.69
[2,178]
10,548
9.69
[2,178]
11,640
9.69
[2,178]
49,161
6.38
[1,435]
62,656
6.38
[1,435]
74,629
6.38
[1,435]
796,985
2.90
[653]
1,014,620
2.90
[653]
1,111,012
2.90
[653]
11,000,000
1.55
[348]
11,000,000
1.55
[348]
11,000,000
1.55
[348]

Alodine with PR-1432 GP
Max Load
# of cycles
(kN) [lbs]
2,908
13.76 [3,093]
3,062
13.76 [3,093]
3,925
13.76 [3,093]
10,758
10.27 [2,308]
11,790
10.27 [2,308]
12,213
10.27 [2,308]
72,348
6.77
[1,523]
77,883
6.77
[1,523]
191,315
6.77
[1,523]
279,634
4.89
[1,100]
338,266
4.89
[1,100]
1,600,123
3.08
[692]
1,873,754
3.08
[692]
11,000,000
3.08
[692]
N/A

N/A

Riveted without Sealant
Max Load
# of cycles
(kN) [lbs]
22,994
9.19
[2,065]
25,969
9.19
[2,065]
34,880
9.19
[2,065]
47,744
8.16
[1,835]
51,955
8.16
[1,835]
68,590
8.16
[1,835]
82,070
8.16
[1,835]
106,939
8.16
[1,835]
148,805
6.84
[1,537]
183,147
6.84
[1,537]
279,213
6.84
[1,537]
597,913
5.10
[1,147]
769,038
5.10
[1,147]
1,047,735
5.10
[1,147]
5,301,144
3.06
[688]
6,500,350
3.06
[688]
7,076,936
3.06
[688]

Table 14 - NASM 1312-4 Corroded Coupon Ultimate Lap Shear Results
kN [lbs]
1
2
3
4
Avg
St Dev

Bare without
Sealant
11.09 [2,493]
9.65 [2,169]
9.86 [2,217]
10.38 [2,335]
10.25 [2,303]
0.64
[144]

Bare with
PR-1432 GP
10.70 [2,405]
9.39 [2,110]
10.54 [2,370]
10.99 [2,470]
10.40 [2,339]
0.70
[158]

Bare with
Clad with
PLV 6032
PR-1432 GP
9.31 [2,093] 11.44 [2,572]
9.24 [2,078] 9.82 [2,207]
9.10 [2,046] 11.08 [2,490]
8.88 [1,997] 9.66 [2,171]
9.13 [2,054] 10.50 [2,360]
0.19
[42]
0.89
[201]

61

CAA with
PR-1432 GP
11.80 [2,652]
10.99 [2,471]
12.49 [2,808]
10.69 [2,403]
11.49 [2,583]
0.81
[183]

Alodine with
PR-1432 GP
10.93 [2,458]
10.93 [2,458]
11.81 [2,655]
10.80 [2,428]
11.12 [2,500]
0.46
[104]

