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ABSTRACT 

 

This dissertation presents the results of an investigation into the corrosion resistance of 

friction stir welding (FSW) for aerospace structures.  Two of the most common aerospace aluminum 

alloys, 2024 and 7075, were investigated.  In the as-welded condition, both alloys were found to be 

highly susceptible to exfoliation corrosion, and 7075 was found to be susceptible to stress corrosion 

cracking as well.  The goal of this research was to identify proper initial temper selection and post-

weld aging treatments for enhancing the corrosion resistance of both 2024 and 7075 alloys, and their 

dissimilar joints.  A large number of heat treatments were investigated for 7075 in the T6 and T73 

tempers, including retrogression re-aging (RRA).  Heat treatments were also investigated for 2024-

T3 and 2024-T81.  Samples were evaluated for resistance to exfoliation corrosion using optical 

microscopy.  Microhardness, electrical conductivity, tension, and fatigue crack propagation tests 

were also performed on the samples.  Beneficial heat treatments were found for both alloys as well 

as for their dissimilar joints.   
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CHAPTER 1 

INTRODUCTION 

 
 

Friction Stir Welding (FSW) is a new technology that has been rapidly moving from the 

research laboratory to the shop floor over the past ten years or so.  Patented in 1991 by The 

Welding Institute, Ltd. (TWI) in England, FSW is a solid-state joining process capable of joining 

many plastics and almost any type of metal.[1]  FSW is emerging as a viable manufacturing process 

with many applications, and although it is referred to as friction stir “welding” many would like to 

change the name to friction stir “joining,” since the materials are not actually welded in the 

traditional sense of the word.  Rather than melting the material, FSW relies on localized extrusion 

and forging, from a non-consumable rotating pin and shoulder, to create a consolidated joint.  Joints 

formed in this way have been found to possess strengths in the range of 80-90 percent of the parent 

metal strength, are stronger than a traditional fastened joint, and possess comparable fatigue and 

damage tolerance properties to the parent material. [2]-[6]  

Due to the interest of the local aviation industry, the National Institute of Aviation Research 

(NIAR) in Wichita, Kansas conducted a feasibility study and literature review of the friction stir 

welding process in the 2003-04 fiscal year.  This study focused specifically on the development of 

FSW with respect to aerospace applications and the feasibility of using it as an aircraft 

manufacturing technique.  Aluminum 2XXX and 7XXX series alloys were identified as aircraft 

specific materials and served as a focal point for the study.  Based on the feasibility study, NIAR 

established the Advanced Joining Technology Laboratory in October 2004 for conducting research 

and development on FSW for aerospace applications.  With funding from the State of Kansas, an 

MTS I-Stir™ friction stir welding machine was purchased; and along with additional funding from 

the Federal Aviation Administration (FAA), students and a full-time research staff were hired. 
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The work that is presented here is the culmination of two and half years of research into 

thin-gauge friction stir butt-welds of 2024 and 7075 aluminum alloys.  The original goal of the 

research was to produce properties data for FSW joints in 2024 and 7075 that could be used by local 

manufacturers to facilitate the introduction of this new technology.  However, after a careful 

literature review, some preliminary testing, and interaction with industry advisors, it was discovered 

that some type of post-weld artificial aging (PWAA) would be required to stabilize the 

microstructure and attempt to restore the corrosion resistance of the parent material to the weld 

zone.  Since no clear method was found in the published literature, an in-depth investigation into 

initial temper selection and post-weld heat treatment for 2024 and 7075 was begun. 

Two of the greatest obstacles to the broad introduction of friction stir welding into 

aerospace applications are the lack of standard properties data and an understanding of its corrosion 

behavior.  Aerospace vehicle design requires knowledge of the strength, fatigue life, fracture 

toughness, fatigue crack propagation, corrosion resistance, and environmentally assisted cracking 

behavior of a material.  The aircraft industry uses 2XXX and 7XXX series aluminum extensively.  

This research focused on determining the mechanical and corrosion properties of friction stir butt-

welds in thin sheet aluminum alloys 2024 and 7075, which are of particular interest to the aircraft 

industry.  
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CHAPTER 2  

LITERATURE REVIEW 

 
Although friction stir welding was patented in 1991 by TWI,[1] the majority of the published 

research has been since 1997.  Research on friction stir welding began in the United States around 

1995 at a select few sites—the NASA Marshall Space Flight Center, Lockheed Martin Corporation’s 

Michoud Facility, and the Boeing Company’s Phantom Works division.  Some of the first 

applications for FSW in the U.S. were for space applications like the Delta II Heavy Rocket and the 

welding of an aluminum-lithium alloy, Al 2195, for the Space Shuttle’s external tank.  Since 1995, a 

great deal of research on FSW has been conducted by industry, various research institutes, and a 

growing number of universities.  For this dissertation, the majority of the research on friction stir 

welding of 2XXX and 7XXX series aluminum alloys that has been published to date and is available 

for public release has been reviewed.  A discussion of the works relating to microstructure, 

mechanical testing, corrosion, and post-weld artificial aging, which have been published to date for 

FSW of 2XXX and 7XXX series aluminum alloys, follows.  

2.1. General FSW 

Friction stir welding is a relatively new manufacturing technique for joining metals and 

plastics and, unlike fusion welding, does not require melting or filler material.  FSW can be 

accurately described as a forging and extrusion or metalworking process.  In the process, a 

cylindrical tool, composed of a pin and shoulder similar to that shown in Figure 1, is rotated and 

slowly plunged into the joint line of the materials to be joined.  The pin tool generates heat through 

friction and plastic strain energy release during mechanical deformation of the workpiece, which 

softens the material to be welded.  Once the shoulder of the tool is in contact with the material, it is 
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generally hot enough have reached the plastic region, and the tool begins to traverse along the joint 

line.  The material in front of the tool is then extruded around the pin where it is deposited behind 

the pin and forged into a solid-state joint.  A schematic of FSW for a simple square groove butt joint 

configuration is shown in Figure 2.  As shown, the tool follows the joint line, taking the material 

from in front of the tool, and mechanically mixes it together to form a joint.  It is important that 

sufficient down force is applied to maintain shoulder contact with the material, since the shoulder 

contact is a critical component of the forging action that happens behind the tool.  The majority of 

the material flow in these joints is longitudinal with the weld; however, vertical material flow can 

also take place under “hot” processing conditions (slow feed rate with high spindle rotation speed) 

and is aided through different pin tool geometries such as the addition of threads to the pin.[7] 

  
Figure 1: Fixed Pin Tool 
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Figure 2:  Friction Stir Butt-Weld [8] 

 

Friction stir welding has important effects on the microstructure of the parent material.  The 

microstructure of a FSW is separated into three principal zones, as shown in Figure 3.  These zones 

are commonly known as the weld nugget or dynamically recrystallized zone (DXZ), the thermo-

mechanically affected zone (TMAZ), and the heat-affected zone (HAZ).  Each zone exhibits a 

distinct microstructure.  The weld nugget is comparable to the pin diameter in size, with a 

microstructure that is composed of equiaxed, dynamically recrystallized grains.  The sizes of these 

grains are substantially smaller than the grains in the parent material, usually less than 10µm.  The 

grain size of the TMAZ remains similar to that of the parent material, but the grain orientation is 

altered by partial mechanical deformation.  In addition, the TMAZ may contain some areas of partial 

recrystallization.  The TMAZ also experiences a coarsening of precipitates at the grain boundaries, 
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due to the high temperatures experienced, accompanied by the formation of precipitate free zones 

(PFZ).  At the HAZ/TMAZ boundary, variable grain size, break up of inter-metallic particles and 

overaging cause a loss in hardness.  This area of the weld has been noted in numerous works as the 

weak point, at which the minimum hardness and fracture initiation usually occur.[9]-[16]  Continued 

research in the microstructural characterization of FSW will lead to a better understanding of the 

process.  By understanding how the microstructure is affected by FSW, many of the current 

observed FSW anomalies could be explained, or even controlled.   
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Figure 3:  Weld Zones 

 

2.2. FSW as a Metalworking Process 

An excellent characterization of the most fundamental mechanical/thermal principles behind 

friction stir welding was done by Arbegast [17].  He developed a number of first-order 

approximation models to show that FSW could be successfully modeled as a forging and extrusion 

process, and was able to correlate them directly with experimental data.  The five essential process 

zones associated with FSW are shown in Figure 4.  Once a rotating pin tool has been plunged into 

and plasticized the material, the tool can begin to traverse the joint line.  As the tool is in the steady-

state process of creating a joint, it can be characterized at any time by the zones depicted here.  The 
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pre-heat zone is where the heat generated by the FSW process, e.g., the “frictional heating of the 

spinning pin tool and the plastic strain energy release of the deforming material,” is traveling ahead 

of the tool through conduction.[17]  This is essential to ensure a good friction stir weld.  If the tool 

travels faster than the rate of heat conduction in the material, then the process forces will increase 

and the weld may be too cold to extrude fully around the pin, creating the weld defects, commonly 

known as “wormholes” or voids, as shown in Figure 5.   

 

 

 

 

Figure 4: Metallurgical Processing Zones Developed During Friction Stir Joining [17] 
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Figure 5:  Weld Macro of 2024-T3 with a Wormhole and Several Small Voids [18] 

 

The next zone is the initial deformation zone.  In this zone, the pre-heated metal begins to 

plasticize and deform ahead of the pin.  Additionally, heat from strain energy release is created in 

this zone, softening the material further.  The majority of the material in this zone begins to be 

forced into the “Extrusion Zone” of the pin.  Alternately, some material will flow upward into the 

“Shoulder Zone” or downward into the “Swirl Zone,” as shown in Figure 6.[17]   

 

 

Figure 6: Metal Flow Patterns during Friction Stir Joining [17] 
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One of the early and most influential works on material flow in the extrusion zone was done 

by Colligan [19].  He embedded tracer elements in the weld path of an FSW butt joint, and used x-

ray imaging to characterize their redistribution in the joint.  From those observations, he made the 

following conclusions: (1) Not all of the material in the weld zone is “stirred” by the pin, a majority 

of the material movement is accomplished by simple extrusion; (2) the material that is stirred in the 

tool path originates at the shoulder and is forced downward by the threads on the pin (if present) to 

be deposited in the weld nugget; (3) the rest of the material in the weld zone is simply extruded 

around the retreating side of the pin, rising slightly in the weld as it passes the pin.   

These basic conclusions set the foundation for interpreting friction stir welding as a 

metalworking process, which could then be more clearly understood in terms of traditional 

metallurgy.  It also aided greatly in the design of pin tools for friction stir welding.  These simplified 

models fall short of explaining all of the complex flow phenomena that have been observed in 

friction stir welds, but viewing FSW as a forging and extrusion process has greatly advanced the 

understanding of material flow in FSW.   

In the extrusion zone, the material from both sides of the joint is mixed and forced to 

extrude around the rotating pin, with a larger volume of material passing on the retreating side of the 

tool than on the advancing side.  Material is also moving underneath the pin and shoulder of the 

tool.  If the tool is designed properly and correct weld parameters are chosen, then these areas will 

behave similarly to the rest of the weld zone; however, they can still have an impact on overall joint 

properties.  In this zone, weld temperatures reach their maximum values, typically 0.6 to 0.9 of the 

melting temperature (Tm), which is the hot working temperature range of most metals and can be 

approximated using equation (1): 
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where ω, is the rotation speed in rotations per minute (RPM), νf, is the forward travel speed in 

inches per minute (IPM), a is found to range between 0.04 and 0.06, and K is a constant with a value 

typically between 0.65 and 0.75 for aluminum alloys. 

In the forging zone, the extruded material from the shoulder, around the pin, and under the 

pin, is forged under large hydrostatic forces into a consolidated, void-free joint.  The FSW process 

can be directly compared to a forging and extrusion process, as shown in Figure 7, with all of the 

material flowing through a die cavity, which allows for the creation of the large hydrostatic pressures 

required for proper forging.  This is where problems are typically seen from insufficient contact of 

the shoulder.  If there is insufficient force pressing down on the pin tool, then there can be 

volumetric defects, such as voids, found in the weld.  That is why friction stir welds are often 

created using a lead angle to create additional hydrostatic pressure from the heel of the tool in the 

forging zone.  The weld nugget in this zone is characterized by an extremely fine grain structure, 

nearly an order of magnitude less than in the completed weld.   

The last zone is the cool-down zone.  In this zone, the final joint is formed, and the material 

remains hot enough for a limited amount of grain growth in the weld nugget.  The cool down is very 

rapid though, especially in thin gauge aluminum alloys, because FSW is a localized extrusion and 

forging process, and the un-deformed material and weld anvil act as a heat sink, rapidly quenching 

the material back to near room temperature.   
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Figure 7: Schematic of Friction Stir Joining Process Showing Metallurgical Processing 
Zones Constrained Within "Die Cavity" [17] 

 

2.3. FSW Essential Process Variables  

2.3.1. Friction Stir Welding Process Variables 

There are only three essential variables for friction stir welding with a fixed pin tool: spindle 

speed, travel speed, and plunge depth.[7],[20]  Spindle speed, measured in RPM, determines the amount 

of energy that is being input per unit time.  The travel speed, measured in IPM or millimeters per 

second (mm/s), determines the temperature of the weld zone.  The plunge depth controls the 

forging force behind the pin tool and ensures the formation of a defect free joint.  Another way to 

control plunge depth is by controlling the forge force.  Using those parameters, friction stir welds 

can be characterized by some simple equations that have been developed specifically for FSW by 

Reynolds and Tang [20]: Weld Power and Specific Weld Energy.  First, using spindle speed (ω) and 

spindle torque (T), and assuming the spindle efficiency is equal to unity, Weld Power (P) is calculated 
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using equation (2).  Specific Weld Energy (SE) is given in equation (3) and is calculated by dividing the 

Weld Power by the travel speed (νf) in inches per minute.  

 

TP ω=       (2) 

 

f

PSE
ν

=       (3) 

 

These parameters are often used to determine if a weld is “hot” or “cold” relative to other 

similar welds using similar tooling.  Again, the efficiency terms in the above equations have been 

assumed equal to unity; however, when making considerable changes to tool design or welding 

parameters, that assumption may not be valid.  Reynolds and Tang [20] also investigated the effects 

of changes in alloy, weld temper, and tool geometry on the process forces.  Interestingly, they found 

in the case of 7075 and 7050 aluminum alloys, there was almost no difference in welding parameters 

between the different tempers O, T6 and T7.  They also confirmed that the shoulder diameter is the 

dominant factor that determines the required forging force and spindle torque. 

Two other process forces, which are not control parameters, can give a great deal of insight 

into understanding FSW.  These two forces are X-force and Y-force.  X-force refers to the force of 

the tool in the welding direction.  This force is directly affected by material type and thickness, tool 

type and geometry, spindle speed, and tool travel speed.  It can generally be used to identify changes 

in the welding conditions.  For example, crossing a joint line perpendicular to the weld tool path will 

see a reduction in X-force as the tool approaches the boundary, due to overheating of the material in 

front of the tool that is prevented from passing the majority of its heat to the adjoining plate.  Once 

the tool reaches the joint line, a sudden increase in x-force occurs as the tool enters cold material 
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that was not pre-heated by the adjoining material in front of the pin.  An analysis of process forces 

to predict the formation of defects in friction stir welds was reported by Arbegast [21].  He found, 

however, that X-force was not a reliable method of predicting flaws, i.e., a variation in X-force did 

not always accompany the formation of a void or other defect in the weld.  He did report that Y-

force had the potential for predicting the presence of weld defects.  Y-force is the force on the tool 

perpendicular to the welding direction.  The Y-force felt by the tool is the difference between the 

extrusion forces on the advancing and retreating sides of the pin.  Arbegast suggested that a large 

negative force (in the direction of the advancing side) could be reliably correlated to the formation 

of volumetric voids in the weld nuggets of friction stir welds.  He also suggested that normalized 

Fourier analyses of those forces could provide real-time statistical process control of friction stir 

welds. 

2.3.2. Friction Stir Pre-Welding Variables 

Of course, many other important variables must be understood in order to create a sound 

FSW joint and must be chosen prior to welding.  First, the tool design must be selected.  For a given 

alloy and material thickness, the shoulder and pin designs must be decided upon.  For the shoulder, 

this can be flat, concave, or convex.  It can even have steps, spirals, or grooves machined into it, or 

it can have any combination of those features.[22]  The diameter of the shoulder is also important 

since this, in addition to the spindle speed, influences the amount of energy being input into the 

material.  The larger the shoulder, the more heat will be put into the weld zone.[20]  As for the pin, it 

can be straight or tapered; it can have threads, flats, flutes, or no features at all.[7]  The diameter and 

length of the pin are also important parameters that must be chosen with care.  The swept volume 

of the pin has also been found to be an important factor.  The diameter of the pin is also important 

for less obvious reasons.  The smaller the pin, the easier it is to move through the material, thus 
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encouraging lower processing forces; however, the pin is also easier to break, thus reducing tool life.  

A smaller pin also has a narrower tolerance zone for alignment with a butt joint, and creates a 

smaller shear area in a lap joint.  A larger-diameter pin, while being stronger and more robust for 

manufacturing purposes, will require greater processing forces than a similar but smaller-diameter 

pin.  In general, however, the basic tool with a concave shoulder, and a cylindrical-treaded pin, and a 

pin to shoulder diameter ratio between two and three will give a high-quality friction stir weld in 

aluminum alloys.  This pin tool, dubbed the “5651” tool, which was originally developed by TWI, 

Ltd. under their basic FSW patent, was the pin tool chosen for this study. 

Other factors that can have a strong influence on weld quality are fixturing and anvil 

materials.[23]  Fixturing, or the process by which materials are clamped into place, can greatly affect 

the quality of a friction stir weld.  The whole FSW process relies on the ability to exert large process 

forces on a material, forcing the material in front of the pin to extrude around behind the tool where 

it can be forged into a joint.  If the plates being welded are able to move and deflect, then forging 

pressure is lost and defects develop in the weld zone or the part itself.  The common defects of this 

type are sheet lifting and surface lack of fill, or wormholes, caused by plate separation.  The anvil 

material, or the backing plate on which the friction stir weld is made, can also greatly influence FSW 

quality.  In addition, the thermal conductivity of the anvil influences the thermal management of the 

weld.  It is also important that the friction stir weld does not stick or bond to the anvil in any way, as 

this can create defects in the root of the weld. 

Cleanliness of the joint prior to welding is also important.  Anything on the surface of the 

plates in the area where they are being joined will be stirred into the weld and, at best, will create 

small inclusions and, at worst, may prevent a strong joint being formed, called a faying surface 

defect.  Commonly, some type of mechanical surface preparation followed by cleaning with a 

solvent is performed just prior to welding to ensure the creation of a strong joint. 
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2.4. Metallurgy  

As a prominent FSW researcher Mr. William Arbegast[17],[21],[33] is often fond of saying, “Don’t 

reinvent the metallurgy.”  In other words, a proper understanding of FSW should be grounded on 

metallurgical principles that have become well established over decades.  This does not imply that 

friction stir welding can necessarily be fully understood and explained by conventional metallurgy, 

which does not have very much experience with the types of high temperature, high strain rate, and 

large deformations found in FSW.  Nevertheless, many of the observed phenomena associated with 

FSW joints follow the expected basic metallurgy of the alloys being joined. 

Both 2024 and 7075 aluminum alloys are commonly referred to as precipitation-

strengthened alloys.  The strengthening mechanism results from the fact that these alloys can be 

heated to temperatures below their melting point, where all of the alloying elements can be found in 

solution with only a single phase.  Upon rapid cooling or quenching of the alloy, it is possible to 

maintain the single phase at room temperature as a supersaturated solid solution.  The degree to 

which the solution is prevented from precipitating out stable phases, and that it maintains its 

supersaturated state, depends on the cooling rate.  The faster the rate, the more supersaturated the 

solution, until precipitation is prevented all together.   

Whether quenching is fast or slow, however, aluminum alloys like 2024 and 7075 cannot 

maintain their supersaturated state indefinitely and, in fact, will begin to form metastable precipitates 

at room temperature, often called “natural aging.”  Natural aging at room temperature with these 

alloys produces Guinier-Preston (GP) zones, which are precipitate clusters of solute atoms or 

vacancies sometimes referred to as GP(I) and GP(II) zones, respectively.  In Al 2024, the natural 

aging behavior is effectively stable after one week, whereas in Al 7075, natural aging can continue 

for years.  If the material is reheated above room temperature, however, precipitation of other 

metastable and stable phases can occur, preventing further natural aging.  This process is referred to 
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as “artificial aging.”  The size and the distribution of the GP zones prior to artificial aging is 

important, since these zones act as nucleation sites for various transitional precipitate phases as 

temperatures are increased, until eventually the stable equilibrium phase precipitate is formed.  The 

GP zones also act as one of the primary strengthening structures for these alloys in the naturally 

aged condition, since their strain fields interact with dislocations to restrict their movement and 

subsequently increase the strength of the alloy.  Whatever the source, an increase in hardness and 

strength in a metal is synonymous with an increased difficulty with moving dislocations.[24]  

GP zones are not the only mechanism that strengthens these alloys.  Any of the other 

metastable and stable phases can act to strengthen the material if they are sufficiently small and well 

distributed.  The growth of GP zones is naturally limited for two main reasons.  First, they are highly 

unstable, and second they are diffusion-limited since they are formed at low temperatures where 

diffusion rates are low.  On the other hand, the growth of other more stable phases, in general, is 

not limited.  As the precipitates grow, two things occur to reduce their effectiveness at strengthening 

the material.  One, they begin to lose their coherency with the matrix surrounding them, which 

reduces their ability to interact with dislocations.  Two, as precipitates grow, differences in their 

boundary-surface energy cause the dissolution of smaller particles and the growth of larger ones, 

because the free energy per atom in a large particle is lower than in a small particle.  Together, these 

two factors both reduce the number of precipitates that can interact with dislocations and reduce 

their ability to do so because of their increasing size.   

Overaging in these alloys is the softening that results when the critical point for the size and 

number of these precipitates is reached.  The precipitation distribution is also affected by the 

temperature at which they form.  At higher temperatures, heterogeneous nucleation dominates, so 

that nucleation takes place mostly at grain boundaries.  Precipitation at the grain boundaries does 

not allow for dislocation interaction, and it has a tendency to deplete the area adjacent to the grains 
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of solute atoms, forming precipitate free zones (PFZ).  Solute atoms are important in the formation 

of strengthening precipitates like GP zones, and they are one of the primary strengthening 

mechanisms in any alloy.  Dissolved solute atoms alone are able to strengthen a material by 

migrating to dislocations and reducing the strain fields around them, effectively anchoring them in 

place.  At lower temperatures, however, homogeneous nucleation dominates, and precipitation 

occurs evenly throughout the individual grains.   

Another strengthening mechanism is grain size reduction.  Grain boundaries act as barriers 

to dislocations and restrict their movement; consequently, they have a strengthening effect on 

material.  As grain size decreases, grain boundary area increases dramatically, resulting in an increase 

in strength.  Lastly, strain hardening can also be a primary strengthening mechanism.  With 

increasing plastic strain, dislocations are generated to allow the deformation to occur.  As the 

deformation increases, so do the number of dislocations.  Because of strain field interactions 

between individual dislocations, they begin to interact with one another, thus decreasing their 

movement and as a result strengthening the material.  Dislocations are also important for another 

reason.  They can act as nucleation sites for precipitates, creating a more uniform distribution of 

strengthening precipitates in the grains, even under heterogeneous nucleation conditions.[24] 

2.4.1. Al 2024 

The aluminum alloy 2024 is a mixture of aluminum with approximately 4.4 wt% copper 

(Cu), 1.5 wt% magnesium (Mg), 0.6 wt% manganese (Mn), and maximum amounts of other 

elements, but no other minimum requirements.  Therefore, for this alloy, the dominant factor 

influencing its aging behavior is the addition of copper.  Precipitation heat treatments of Al-Cu 

alloys in general are characterized by heating about the solvus temperature to achieve a single alpha 

(α) phase, which must be quenched quickly to room temperature to achieve a supersaturated α 



 18

phase.  By quenching rapidly to room temperature, a supersaturation of vacancies will also occur, 

which greatly increases the diffusion rates for dissolved solutes at room temperature.  Once the 

material has been quenched to room temperature, the supersaturated dissolved solutes will begin to 

cluster locally cluster into thin plates with diameters as large as 10 nm, forming what are known as 

Guinier-Preston or GP zones.  At room temperature, GP zones quickly form, causing a rapid 

increase in hardness, until the number of zones eventually approaches a maximum number at 

around 100-hours.  This is commonly referred to as natural aging.  Beyond 100-hours, the material 

properties change little, unless the alloy is heated above 100 °C.  With further heating, additional 

stages of precipitation hardening are encountered, and alloys can be heat treated in the following 

sequence at temperatures between 100-200 °C.  The phases follow the sequence shown below:[24] 

θαθαθααα +→′+→′′+→+→ GPSSS  

1. Supersaturated alpha phase. 
2. Guinier-Preston (GP) zones. This is the final precipitate below 100°C. 
3. The θ" intermediate precipitate structure. 
4. The θ΄ intermediate precipitate structure. 
5. The stable θ phase, Cu2Al, in a matrix of the equilibrium alpha phase. 

 

 The typical aging sequence for Al-Cu alloys is shown in Figure 8.  The maximum hardness, 

also known as peak aging, occurs partway between the θ" to θ΄ transformation.  While this gives the 

maximum hardness, it is not always considered a desirable condition by aerospace manufacturers, 

who often prefer the alloys to be in the slightly over-aged condition.  The over-aged condition is 

dominated by θ΄ precipitates and is considered a stable condition.  Due to the presence of 

magnesium in Al 2024, however, the precipitate transformation sequence is replaced by a very 

similar precipitation sequence, with S precipitates of Al2CuMg in place of θ precipitates.[25]-[27]      
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Figure 8:  General Isothermal Aging Curve for Al-Cu Alloys (100°C - 200°C) 

 

 Several common tempers of Al 2024 designate the heat treatment condition of the material: 

2024-T3, -T4, -T6, and-T81.  The T4 temper is reached by solution heat-treating the alloy to around 

920 °F, quenching it in cold water, and then aging it at room temperature.  The T4 temper is 

characterized by a fine distribution of GP zones and low dislocation density.  The T3 temper is the 

result of applying between ½% - 3% cold work to material in the T4 condition, which increases the 

dislocation density but does not change the precipitate morphology.  The strengthening mechanism 

in 2024-T3, therefore, is from a mixture of GP zone precipitation and strain hardening, with the 

former being responsible for the majority of the increase in strength.  If material in the T4 temper is 

reheated to 375 °F for 9- to 12-hours, the material will reach the T6 condition.  Due to the high 

temperatures experienced during the T6 temper, all of the GP zones will either dissolve or nucleate 

S΄ and S precipitates.  Likewise, if material initially in the T3 condition is reheated to 375 °F for 9- to 

12-hours, then it reaches the T81 condition.[28]  The T81 temper is very similar to the T6 temper 

with the exception that the precipitate morphology is slightly different because of the increased 
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number of nucleation sites for precipitation due to the increased dislocation density of the T3 

material. 

2.4.2. Al 7075 

On the other hand, the aluminum alloy 7075 is a mixture of aluminum with approximately 

5.6 wt% Zinc (Zn), 2.5 wt% Magnesium (Mg), 1.6 wt% Copper (Cu), 0.23 wt% Chromium (Cr), and 

maximum amounts of other elements, but no other minimum requirements.  The precipitate 

morphology in Al 7075 is much more complex than in Al 2024.  A number of authors have 

discussed precipitation kinetics in 7XXX series alloys.  Jiang et al. [29] provide an excellent 

discussion of the precipitate sequence in Al-Zn-Mg alloys and point out some of the controversy 

that remains about the exact sequence of precipitation.  It is often reported that the precipitation 

sequence from a supersaturated solid solution (SSS) is as follows:  

SSS → GP zone → η΄ → η (MgZn2) 

However, it has been demonstrated that two types of GP zones are found in these alloys:  GP(I) and 

GP(II) zones.  GP(I) zones are the typical Guinier-Preston solute-rich clusters, comprised mainly of 

magnesium and zinc in these alloys.  GP(II) zones on the other hand, are thought to be made from 

or nucleated by vacancy-rich solute clusters (VRC) which form with rapid quenching from solution 

heat treating temperatures.  The authors, however, support the more involved precipitation 

sequence shown here: 

SSS → GP(I) → dissolves during second aging step 

SSS → VRC → GP(II) → η΄ → η (MgZn2) 

They also investigated the effect of natural aging, pre-aging, and artificial aging on precipitate 

morphology using differential scanning calorimetry, scanning electron microscopy (SEM), and x-ray 

diffraction.  They showed that the number of GP(I), GP(II), and  η΄ precipitates could be strongly 
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influenced with pre-aging and low-temperature artificial aging.  They found that GP(I) zones are 

stable to about 115°C and that GP(II) zones are stable up to around 150°C, but with 20-hours at 

125°C, GP(II) zones could be transformed to η΄ precipitates, which will then transform to η 

precipitates around 200°C.  Using differential scanning calorimetry (DSC), they also showed that a 

pre-age of 28 days at room temperature could lower the temperature required to form η΄ precipitates 

at 100°C for 20-hours, while preserving many of the GP(II) zones, which were lost with aging at 

125°C for 20-hours. 

 Similar work was published by Ezz [30] who also investigated the effect of pre-aging on the 

behavior of Al-Zn-Mg alloys, specifically Al 7075.  He asserts that upon aging above the GP solvus 

line (150°C), if the GP zones have not reached a certain critical size, then they will become unstable 

and quickly dissolve, rather than acting as nuclei for the η΄ phase.  Hence, he argued that pre-aging 

at temperatures below the GP solvus could affect precipitation of the η΄ phase when later aged 

above the GP solvus temperature.  In fact, he found that aging for one hour at 120°C could increase 

the microhardness of 7075 when later aged at 180°C.  On the other hand, he found that natural 

aging from one to four days prior to aging had no effect on the microhardness. 

The difficulty with analyzing Al 7075 is that it is really a four-alloy system with the addition 

of copper to the already complicated Al-Zn-Mg system.  Starink and Li [31], however, have provided 

a good discussion of the additional phase reactions brought on by the addition of copper and other 

elements to these systems, while developing a model for determining electrical conductivity.  First, 

the authors point out that in Al 7075, chromium is added as a grain-structure-controlling element.  

The chromium will generally form Al7Cr particles, which affect recrystallization and quench 

sensitivity, called dispersoids.  They also assert that the dominant precipitate reactions in 7075 are 

the η precipitates, as discussed by Jiang et al. [29] and Ezz [30], but in this case they have AlCuMg 

components (i.e. Mg(Zn,Al,Mg)2 or Mg(Zn2,AlMg)).  They also discuss two other reactions: 
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SSSα → T 

SSSα → S 

where, T is a quaternary phase based on Mg3Zn3Al2 and S is a Al2CuMg.  In general, though the –T6 

condition is primarily strengthened by η΄ precipitates, while the –T73 condition is a mixture of η and 

η΄ precipitates, or mostly η precipitates.  They also explain the relationship of precipitate 

morphology on electrical conductivity.  The electrical conductivity of metallic alloy is strongly 

dependent upon the amount of dissolved solute in the matrix.  As precipitation occurs, solute atoms 

are removed from the supersaturated solution, increasing its electrical conductivity as aging 

proceeds.  Conductivity can also be influenced by the presence of precipitate free zones (PFZ) 

which commonly form along grain boundaries where precipitates commonly nucleate.  GP zones 

can also affect electrical conductivity by scattering electrons when they are extremely small and well 

distributed. 

 The relationship of electrical conductivity to the degree of aging in the alloy is commonly 

used to identify whether or not a certain lot of material has been properly aged.  It has also come to 

be used in recent years as a way to predict the stress corrosion cracking (SCC) resistance in Al 7075 

and other 7XXX series alloys.[32],[33]  As the electrical conductivity in these alloys rises, so does their 

resistance to SCC.  In general, if the electrical conductivity of 7075 rises above 38%IACS 

(percentage of the conductivity of the International Annealed Copper Standard), then typically it will 

no longer have a susceptibility to SCC.  This was the primary reason for the development of the T73 

temper for Al 7075.  It has a high resistance to stress corrosion cracking but with a lower overall 

strength than 7075-T6.  Ferrer et al. [33] investigated the use of retrogression and re-aging heat 

treatments as a way to maintain the high strength of 7075-T6, but gain the SCC resistance of T73.  

Their primary methods of evaluation were microhardness and conductivity—Microhardness, 

because it gives a good measure of what the true strength response of the material will be, and 
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electrical conductivity, since it is directly related to SCC resistance.  They found two treatments that 

were successful in increasing the electrical conductivity without lowering the microhardness:  2- to 3-

hours at 180°C or 8- to 11-hours at 160°C retrogression treatments, followed by re-aging for 24-

hours at 120°C for all treatments. 

2.4.3. Quench Factor Analysis 

The relationship between physical properties of aluminum alloys, specifically 2XXX and 

7XXX precipitation-strengthened alloys, and their cooling rates is well established.  One way to 

predict the expected properties of a given alloy is a method developed by Staley [34] called Quench 

Factor Analysis (QFA).  By revisiting the underlying assumptions and constants in a QFA, the 

potential dynamic changes to precipitation kinetics during a friction stir weld may be better 

understood. 

Totten et al. [35],[36] give step-by-step procedures for the application of QFA.  To begin 

with, precipitation-strengthened alloys like 2024 and 7075, are governed by the rate law for 

isothermal precipitation kinetics given as 

 

⎥⎦
⎤

⎢⎣
⎡−−=

k
texp1ζ       (4) 

 

where ξ is the fraction of precipitation, t is time, and k is a temperature-independent constant, which 

depends on the amount of supersaturation and the rate of diffusion in the material.   
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where CT is the time to form a certain amount of precipitate (shown by the C-curve), k1 is the natural 

logarithm of the fraction untransformed, k2, k3, k4, and k5 are various constants, R is the gas 

constant, and T is the temperature in degrees Kelvin. 

The above equations are most important because they provide an insight into the factors 

that affect the times and temperatures at which precipitation occurs.  If one considers the alteration 

to the microstructure brought on by FSW, one can better understand how the precipitation kinetics 

and subsequent aging behavior might differ from what would be normally predicted by conventional 

metallurgy.  It also explains how the response of the weld zone to post thermal treatment could be 

different from that of the parent material.  First, k2 is related to the reciprocal of the number of 

nucleation sites.  During FSW, the grain size decreases by one to two orders of magnitude, and a 

large number of dislocations are created.  This increases the number of potential nucleation sites by 

several orders of magnitude over the parent material and will reduce the value of k2.  Second, k3 is 

related to the energy required to form a nucleus and could be affected by FSW.  Next, k4 is related to 

the solvus temperature.  As mentioned previously, FSW is a process that relies on large hydrostatic 

forces to create a consolidated joint.  Those pressures may increase the solvus temperature, which 

will again alter the overall expected precipitation kinetics.  Lastly, k5 is related to the activation 

energy for diffusion.  Activation energy is not a temperature-dependent factor, but it does depend 

on the path.  With an order of magnitude decrease in grain size, comes a large increase in grain 

boundary area, which can act to reduce the “apparent” activation energy, i.e., the number of grain 

boundary paths approaches the number of vacancy type paths for diffusion and effectively reduces 

the activation energy for diffusion.   
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Totten et al. [35] also presented nominal values for each of the above coefficients for several 

alloys and tempers along with their predicted maximum strength values.  These values are given in 

Table 1.  Using these values and equation (5), the C-curves for 7075-T6, 7075-T73, and 2024-T851 

can be plotted against one another to compare their precipitation kinetics, as shown in Figure 9. 

 
 

Table 1:  Coefficients for Calculating Quench Factors at 99.5% of Attainable Yield Strength 

Alloy Maximum 
Strength 
(MPa) 

 
k1 

 
k2 

 
k3 

 
K4 

 
k5 

Calculated 
range, °C

7075-T6 485 -.00501 4.1 x 10-13 1050 780 1.4 x 105 425-150 
7075-T73 475 -.00501 1.37 x 10-13 1069 737 1.37 x 105 425-150 
2024-T851 459 -.00501 1.72 x 10-11 45 750 3.2 x 104 425-150 
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Figure 9:  C-curves for 7075-T6, 7075-T73, and 2024-T81 
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Several important observations can be noted in the above figure.  The most obvious is that 

the C-curve for 2024-T851 is appreciably different from the curves of both 7075 samples.  This can 

be explained in part by the over-aged nature of the 2024-T851 microstructure and the much simpler 

precipitation kinetics as compared to 7075.  It also would lead one to expect that the behavior of 

2024-T851 to friction stir welding could be drastically different from Al 7075-T6 or 7075-T73.  The 

other important observation is that 7075-T6 and 7075-T73 are expected to behave quite similarly to 

FSW, with the exception that nose of 7075-T73 tends towards infinity at a notably lower 

temperature than that of 7075-T6.  Since the temperatures involved are in the range of the TMAZ, 

one might expect slightly different behavior from the two alloys in this region. 

Quench factor analysis can be used to predict the potential effect of FSW on precipitation 

kinetics in the FSW environment.  Assuming some changes to the coefficients shown in Table 1 due 

to friction stir welding, for example, an increase in the number of nucleation sites due the increased 

number of dislocations and a reduction in grain size, then major changes to the C-curves for these 

alloys can result.  As shown in Figure 10 and Figure 11, increases in the number of nucleation sites 

can shift the C-curves to the left and measurably decrease the critical time for precipitation reactions, 

but this does not affect the temperatures at which those reactions take place.  Projections of the 

effect of the number of nucleation sites on the C-curves of 7075-T6 and 7075-T73 assume a direct 

inversely proportional effect on the value of k2; however, that may not be the case.  Nevertheless, 

the importance of the changes brought on by FSW is clearly visible. 

 



 27

7075-T6 C-curves for Precipitation
Effect of Changes to the Constants k2, Related to an Increase in 

the Number of Nucleation Sites
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Figure 10:  Effect of Changes in the Number of Nucleation Sites on the C-curve of 7075-T6 

7075-T73 C-curves for Precipitation
Effect of Changes to the Constants k2, Related to an Increase in 

the Number of Nucleation Sites
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Figure 11:  Effect of Changes in the Number of Nucleation Sites on the C-curve of 7075-T73 
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2.5. Microstructure in FSW 

A full understanding of FSW cannot begin without analyzing its microstructure.  As already 

shown in Figure 3, the primary zones in a friction stir weld, in addition to the parent material 

structure, are the HAZ, TMAZ, and weld nugget.  First, the parent material is the material 

sufficiently far from the weld that it has not undergone any microstructural alterations, typically 

experiencing temperatures less than 100°C.  In the heat-affected zone, the temperature profile varies 

from the unaffected parent material to a maximum of between 250°C and 350°C, depending on 

welding parameters and the alloy.[37]  The HAZ is generally considered the weakest portion of the 

weld zone in precipitation-strengthened alloys.  This is due to a coarsening of the strengthening 

precipitates caused by the elevated temperatures experienced, and generally results in a hardness and 

strength minima somewhere near the TMAZ/HAZ interface.  The TMAZ is a partially re-

crystallized, partially deformed zone and may possess a complex precipitate morphology.  Some 

researchers will also differentiate between the TMAZ in the central core region, which is mainly 

created by the pin, and the flow arm, which is mostly a product of the tool shoulder.  A third area is 

comprised of the material that flows under the pin.  In the thermo-mechanically-affected zone, 

temperatures reach between 350°C and 450°C, while in the nugget temperatures can get up to 

500°C, which is still appreciably lower than the solidus temperature.[12],[37]  

A typical heating cycle of friction stir welded 0.250-inch thick 2014A-T651 can be seen in 

Figure 12.  The nugget is comprised of an extremely fine, dynamically re-crystallized grain structure 

(compared to the parent material).[13],[38]  The grain size in the nugget is more than an order of 

magnitude finer than in the parent material.  In Figure 13, the changes in grain size for friction stir 

welded 2024-T3 versus the parent material can be clearly observed in photomicrographs presented 

by Corral et al. [18].  The nugget can also be characterized by a low dislocation density, compared to 

the parent material, depicted again quite clearly by Corral et al. [18] in Figure 14.  Alternatively, the 
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dislocation density can also be relatively high in the weld nugget, as is the case for FSW of 7050-

T651, which was reported by Su et al. [38].   

 

 

Figure 12:  Typical Time vs. Temperature Profile in a Friction Stir Weld[12] 

 

For precipitation-strengthened alloys, the nugget will be in a heat-treatable supersaturated 

solution at the completion of the weld, and in some cases may have remnants of inclusion and 

dispersoids particles as well as some of the larger parent material precipitates.  Evidence of the re-

precipitation of dissolved precipitates in the weld nugget, or dynamically recrystallized zone (DXZ) 

as it is referred to by some authors, has also been reported.[38]  Re-precipitation can occur more 

readily in FSW due to the greater number of nucleation sites for precipitation in the weld nugget.  

The quenching rate following FSW is also often at a slower rate than in typical heat treatment 
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operations.[39]  Hassan et al. [40] related re-precipitation occurring in the nugget during cool down to 

be a function of welding processing temperatures.  They found that with “hot” welds, there was a 

longer heating cycle, which allows re-precipitation of dissolved solutes, resulting in less solute super-

saturation in the nugget and lower mechanical properties.  Conversely, “cold” welds have shorter 

heating times that allow more super-saturation in the weld nugget, without precipitation occurring 

during the cool down cycle.  In general, though, optimum properties are generally achieved when 

welding parameters are not “hot” or “cold” but somewhere in the middle.  To understand the full 

effects of FSW on the microstructure, however, each alloy and alloy family of interest must be 

looked at individually. 

 

 

 

Figure 13: Micrographs of the Grain Structure of Al Alloy 2024-T3 in (a) Parent Material and 
(b) FSW Nugget [18] 
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Figure 14: TEM Images of  the Microstructure in Al Alloy 2024-T3 in (a) Parent Material 
and (b) FSW Nugget [18] 

 

2.5.1. 2XXX Series Aluminum Alloys and Al 2024 

In a study by Fonda and Bingert [14], they explained that, in the case of Al 2519, the primary 

cause of the softening phenomenon in the HAZ/TMAZ, which is often observed in FSW, was the 

coarsening and transformation of precipitates.  The original very fine θ΄ precipitates coarsen and 

begin to transform from θ΄ to θ precipitates in the direction of the weld, with full transformation 

completely in the outside portions of the TMAZ.  In the TMAZ, the hardness again increases with 

the formation of a very fine distribution of GP zone precipitates.  However, Genevois et al. [16], 

using differential scanning calorimetry and electron microscopy, found that the mechanism for 

softening in the HAZ was different for Al 2024.  The 2024 parent material is most strengthened by a 

fine distribution of GP zones, but in the HAZ they begin to dissolve and are accompanied by the 

formation of S΄(S) precipitates (HAZ 1), as shown in Figure 15.  In this zone, the temperature is less 
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than 300°C, and heterogeneous precipitation is favored.  In addition, the precipitation kinetics are 

considerably increased by an increase in dislocation density brought on by the welding process.  The 

minimum hardness, however, again occurs at the HAZ/TMAZ interface where the precipitates are 

coarsest and GP zones are at a minimum.  They also noted that in the TMAZ, where the 

temperature is typically around 350°C, that precipitation kinetics become insensitive to deformation, 

and that “dislocation enhanced precipitation is replaced by a complex deformation-recrystallization-

precipitation mechanism” as one transitions from the HAZ to the weld nugget.  Transmission 

electron microscopy (TEM) images of the HAZ showing the formation of S΄(S) precipitates and the 

increase in dislocation density are shown in Figure 16.  

 

 

Figure 15: Evolution of the Precipitation State on the Retreating Side of a 2024-T351 Weld [16] 
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Similar findings were made recently by Genevois et al. [27] in the first study to look at the 

effects of FSW on 2024-T851.  They made a quantitative investigation into the changes in 

microstructure and mechanical properties for 2024-T351 with a T6/T81 (10-hours at 375°F) post-

weld artificial aging treatment to the T851 temper versus welding 2024-T351 material, which is given 

the T6/T81 aging treatment to arrive at the T851 temper prior to welding.  In their study, they 

found that the microstructure in the weld nuggets of 2024-T351 and 2024-T851 are almost identical.  

As shown in Figure 17, however, they found that the two materials had opposite trends in the HAZ 

with respect to the distribution of GP zones and S΄(S) precipitates.   

 

 

Figure 16: TEM Image of Dark Field S΄(S) Precipitates in HAZ 2 (left), and TEM Image of 
Dislocations in HAZ 3 (right) [16] 

 

 
Genevois et al. [27] also observed that when 2024-T351 is friction stir welded and then aged 

to T6 (T851), the HAZ experiences the maximum coarsening of S΄(S) precipitates and therefore a 

minimum strength value, as compared to as-welded 2024-T351 and 2024-T851.  The effect of all 
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three combinations are plotted in Figure 18, which shows the effect of the various welding 

conditions on microhardness and the volume fraction of S΄(S) precipitates.  These types of 

responses are typical of the responses of 2XXX series alloys to FSW.  Of course, other important 

interactions can occur in individual alloys due to variations in chemical composition; however, the 

precipitation kinetics shown above tend to dominate. 

 

 

 

 

Figure 17:  Evolution of the Precipitate State through the Advancing Side of an FSW Butt 
Weld: 2024-T351 (left) and 2024-T81 (right) [27] 
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Figure 18:  Comparison of Microhardness and across the Advancing Side of 2024-T351 
(T3W), 2024-T3 Aged to T81 (T3WT6), and 2024-T81 (T6W) [27] 

 

2.5.2. 7XXX Series Aluminum Alloys and Al 7075 

The majority of microstructure studies on Al 7075 have been done on as-welded material 

starting in the T6 condition.  One of the first characterizations of the microstructure in as-welded 

7075-T6 was done by Rhodes et al. [9].  The parent material is characterized by medium (50-75 nm) 

and fine precipitates (10-20 nm) in the grains, with a third intermediate precipitate group (30-40 nm) 

located at the grain boundaries.  They also documented a modest dislocation density in the parent 

material.  In the TMAZ, they found that the larger precipitates did not seem to be affected but that 

the smaller precipitates had measurably coarsened, approximately doubling in size.  They also noted 

the presence of a large number of precipitate-free zones around the larger precipitates and grain 

boundaries.  There was no evidence of recrystallization in this zone, despite the obvious partial 

deformation of the grains, and the dislocation density was low.  The weld nugget was comprised of 
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recrystallized, fine equiaxed grains approximately 2 to 4 µm in diameter.  They also found the same 

type of medium (50-75 nm) precipitates distributed at the grain boundaries but with a random 

distribution, as opposed to being oriented with the rolling direction as in the parent material.  The 

dislocation density, as in the TMAZ, was also very low in the weld nugget.  The nugget had no fine 

strengthening precipitates (10-20 nm) as was evident in the parent material.  Mahoney et al. [41] later 

summarized their findings in tabular form, as shown in Table 2.  Leonard [12] went on to explain 

about the nugget that the so-called “onion ring” swirl patterns, often observed with optical 

microscopy, are the result of slight variations in grain size, probably due to variations in the 

distribution of fractured constituent particles.  He also observed that the natural aging response of 

both 2014A-T651 and 7075-T651 is largely complete after two months of natural aging, as 

demonstrated by microhardness measurements; however, other researchers, including Nelson et al. 

[42], have found evidence that the natural aging response of as-welded 7075 will continue well 

beyond 1,000-hours of natural aging. 

 

Table 2:  Summary of Particle Distributions in As-Welded 7075-T651 [41] 
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The most complete characterization of the microstructure in as-welded 7075-T6 to date, 

however, was conducted by Su et al. [38].  They were able to put together a substantial amount of 

evidence that the recrystallization that takes place in the DXZ is due to a process that has been 

dubbed “Continuous Dynamic Recrystallization” or CDR.  It was Jata and Semiatin [13], however, 

who first suggested that the recrystallization process occurring in the weld nugget was 

predominantly due to CDR.  They observed that some grains in the DXZ had dislocation tangles at 

the grain boundaries, suggesting incomplete or continuous recovery and/or recrystallization, even 

though the majority of the grains did not have dislocation tangles at the boundaries.  They also 

rejected the model of grain boundary rotation and sliding to account for the high-angle grain 

boundaries observed in the nugget because the strain rates are thought to be too high in FSW.  

Rather they favored a “dislocation-glide-assisted-subgrain-rotation model,” where “dislocation glide 

gives gradual rise to relative rotation of adjacent subgrains.”  Su et al. [38] later expanded on the 

work of Jata and Semiatin [13], including a more in-depth analysis of the general microstructure in 

the FSW zones and the recrystallization process in the DXZ.  

2.5.3. Dissimilar Aluminum Alloys 

The microstructure of dissimilar aluminum alloy joints can be characterized by the same 

FSW behavior of their respective alloys but with the added complexity of a mixed zone in the 

nugget or DXZ.[43]  In the weld nuggets of dissimilar welds, the mixing of dissimilar materials are 

clearly seen using optical microscopy, reference Figure 19.  Lee et al. [43] showed that the DXZ was 

dominated by the material that was placed on the advancing side of the weld, which in turn affected 

the microhardness and strength of the weld.  Larson et al. [44] showed that although the dissimilar 

materials were intimately mixed, as evidenced by grains growing across dissimilar material 

boundaries in the nugget, the diffusional mixing between the two materials was limited to a very 
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narrow zone at the boundary between the two materials.  This conclusion was also reached by Bala 

Srinivasan et al. [45], who felt that the inherent differences in chemistry observed within the nugget 

region clearly suggested that the dwell time at high temperature is insufficient for diffusion of 

elements during FSW. 

 

 

 

Figure 19:  Macro-Sections of Various Dissimilar FSW Joints with a) Al 6082 (Advancing) / 
Al 5083 Retreating b) Al 5083 (Advancing) / Al 6082 Retreating [44] 

 

2.5.4. Post-Weld Artificial Aging (PWAA) 

FSW produces a dynamically recrystallized grain structure in the nugget, which has reached 

solutionizing temperatures and is then “quenched” by the surrounding material back to room 

temperature.  Because of this, the local microstructure is no longer stable and will begin to naturally 

age at room temperature.  Research by Nelson et al. [42] has shown that in the case of 2024-T3, this 

alloy will become essentially stable after approximately 100-hours of natural aging, while 7075 will 

continue to naturally age at room temperature beyond 1,000-hours in the as-welded condition, as 

would be expected for 7075.  Therefore, a degree of artificial aging is at least recommended to 

stabilize welds in 7075 and probably 7XXX series alloys in general.  There are, of course, other 

reasons to consider post-weld artificial aging of FSW.  PWAA can also be used to modify the 

distribution of precipitates in the final joint to influence strength and corrosion properties.  

Alternatively, PWAA may be required to get a welded part into its final temper, if the material was 
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not initially welded in the desired temper.  PWAA has been demonstrated for a number of alloy and 

temper combinations to be beneficial.  For example, Sankaran and Lederich [39] found that the 

properties of friction stir welded C458-T3 (2XXX series aluminum alloy) could be significantly 

improved with artificial aging at 150°C for up to 170-hours.  Lederich et al. [46] found that the 

properties of a dissimilar joint of Al 2024-T3 to D357 cast aluminum could be significantly 

improved by PWAA for 3-hours at 340°F.  Gérard and Ehrström [47] reported the potential for 

welding 2XXX series alloys in the T8 condition to 7XXX series alloys, which would allow for post-

weld artificial aging.  In the case of 7075-T6, however, Strangwood et al. [48] found that the 

mechanical strength (as evidenced by microhardness) in the HAZ was unresponsive to a post-weld 

retrogression and re-aging (RRA) treatment of five minutes at 220°C followed by 24-hours at 120°C.  

They attributed this to the full precipitation state that exists in the HAZ due to the overaging of the 

parent material structure, which does not allow any further precipitation of strengthening phases 

during the RRA treatment.  This finding was later confirmed by Jata et al. [49], who were not able to 

observe any changes to the microstructure in the HAZ after treating the samples with PWAA at 

121°C for 24 hours.   

Published research on post-weld artificial aging (PWAA) for 2024 is limited, and for 7075, 

published research deals mainly with welding using initial tempers at T6 or below, followed by 

considerable exposure times at low temperatures or full solution heat treatments.  A common 

problem with solution heat-treating friction stir welds is that they can produce abnormal grain 

growth (AGG). [39],[50]-[54]  AGG is associated with a reduction in mechanical properties, fatigue life, 

and corrosion problems.[53],[55]  Karlsen et al. [54] related the preference for abnormal growth in 

7075-T6 to the grains that had a size advantage of approximately 1.4 or more compared to their 

neighbors.  In that case, AGG was present after annealing at 500°C for 60 minutes.  Ma et al. [56] 

found that friction stir processed 7075 Al alloy could be stable when heated at 490°C for 60 
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minutes.  Goloborodko et al. [52] confirmed the finding that FSW grain structure in 7075 was stable 

below 500°C but that further heating to 500°C and above results in AGG.  For other alloys and 

tempers, however, researchers have found that the critical temperature for the onset of AGG can be 

as low as 380°C. [40],[50]  Sankaran et al. [39] also suggested that AGG is facilitated in grains that 

possess high dislocation densities at their grain boundaries.  Sharma et al. [53] introduced another 

factor contributing to AGG, related to the coarsening of precipitates.  Increasing precipitate size 

decreases their ability to limit grain size, thereby leading to the onset of AGG.  Labhala et al. [57], 

however, found that abnormal grain growth could be controlled in Al 2195 through the appropriate 

selection of weld process variables, namely spindle speed and feed rate.  They also determined to a 

lesser extent, that the pin-to-shoulder-diameter ratio and cryogenic quenching could have an effect.  

They concluded that high spindle speeds and lower rotation speeds along with a larger shoulder-to-

pin diameter on the FSW tool could completely prevent the formation of abnormal grain growth in 

0.320-inch Al 2195.  This is in agreement with Hassan et al. [51].  They explain the tendency for 

AGG in 7XXX series alloys by pointing out that “colder” FSWs have a finer grain structure, which 

“cannot be stabilized by the dispersoid density found in conventional 7XXX alloys, and abnormal 

grain growth occurs throughout the nugget zone, encouraged by the dissolution of soluble 

precipitates.”  Since unstable second-phase particles play a role in initiating abnormal grain growth, 

this behavior is sensitive to the heating rate used during solution treatment.  Hassan et al. [51] go on 

to explain that “hotter” welds result in coarser grains with a lower dispersoid density and fewer 

soluble pinning particles present, making the nugget grain structure more stable during solution 

treatment.  They point out, however, that AGG can still occur.  They conclude by predicting that, in 

7XXX series alloys with Al3Zr dispersoids, it is impossible to stabilize nugget zone grain structures 

produced by colder welds and that a grain size of at least 10µm would be required for stability 
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during the solution heat treatment of 7XXX alloys.  Mishra et al. [50] also reported that the 

abnormal grain growth patterns and nucleation sites are different for Al 7050 and Al 2519.   

Solution heat treatments can also be impractical for dissimilar alloy joints where one of the 

alloys/tempers requires a treatment drastically different from the other, for example FSW of Al 

2024-T3 to Al 7075-T73.[58]  Another challenge associated with solution heat treatments is 

maintaining dimensional tolerances during high-temperature solution heat treatments of large built-

up structures.  With large parts, the thermal stresses and relaxation of residual stresses can lead to 

major geometrical changes, rending the part unusable after treatment.  Hence, it is not a suitable 

treatment for final manufactured parts but rather is better suited for parts that will receive additional 

processing prior to assembly. 

Another novel approach to post-weld artificial aging of friction stir welded joints, suggested 

by Merati et al. [59], is localized heat treatment of friction stir welds.  Since FSW is a process that 

induces localized thermal gradients and microstructural changes to a material, their approach was to 

correct it with a localized low-temperature artificial aging heat treatment.  They were specifically 

investigating 7475-T7351, which is an over-aged temper of an alloy very similar to 7075, and were 

able to stabilize the weld nugget and restore the material’s corrosion resistance.  They also were able 

to restore high electrical conductivity to the weld, shown in Figure 20, and to restore the exfoliation 

and stress corrosion cracking resistance as well.  Other researchers have been able to restore the 

electrical conductivity to the FSW region in 7XXX series alloys through PWAA, including Li et al. 

[60].  They were able to affect considerable change in the electrical conductivity by post-weld aging 

7249-T6 to the T73 temper.  The weld zone showed the highest increase in conductivity, with values 

higher than the parent material in the DXZ and TMAZ, with the highest values of electrical 

conductivity achieved in the TMAZ. 
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Figure 20:  Typical Traverse Conductivity Profiles of a 7475-T7351 FSW Joint Before and 

After Localized Heat Treatment [59] 

 

2.5.5. Residual Stresses 

One factor that cannot be left out of a discussion about FSW is the residual stress profile 

that is produced in friction stir welds.  These stresses are due to the high temperatures and 

mechanical forces that are applied during joining.  Residual stresses occur in a material anytime it is 

selectively heated in one location more than another, because of the differential thermal expansion 

rates that result.  In fusion welding appreciably more thermal expansion is associated with the phase 

change from solid to liquid; hence, there is a considerable amount of residual tensile stress induced 

at the surface of the weld as the material cools to room temperature.  In some cases, the residual 

stresses are so large that the joint cracks apart before it even cools to room temperature.  With FSW, 

residual stresses are also created by the joining process; however, they are of much less magnitude 

than typically experienced with fusion welding.[61] Dalle Donne et al. [62] found that residual stress 

effects are much more important to fatigue crack propagation rates than defects in the weld nugget.  
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They concluded that ignoring residual stress effects could lead to unconservative estimates of the 

FCP behavior of FSW joints, especially for edge-cracked specimens (e.g. compact tension coupons) 

tested with low R ratios.  They recommended testing at R-ratios of at least 0.5 to obtain data that is 

less sensitive to residual stress effects and outlined a procedure for normalizing the data using an 

effective stress intensity approach to eliminate residual stress effects from the data, as shown in 

Figure 21.  John and Jata [63] confirmed those findings and recommended using middle-crack 

tension coupons for the development of engineering design data.  However, Dawes et al. [64] 

reported a marked reduction in residual stresses to less than 8 percent of the parent material proof-

strength in Al 7075 after PWAA.  They credited the reduction in residual stresses to a stress-

relieving retrogression and re-aging treatment.  This is further supported by Bussu and Irving [65] 

who found that when the residual stresses were relieved from 2024-T351, the crack growth rates 

were nearly identical to those of the parent material, regardless of location or orientation.  Hence, 

with the application of PWAA to FSW, the potential influence of residual stress on test data is 

expected to be minimal. 

 

 
Figure 21: Effect of R-ratio on da/dN-∆K Curves is Suppressed if Crack Propagation Rates 

are Plotted as a Function of Effective Stress Intensity ∆Keff 
[62] 
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2.6. Joint Properties of FSW 

The 2XXX and 7XXX series aluminum alloys are traditionally used for aerospace 

applications because of their higher strengths; however, due to their general poor weld-ability, they 

are normally joined by mechanical fasteners.  The use of mechanical fasteners not only involves 

additional costs and labor for installation but also adds a significant amount of additional weight to 

an aircraft.  Two aluminum alloys in particular, 2024 and 7075, which are common commercial 

aircraft alloys, have been vigorously investigated in recent years by FSW researchers to determine 

their joint properties and potential for FSW.  The advantage of applying FSW to known and 

accepted alloys should be obvious.  Decades of research have gone into determining the material 

properties of these alloys in any number of configurations.  Hence, to incorporate FSW into an 

aircraft design only requires a characterization of the FSW joint properties. 

The most commonly reported values in the literature by researchers are microhardness and 

tensile strength, and for good reason.  Tensile testing is one of the most useful and important tests 

available to researchers, and it can be completed quickly and affordably.  In the case of 

microhardness, its usefulness may not be so clear.  Microhardness can be correlated to the expected 

mechanical properties of a joint and can give insights into changes that have occurred in the 

microstructure.   

Less commonly reported, are fatigue, fracture toughness, and fatigue crack propagation.  The 

most common data for fracture toughness and fatigue crack propagation is reported in the nugget 

region.  This is due to the fact, as Dawes et al. [64] point out, that the FSW zones with the lowest 

hardness and tensile strength values, i.e., the HAZ and TMAZ, are generally associated with the 

highest values of K, CTOD, and J fracture toughness.  This finding was also confirmed by Jata et al. 

[49] who determined that the nugget had significantly lower fracture toughness values than found in 

the HAZ.  It was again confirmed by Pao et al. [66] that the HAZ has superior crack resistance to 
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the parent material and weld nugget, as in the case of Al 7050-T7451 with PWAA for 24 hours at 

121°C.  The nugget is also the region that is expected to have the greatest susceptibility to stress 

corrosion cracking due to its fine grain structure and large number of grain boundaries.  Fuller et al. 

[67] found that stress corrosion cracking growth in as-welded 7075-T7451 could be unpredictable 

when tested against the welding direction, and that it tended to turn out of the nugget and into the 

parent material.  When tested in the welding direction, the crack path stayed within the nugget and 

had a lower initial stress intensity than when tested against the welding direction.  The mechanism 

for this behavior was suggested to be due to the swirl patterns present in the nugget, which have 

minor variations between the banded structures and could contribute to crack turning.  They found 

the relationship to be inconsistent, however, and hence refrained from making any more 

conclusions.  Dawes et al. [64] also commented that there was very little difference between fracture 

toughness values on the advancing and retreating sides of the weld. 

While the testing that is published in the literature does not always include all of the 

pertinent information about how a weld was created, it does provide a very good idea of the 

expected performance of friction stir welds.  This is eventually where FSW needs to arrive—

performance specifications.  In a performance specification for FSW, only minimum values of 

performance for a friction stir weld would be specified.  The manufacturer would then be 

responsible to develop its own processes in order to meet the specification.  This is a much simpler 

process and eliminates the need for endless process specifications for exactly how a process should 

be performed.  It also gives a manufacturer the ability to develop its own intellectual property so that 

it can maintain a competitive edge in the marketplace.  A review of the current available data on Al 

2024 and Al 7075 is included here for comparison with test results from this research program. 



 46

2.6.1. Published Results for Al 2024 

To date, a large amount of data has been reported on the tensile strength of as-welded 2024-

T3 for various thicknesses, as shown in Table 3.  A limited amount of data has been presented on 

tempers other than T3 or on T3 with post-weld aging.  Chao et al. [68] investigated the effect of 

strain rate on the tensile properties of 2024-T3.  They found that for high strain rates (1200 s-1 and 

800 s-1) there was a significant increase in the compressive yield strength of the material, attended by 

a moderate increase in ultimate tensile strength and a decrease in strain at failure versus slow strain 

rates of 10-4 s-1. 

 

Table 3: Reported Tensile Results for As-Welded 2024-T3 

Material 
Thickness 

Ultimate Tensile 
Strength  

Yield Strength Weld 
Elongation (%)

Ref.

0.040-in. (1 mm) 58.9 ksi (406 MPa) 45 ksi (310 MPa) 6.0 [69]
0.064-in. (1.6 mm) 66.9 ksi (461 MPa) 47.1 ksi (325 MPa) 11 [70]
0.080-in. (2 mm) 64.7 ksi (446 MPa) 44.9 ksi (310 MPa) 13.0 [46]
0.080-in. (2 mm) 64 ksi (441 MPa) 45 ksi (310 MPa) 16.3 [71]

0.090-in. (2.25 mm) 53 ksi (366 MPa) - - - - [72]
0.100-in. (2.5 mm) 71.1 ksi (490 MPa) 55.1 ksi (380 MPa) 17 [73]
0.125-in. (3.2 mm) 63.5 ksi (438 MPa) 45.8 ksi (316 MPa) 12.2 [74]
0.l60-in. (4 mm) 62.7 ksi (432 MPa) 44.1 ksi (304 MPa) 7.6 [75]
0.200-in. (5 mm) 59.5 ksi (410 MPa) 38.9 ksi (268 MPa) 5.1 [76]

0.250-in. (6.35 mm)  60.9 ksi (420 MPa)  40.6 ksi (280 MPa) -- [77]
Average 62.5 ksi (431 MPa) 45.2 ksi (311 MPa) 11  

Std. Deviation 4.90 ksi (33.8 MPa) 4.53 ksi (31.2 MPa) 4.5  
 

A fair amount of fatigue data is available in the literature for as-welded 2024-T3.  Bussu and 

Irving [77] looked at the fatigue life in both the longitudinal and transverse directions of the friction 

stir weld, when welded with the rolling direction.  For the as-welded specimens, the longitudinal 

specimens performed noticeably better than the transverse ones, but for the skimmed coupons, only 

at lower stress levels was there a measurable difference in fatigue life, as shown in Figure 23 and 
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Figure 24.  Magnusson and Källman [71] also reported stress versus number of cycles to failure (S-

N) data for 0.080-inch thick Al 2024 sheet.  They presented data with and without surface milling 

(removal of 0.004 to 0.006-inch from the top surface), and compared it to pristine parent material 

with no stress concentration (Kt =1), and to parent material with a hole (Kt = 2.5), reference Figure 

22.  They also demonstrated the importance of a “post-weld machining operation of the top side of 

the weld in order to optimize the fatigue strength,” and commented on the importance of 

developing a tool to create a smoother weld top surface, since machining is not always possible.  

Davenport et al. [78] also reported data on the fatigue life of 2024-T3, reference Figure 23 and 

Figure 24, as did Klæstrup Kristensen et al. [6], reference Figure 25.  Biallas et al. [70] also presented 

fatigue data for 2024-T3, shown in Figure 26, and crack tip opening displacement data, shown in 

Figure 27. 

 

 

Figure 22:  Fatigue Results (R=0.1) for 0.080-inch (2mm) 2024-T3 with and without Surface 
Milling vs. Parent Material (Kt = 1) and Parent Material with a Hole (Kt = 2.5) [71] 
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Figure 23: S-N Curves (R=0.1) of 0.250” Parent Plate (LT) and FSW Joints in As-Welded 
Condition [77] 

 

 

Figure 24:  S-N Curves (R=0.1) of 0.250-inch Parent Plate (LT) and FSW Joints in Surface 
Skimmed Conditions [77] 
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Figure 25:  S-N Curves of 6mm As-Welded FSW Butt Joints of 2024-T3 [6] 

 

 

Figure 26:  Fatigue Strength of 1.6 mm Thick Friction Stir Welded 2024-T3 [70] 
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Figure 27:  Crack Tip Opening Displacement (δ5) vs. Stable Crack Growth (∆a)in the 
Nugget Region Against the Welding Direction in Friction Stir Welded 2024-T3 [70] 

 

2.6.2. Published Results for Al 7075 

Less data has been reported on the tensile strength of friction stir welded Al 7075.  The data 

that has been reported to date is summarized in Table 4 and Table 5.  A limited amount of data has 

also been presented on 7075 with post-weld aging, as shown in Table 6.  Chao et al. [68] investigated 

the effect of strain rate on the tensile properties of 7075-T7351.  They found that for high strain 

rates (500 s-1) there was no appreciable change in the compressive strength of the joint, compared to 

slow strain rates of 10-4 s-1.  Mahoney et al. [41], when investigating properties of friction stir welded 

7075-T6, presented an excellent depiction of the variation of strain in the weld zone, which is typical 

of FSW, reference Figure 28.  Klæstrup Kristensen et al. [6] presented some fatigue data of as-

welded 7075-T7, reference Figure 29.  Unfortunately, a limited number of samples were tested. 
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Table 4:  Reported Tensile Results for As-Welded 7075-T73 

Material 
Thickness 

Ultimate Tensile 
Strength  

Yield Strength Weld 
Elongation 

(%) 

Ref.

0.040-in. (1 mm) 65.4 ksi (451 MPa) 49 ksi (338 MPa) 10.0 [69]
0.100-in. (2.5 mm) 69 ksi (476 MPa) - - - - [72]
0.125-in. (3.1 mm) 69.2 ksi (477 MPa) 49.9 ksi (316 MPa) 13.8 [74]
0.240-in. (6 mm) 69.6 ksi (480 MPa) - - - - [6] 

0.250-in. (6.35 mm) 68.6 ksi (473 MPa) - - 6.1 [79]
0.320-in. (8 mm) 66.4 ksi (458 MPa) - - - - [80]
.374-in. (9.5 mm) - - 57.7 ksi (398 MPa) - - [68]

Average 68.0 ksi (469 MPa) 52.2 ksi  (360 MPa) 9.97  
Std. Deviation 1.71 ksi (11.8 MPa) 4.78 ksi (33.0 MPa) 3.85  

 

Table 5:  Reported Tensile Results for As-Welded 7075-T6 

Material 
Thickness 

Ultimate Tensile 
Strength  

Yield Strength Weld 
Elongation (%)

Ref.

0.100-in. (2.5 mm) 82.9 ksi (572 MPa) 72.9 ksi (503 MPa) 11 [73]
0.250-in. (6.35 mm) 67.9 ksi (468 MPa) 45.2 ksi (312 Mpa) 7.5 [41]
0.250-in. (6.35 mm) 64.3 ksi (443 MPa) - - 15 [81]

0.280-in. (7 mm) 65.3 ksi (450 MPa) 47.1 ksi (325 MPa) 7 [82]
0.400-in. (10 mm) 50.8 ksi (350 MPa) - -  6.5 [83]

Average 66.24 ksi (457 MPa) 55.1 ksi (380 MPa) 9.4  
Std. Deviation 11.44 ksi (78.9 MPa) 15.47 ksi (106.7 MPa) 3.60  

 

Table 6:  Reported Tensile Data for Al 7075 with PWAA 

Temper + PWAA Ultimate Tensile 
Strength  

Yield Strength Weld 
Elongation (%) 

Ref. 

0.250-in - 7075-T651 + 
RRA (5min@220°C) 

51.3 ksi (354 MPa) 38.1 ksi (263 MPa) - - [84] 

0.250-in - 7075-T651 + 
24 hrs @ 121°C  

59.7 ksi (412 MPa) 45.2 ksi (312 MPa) 3.5 [41] 

0.250-in – 7075-W + 
PWAA to T73 

51.8 ksi (357 MPa) - - 6.1 [85] 

0.250-in – 7075-W + 
7hrs/121°C + FSW + 

24hrs/121°C 

62.1 ksi (428 MPa) - - 4.9 [85] 
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Figure 28:  Typical FSW Tensile Strain Distribution within the Weld Zone [41] 

 

 

Figure 29:  S-N Fatigue Strength of 7075-T7 Welds Compared to MIL-HDBK-5[86] Base 
Material Data [6] 
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2.6.3. Published Results for Al 2024/7075 Dissimilar Joints 

Only a few reports have been published on the performance of dissimilar joints between Al 

2024 and Al 7075 and a limited number of publications on dissimilar joints of any alloy.  Larson et 

al. [44] determined that in a dissimilar joint of Al 5083 and Al 6082, placing the material with the 

lower high temperature strength on the advancing side would more likely produce the best 

mechanical properties.  Similarly, Lee et al. [43] concluded that when welding A356 aluminum to Al 

6061, the highest strengths were achieved when the harder material was placed on the retreating 

side.  Cook et al. [87], looked at the effect of alternating advancing and retreating sides in a dissimilar 

joint of 2024-T3 and 7075-T73.  Both joints performed well, but overall tensile strength was 

improved by placing the 2024-T3 material on the advancing side of the tool.  A summary of the 

reported data for 2024 to 7075 dissimilar alloy joints is given in Table 7.  Cavaliere et al. [73] welded 

0.100-inch 2024-T3 to 7075-T6 and reported the tensile and fatigue life data, as shown in Figure 30 

and Figure 31. 

 

Table 7:  Reported Tensile Results for As-Welded Al 2024-Al 7075 Dissimilar Joints 

Material 
Thickness 

Ultimate Tensile 
Strength  

Yield Strength Weld 
Elongation (%)

Ref.

0.100-in. (2.5 mm) 61.5 ksi (424 MPa) 47.1 ksi (325 MPa) 6 [73]
0.250-in. (6.35 mm) 61.3 ksi (423 MPa) -- -- [87]
1.0-in. (25.4 mm) 57.9 ksi (399 MPa) 40.1 ksi (276 MPa) 5.7 [58]

Average 60.2 ksi (415 MPa) 43.6 ksi (301 MPa) 5.85  
Std. Deviation 2.02 ksi (14 MPa)    
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Figure 30:  True Stress vs. True Strain for a 2024-T3/7075-T6 Dissimilar FSW Joint [73] 

 

 

Figure 31:  Endurance Fatigue Curves (S-N) for FSW Joints of 2024-T3 and 7075-T6 
Compared to Dissimilar Joints of 2024/7075 [73] 
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2.7. Corrosion in FSW 

Corrosion of FSW is a major concern for the use of FSW on aircraft.  Aluminum alloys that 

contain appreciable amounts of soluble alloying elements, primarily copper, magnesium, silicon, and 

zinc, like 2XXX and 7XXX alloys, are generally susceptible to exfoliation and SCC.  A considerable 

amount of research has been conducted in order to develop corrosion-resistant tempers that still 

maintain desirable mechanical properties.  One of the challenges of FSW is that it dramatically alters 

the temper of the base material across the weld zone.  Some research has been conducted in order to 

characterize corrosion of FSW, but the data that exists in the literature is incomplete.  Reports in the 

literature have found, and our preliminary research has confirmed, that for 2XXX and 7XXX series 

aluminum alloys in the as-welded condition, the weld region experiences extreme corrosion attack 

due to exfoliation corrosion during constant immersion testing and susceptibility to stress corrosion 

cracking (SCC), with 7XXX series being more sensitive than 2XXX series.[18],[67],[78],[88]-[92]  Preferential 

corrosion of the FSW joint over the parent material is one of the important concerns associated with 

broad implementation of this technology.   

Four main types of corrosion are of concern in aluminum alloys: exfoliation corrosion 

(EXCO), galvanic corrosion, intergranular corrosion (IGC), and stress corrosion cracking (SCC).  In 

a study by Bolser et al. [93], corrosion response was investigated at Boeing using exfoliation and 

intergranular corrosion testing as a means of evaluating the expected resistance to corrosion-related 

failures.  Exfoliation corrosion testing determines a material’s susceptibility to two types of 

corrosion:  uniform attack and pitting corrosion.  Uniform attack is the general attack of the material 

in a corrosive environment, often measured in depth per unit time.  Since it attacks the material 

evenly over the surface, it is the least destructive, if not occurring at an accelerated rate.  Pitting 

corrosion, on the other hand, is of great concern, since pits can grow well in advance of the general 

corrosion state of the material, creating large stress concentrations that can cause premature failure 
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of a part.  Pitting in wrought aluminum alloys primarily originates from a galvanic reaction between 

coarse precipitates and other constituent particles and the surrounding aluminum matrix.  The pits 

form either by the dissolution of particles anodic with respect to the surrounding matrix or by the 

dissolution of the matrix adjacent to cathodic particles.[94]  When precipitation is concentrated at the 

grain boundaries, pitting corrosion can penetrate even more rapidly into the material due to the 

increased anodic/cathodic reactivity of the precipitates and the precipitate free zones located along 

the grain boundaries.  When the grain boundaries become anodic to the surrounding grains, 

corrosion can penetrate into the material selectively at the grain boundaries.  The grains themselves 

are unaffected, but the corrosion itself advances in the material like a crack propagating under stress.  

This is called intergranular corrosion.  Lastly, stress corrosion cracking is observed in materials 

susceptible to intergranular corrosion that are placed under some type of mechanical load.  In some 

cases, internal stresses alone are enough to observe SCC in materials that are susceptible to it.  The 

challenge, therefore, is to determine if FSW in a given material is more susceptible to corrosion than 

the parent material and, if so, to develop methods to improve the corrosion response.  One 

proposed method is through PWAA.[93]     

2.7.1. 2XXX Series Aluminum Alloys and Al 2024 

The literature review revealed a number of papers documenting the corrosion-related issues 

associated with friction stir welding 2024-T3, and other 2XXX series alloys; however, only a few 

methods for improving the corrosion resistance could be found.  No information could be found 

about the potential for improving corrosion resistance of friction stir welded 2024-T3 through post-

weld artificial aging.  Neither could information be found about the corrosion resistance of friction 

stir welded 2024-T81.   
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One of the first and most complete evaluations of corrosion in friction stir welded 2024-T3 

was conducted by Biallas et al. [70].  They looked at 1.6-mm and 4-mm thick 2024-T3 joined by 

FSW.  They found evidence of selective attack of the weld zone during ASTM G-34 exfoliation 

testing, especially in the heat-affected zone, and susceptibility to intergranular attack in the weld 

nugget when immersed in an ASTM G-110 intergranular corrosion test solution.  They found no 

susceptibility to stress corrosion cracking after 40 days of alternate immersion testing  in an aqueous 

3.5% NaCl solution (per ASTM G-44), using four-point loaded bent-beam specimens (ASTM G-

39), loaded to a stress of 250 MPa.  Hannour et al. [95] made a similar determination that the weld 

zone, especially the HAZ, was especially sensitive to attack by corrosion as compared to the parent 

material.  They used polarization curves to show that both the weld nugget and HAZ had high 

corrosion potentials, with the highest potential in the HAZ.  Later, Davenport et al. [78] found that 

welding process parameters could affect whether the HAZ or nugget had the highest corrosion 

potential.  The effect was due to changes in the thermal gradients and maximum temperatures 

caused by FSW, which in turn affected precipitate morphology.  “Intergranular corrosion in Al-Cu 

alloys is caused by precipitation of copper-rich particles at grain boundaries, which leaves the 

adjacent matrix depleted in copper, and thus more susceptible to localized attack.” [78]  The welding 

process also increases the number of cathodically active intermetallic particles, namely fine S phase 

precipitates that participate in cathodic, oxygen-reduction reactions.  Kumar et al. [88] also reported 

the susceptibility of as-welded 2024-T3 to exfoliation corrosion for both 0.040-inch and 0.125-inch 

material, and recommended further investigation into methods to improve its corrosion resistance. 

One of the ways to restore the corrosion resistance to 2024-T3 in the as-welded condition is 

through laser surface melting (LSM) treatments.[78],[92],[96]  Through LSM, the surface can be 

homogenized, which eliminates variations in corrosion potential at the exposed surface, greatly 

reducing the resistance to corrosive elements.  On the other hand, Corral et al. [18] did not find a 
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severe sensitivity to corrosion for 2024 when it was friction stir welded in the T4 condition.  They 

exposed test samples in 0.6M NaCl solutions for 20-hours and observed similar corrosion patterns 

in both the weld and parent materials.  They also showed that both FSW and parent material have 

similar potentiodynamic polarization curves in de-aerated 0.6M NaCl, thus supporting their 

conclusions.  Similarly, Li et al. [97] examined the stress corrosion susceptibility of 2195-T8 and 

2219-T87 in the as-welded condition, using slow strain rate testing.  They found that both 2195 and 

2219 possessed higher resistance to environmentally assisted cracking than their parent materials, 

with 2195 exhibiting the highest resistance to SCC. 

Other authors have endeavored to investigate the effects of corrosion on fatigue life in 

2XXX series and 2024 aluminum alloys.  Pao et al. [98] developed S-N curves for Al 2519-T87 

versus the parent material in laboratory air and in a 3.5% NaCl solution.  When tested in laboratory 

air with a frequency of 20 Hz and R=0.1, the fatigue life of the FSW samples was inferior to the 

parent material.  When tested in 3.5% NaCl, however, with a frequency of 1 Hz and R=0.1, the 

fatigue life of the FSW and the parent material were comparable.  Recently, Alfaro Mercado et al. 

[99] compared the fatigue life of pristine and pre-corroded as-welded 2024-T3 coupons to pristine 

and pre-corroded parent material, as shown in Figure 32.  They also compared experimental results 

to predicted values.  Specimens were pre-corroded per the ASTM G-44 alternate immersion method 

and then left in laboratory air for 100, 250, and 1,000-hours.  For the modeling portion, all corrosion 

damage was modeled as a semi-elliptical surface crack with a depth equal to the deepest pit or 

intergranular attack and a width equal to the width of the corrosion area.  They achieved excellent 

agreement between their model and experimental results, demonstrating the ability to predict the 

behavior of corrosion damage using modern software packages.  They also demonstrated that the 

friction stir weld behaved comparably to the parent material in both pristine and pre-corroded 

conditions. 
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Figure 32:  Influence of Corrosion Time on the Fatigue Life of 2024-T3 Friction Stir Welded 
and Base Metal [99] 

 

2.7.2.  7XXX Series Aluminum Alloys and Al 7075 

A number of researchers have shown that the resistance of 7XXX series alloys, particularly 

Al 7075, to exfoliation, intergranular corrosion, and stress corrosion cracking is greatly reduced by 

friction stir welding when left in the as-welded condition. [74],[67][81],[83][85],[88],[91],[95],[100]-[104]  Additionally, 

7075 tends to continue to naturally age at room temperature after a solution heat treatment is well 

established.  One potential method of restoring the corrosion resistance to 7XXX series alloys is 

through post-weld artificial aging after joining by FSW.  The results of a variety of post-weld heat 

treatments have been reported in the literature; however, they deal almost exclusively with peak-aged 

(T6) and under-aged tempers (W,O,T3, and T4).[59],[60][66][79][81],[94],[105]-[107]  The general approaches thus 

far have been to do the following: (1) leave the material in the as-welded condition, (2) apply a low-

temperature stabilizing heat treatment (e.g., 24-hours at 100°C to 121°C), (3) apply a solution heat 
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treatment to the material after welding and then age to the desired temper, (4) apply additional post-

weld aging to material originally in a T6 or earlier temper to arrive at the final desired temper, or  (5) 

to apply some type of post-weld surface treatment.  

Concerning the first approach, which is to do nothing and leave the material in the as-

welded condition, it has been mentioned that this leads to problems with exfoliation and stress 

corrosion cracking, and therefore is not a favored option for critical aircraft components.  It is, 

however, most often the approach that yields the best mechanical properties; hence, if some form of 

corrosion mitigation plan is preferable, i.e., surface coatings, etc., then leaving the material in the as-

welded condition might be a consideration.    

The microstructure in the weld nugget and TMAZ in 7XXX series alloys is also unstable and 

will continue to naturally age at room temperature.  Therefore, it is recommended that, at a 

minimum, the second solution be utilized.  Pao et al. [66] reported restoring the SCC resistance to 

7050-T7451 with a PWAA of 24-hours at 121°C, when tested by FCP in a 3.5% NaCl solution.  

Sanakaran et al. [94] investigated the corrosion resistance of the same alloy and PWAA treatment in 

an ASTM G-85 prohesion chamber.  They also found that the corrosion resistance of the weldment 

was comparable to the parent material.  Dunlavy and Jata [107]  went on to investigate the corrosion 

fatigue resistance of the same alloy/PWAA combination.  In this case, they found that the fatigue 

strength of the weldment was reduced by 50 percent, compared to the parent material.  One of the 

more successful heat treatments implemented in the 7XXX series, which has been reported by other 

authors to date, is a treatment of 100-hours at 100°C treatment for 7050-T7451 and 7075-

T73.[67][79][85][101][103],[106]  This treatment, however, is primarily effective for the over-aged T7 tempers.  

Paglia et al. [105] investigated the effects of this treatment on 7075-T6 and found it ineffective. 

The third option of applying a solution heat treatment to the material after welding also may 

not be a good option for large built-up aircraft structures.  The expense alone of solution heat-
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treating a large structure is prohibitive, but even more importantly, it would be difficult or 

impossible to maintain the dimensional stability of the built-up structure.  In addition, as mentioned 

previously, the propensity for abnormal grain growth in the DXZ and TMAZ does not encourage 

the use of solution heat treatment following FSW as a primary mode of improving its resistance to 

corrosion. 

The fourth approach is to weld the material in an under-aged or peak-aged temper, and then 

apply PWAA to reach the final desired temper in the parent material.  This approach attempts to 

minimize the overaging effect in the HAZ and to initiate beneficial types of precipitation in the weld 

nugget to achieve a more uniform precipitate distribution, similar to unaffected parent material in 

the desired final temper.  Several approaches have been tried, mainly re-aging to T6, aging to T73, or 

aging using retrogression re-aging techniques.  Li et al. [60] demonstrated that the resistance to stress 

corrosion cracking could be restored to 7249-W511, 7249-T651, and 7249-T76511 when aged by 

various means to a final T7 temper.  They also correlated the improvement in SCC resistance to 

increases in the electrical conductivity of the alloy because of the treatments.  A similar finding has 

also been reported for 7075.[85]  This is perhaps the most beneficial treatment reported by other 

authors to date, for the joining of 7XXX series alloys.  Welding in an underaged temper and aging to 

the desired temper ensures that the parent material is in a known material condition with desirable 

properties, and yields a weld zone with good stress corrosion cracking resistance and a stabilized 

structure.  However, although it has also been reported that post-weld aging can restore the stress-

corrosion cracking resistance, it has been found to be at the expense of exfoliation resistance in 

some instances.[81]  Retrogression and re-aging treatments have also been tried, but not extensively, 

and with limited time and temperature schemes.[33],[81],[84]  They were originally developed as an 

attempt to maintain the higher strength of the T6 peak-aged temper, while gaining the corrosion 

resistance of the T7 over-aged temper.  The T6 material condition has the highest strength of any of 
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the 7XXX series alloys tempers but, in general undesirable for critical component use in aircraft 

because of its general poor resistance to corrosion, and therefore has limited usefulness.  However, 

there is some potential benefit for retrogression and re-aging treatments, and other multi-stage 

PWAA treatments, so research in these areas continues.   

The last approach is the use of a post-weld surface treatment to improve the corrosion 

resistance of FSW in 7XXX series alloys.  Laser surface melting, as reported for 2XXX series alloys, 

was only of marginal effectiveness for 7XXX series.[85]  Paglia et al. [105] reported using a flame 

torch surface treatment for one minute, similar to laser surface melting, to improve the resistance to 

intergranular corrosion and SCC of the FSW zone in 7075-T6, but again with marginal results.  No 

data was found reported in the literature pertaining to mechanical surface treatments for 7XXX 

series alloys. 

One final method, which was not included in the original list, is the influence of tool design 

on the corrosion resistance of 7XXX series alloys, as reported by Lumsden et al. [101].  It was found 

that the tool design, specifically with a scrolled shoulder with a tri-flat threaded pin versus a standard 

TWI-style tool, could improve the stress-corrosion cracking resistance nearly as much as PWAA, 

without reducing the mechanical properties of the joint.[85]  Interestingly, during an evaluation using 

TEM, they were unable to detect any noticeable difference in the grain size, precipitate distribution, 

or precipitate compositions because of the tool.[85]  They did observe a 40°C reduction in peak 

temperature in the weld zone, which is undoubtedly related.  Leonard [81] predicted the potential 

for this type of behavior five years ago, during his investigation of corrosion in 2014 and 7075 series 

alloys, by commenting: “Advances in welding tool design and processing parameters may permit 

faster welding speeds to be utilized, which will influence the thermomechanical processing of the 

TMAZ and heat input to the HAZ.  Such effects will have implications for corrosion properties.” 
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2.7.3. Dissimilar Aluminum Alloys Joints 

If limited data exists in the literature for dissimilar alloy joints, there is even less in the 

literature about corrosion related issues associated with those dissimilar joints.  The primary concern 

with corrosion related to the joining of dissimilar metals is the inducement of accelerated galvanic 

corrosion brought on by the coupling of materials with different corrosion potentials.  Because two 

different alloys are almost sure to have differences in their corrosion potentials, galvanic corrosion 

seems almost assured.  In the case of 2XXX series and 7XXX series alloys, it is expected that the 

7XXX series will corrode anodically to the nobler 2XXX series alloy, which would act as the 

cathode.  As a result, the 2XXX series alloy would be protected cathodically since the 7XXX series 

corrodes preferentially.  Cook et al. [87] also investigated the effect of alternating advancing and 

retreating sides in dissimilar welds of 2024-T3 and 7075-T73 on the exfoliation resistance of the 

FSW joint.  They observed different behaviors on the top (weld side) and the bottom (anvil side) of 

the welds, with one side doing better than the other, depending on which material was on the 

advancing side of the joint.  They also reported that the corrosion, where present, was worse in the 

7075 material than in the 2024 material, which is expected, due to the well-documented inferior 

resistance of 7XXX series to exfoliation as compared to 2XXX series alloys.  They concluded that 

the exfoliation resistance was maximized by placing 7075-T73 on the retreating side.  Bala Srinivasan 

et al. [45] investigated the stress corrosion cracking resistance of 7075-T7351 joined to Al 6056 using 

slow strain rate testing in a sodium chloride environment.  They found that only the TMAZ/HAZ 

interface on the 7075-T73 side of the joint was susceptible to SCC at strain rates in the order of 10-7 

s-1.  No data has been reported in the literature about ways to improve the corrosion resistance of 

dissimilar alloy joints through post-weld artificial aging.  Lederich et al. [46] did report that the 

properties of a dissimilar joint of Al 2024-T3 to D357 cast aluminum could be appreciably improved 

by PWAA, but no investigation into the corrosion resistance of the joint was reported.  Gérard et al. 
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[47] reported the potential for welding 2XXX series alloys in the T8 condition to 7XXX series alloys 

but, again, no mention of the effects of this type of approach on the corrosion resistance of the 

dissimilar couple. 

2.8. Variability, Flaws, and Failures in FSW  

When designing experiments, a thorough understanding of all significant variables and 

potential sources of error is important for developing confidence in the resulting data.  Therefore, it 

is worthwhile for the researcher to identify which parameters may have a strong influence on results 

and which parameters may be ignored.  In the case of friction stir welding, a large number of 

potential variables need to be evaluated, so that only the most important factors are included in the 

study and to prevent nuisance factors from exploding the error.  To that aim, a literature review of 

existing findings regarding the variability in FSW was performed.   

For example, in a study by Record et al. [108], of the nine factors investigated, less than half 

were found to have any significance at all.  While it must also be noted that their findings were from 

a fractional factorial, that their findings were only valid on the intervals investigated, and that only 

the main effects were estimated, it is still a revealing study.  Their findings confirmed that spindle 

speed, feed rate, and plunge depth are the essential variables in FSW, and that other factors such as 

weld location, pin length, weld cooling, starting distance from plate edge, pre-weld cooling, and 

dwell time may not be significant factors under some conditions.   

Another variable in FSW is the amount of heat input.  For a given tool, material, and 

thickness combination, there may be a large or small processing window that allows for the creation 

of a defect free joint (i.e. there may be multiple spindle speed / feedrate combinations that produce 

an acceptable joint).  If the window is large, then there is the opportunity to distinguish between 

relatively “hot” and “cold” welds, where higher rotation speeds and lower feedrates are associated 
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with “hotter” welds, and visa versa.  A study by Lockwood [109] however, found that there was little 

difference in properties between “hot” and “cold” welds.  A similar finding was made by Klæstrup 

Kristensen et al. [6], where they looked at the influence of welding parameters on tensile strength.  

Hashimoto et al. [110] also reported data that support this conclusion.  When the fracture location 

was in the HAZ or parent material, indicating a defect-free weld, there was no significant welding 

parameter influence.  This is an important finding because it supports the use of only one 

“optimized” parameter set for a given material/tool/thickness combination.[111]   

A study by Burford [112], examined the effects of plate gap, joint offset, and tensile property 

variations in good welds.  He found that a certain amount of offset and plate gap was permissible in 

a friction stir weld with no deleterious effects on strength and, further, that the standard deviation of 

the tensile strength of the welds was exceptionally low over the entire length of the weld.  

Magnusson and Källman [71] also reported no significant variation in tensile data from the start to 

the end of a defect free FSW.  Similarly, Christner and Sylva [113] studied plate gap, differential 

thicknesses, and variations in plunge depth.  Some work has also been done to quantify weld 

variations non-destructively in real-time using process forces.  Arbegast [21] found that some 

common friction stir welding defects could be predicted by monitoring and analyzing the process 

force feedback during or just after a friction stir weld has been completed.  Related work was done 

by Leonard and Lockyer [114] to characterize a number of common friction stir welding defects and 

identify their most common sources.  They were able to develop a troubleshooting guide for two of 

the most common FSW defects:  voids and root flaws.  Voids are pores or unconsolidated areas in 

the weld nugget, while root flaws are unjoined remnants of where the plates were originally butted 

together. 

Other researches have endeavored to make a distinction between “defects” or 

“imperfections” and “flaws,” i.e., that some defects have no measurable impact on material 
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properties and therefore cannot properly be called flaws.  Dickerson and Przydtek [115] found that 

only root flaws above a certain size had an impact on strength or fatigue crack propagation (FCP).  

In fact, flaws must be very large or located in the heat-affected zone to show a marked reduction in 

tensile strength.  Russell et al. [72] investigated the effect of holes in and around FSW joints in 2024-

T3 and 7075-T6.  When tested in the transverse direction across the weld, only a minor reduction in 

strength was observed when a 0.25-inch hole was made in the center of the weld nugget in a 0.500-

inch wide tensile coupon.  However, a 40 percent decrease was observed when the same hole was 

placed in the heat-affected zone of the weld.  Similarly, Dalle Donne et al. [62] found that weld 

pores did not have a significant effect on FCP rates in the nugget, reference Figure 33.  However, 

both studies did find an impact on fatigue, as might be expected.   

 

 

Figure 33:  Fatigue Crack Propagation Curves of FSW Joints in Al 2024-T3 Containing Pores 
(tool A) Compared to Defect Free Joints (tool B) and Base Material [62] 
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Booth and Sinclair [5] found that fatigue failures in the nugget region appear to compromise 

fatigue life, and that coupons that failed outside of the nugget area were comparable with published 

parent material data.  The failures that occurred in the nugget were “related to the presence of 

macroscopic discontinuities in the flow pattern of the flow arm,” which they showed to have 

differences in hardness values between the bands.  The presence of voids or other discontinuities 

would only exacerbate that effect.   

A related investigation by Lederich et al. [46] studied the effect of root flaws on tensile 

strength and fatigue, and the effect of post-weld machining and blending on the fatigue life of as-

welded FSW coupons.  They determined that for 0.080-inch thick friction stir welded 2024-T3 

surface smoothing of the friction stir weld zone with a light abrasive such as a Scothbrite™ pad 

(with an approximate 2 percent reduction in thickness) could have an improvement on fatigue life, 

while surface milling plus blending (~8 percent reduction) had a negative effect.  Bussu and Irving 

[77] also concluded that the fatigue life of FSW specimens could be enhanced by surface skimming 

and correlated crack initiation sites to weld geometry, reference Figure 34.  Liu et al. [116] related 

flaw type to fracture location.  Palm et al. [117] found that in FSW butt-welds the abutting surfaces 

of the plates could contribute line-type oxide particle inclusions, depending on the material and 

method of preparing the surface prior to milling.   

This was confirmed in a scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) study performed by Vugrin et al. [118].  They were able to show that some type 

of suitable surface treatment immediately prior to friction stir welding is essential to avoid the 

entrainment of unnecessary amounts of surface oxide (scale) and surface hydroxides into the weld 

nugget.  Some levels of oxide inclusion are certain to be present in friction stir welds, however, and 

without detrimentally affecting weld properties.  For example, Larsson et al. [44] reported the 

detection of oxide inclusions more readily in dissimilar joints, even when they did not have a 
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significant effect on joint strength.  Finally, Bird [119] and others have demonstrated the ability to 

detect common friction stir welding defects using non-destructive methods, such as ultrasonic 

phased array inspection.[120]   

 

 

 

Figure 34: Optical Cross Section of a FSW Joint with:  A) Nugget,  B) TMAZ, C) HAZ, and 
Dotted Lines to Show Skimmed Material, and Circled Region to Indicate the "Toe Lip" in 

FSW Responsible for Fatigue Crack Initiation [77] 
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CHAPETER 3 

OBJECTIVES 

 

3.1. Preliminary Research 

During fiscal year 2004, a comprehensive evaluation of the weld properties of butt-welded 

2024-T3 and 7075-T73 thin-sheet aluminum alloys was conducted to determine the properties of 

butt-welds made in the common aerospace alloys: 2024-T3 and 7075-T73 plates of 0.040-in and 

0.125-in thicknesses.  Both of these alloys have been considered un-weldable by conventional fusion 

methods.  The FSW welds were performed on an MTS ISTIR Gantry machine in collaboration with 

the South Dakota School of Mines.  From the preliminary results from those tests, interaction with 

industrial advisors, and a careful review of published FSW literature to date, an in-depth 

investigation into material properties of friction-stir welded 2024 and 7075 aluminum alloys, 

including an evaluation of corrosion, was conducted. 

3.2. Tolerancing 

In addition to the literature review, several experiments were designed to investigate 

potential sources of variation in the specific testing being performed for this dissertation.  The first 

objective of this study was to find the allowable amount of joint misalignment and weld gap, to 

define weld start and termination properties, and to determine the importance of plate material 

rolling direction vs. weld direction of 0.125-inch thick butt-welded 7075-T73 aluminum plate.  

Those findings were then applied generally as a guide for designing the experiments performed here. 

The second objective is to gain a better understanding of the variability in FSW.  Recently, 

FSW has been moving out of the research laboratory and onto the shop floor, and as it does, it will 

be important to understand and quantify the variability inherent in the FSW process so that it can be 
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controlled.  From a manufacturing perspective, it is useful to be able to specify allowable 

misalignments and fit-up errors, as well as to characterize properties over the entire weld, not just 

the steady-state portions that are typically investigated.  For example, if weld start and run-off tabs 

are required for a given process, it is important to know the length those tabs in order to obtain the 

desired weld properties in the final part.  Furthermore, if during fit-up and fixturing of the part to be 

welded it is observed that a gap exists at some point between the parts to be welded, it is necessary 

to know how large a gap, if any, can be tolerated by the process before proceeding.  Finally, when 

aligning tool program paths to actual part weld paths, the allowable deviation from the actual path 

must be known to ensure that a fully consolidated joint is formed in the final part.   

3.3. Post-Weld Artificial Aging Investigation 

Post-weld artificial aging (PWAA) was investigated for a two main reasons.  First, there are 

corrosion problems with as-welded Al 2024 and Al 7075, which may be improved by PWAA.  

Second, in addition to corrosion issues, the long-term stability of the microstructure and resulting 

mechanical properties in these alloys after welding is also in question, specifically for Al 7075 that 

may continue to naturally age at room temperature for years in the as-welded condition.   

Published research on PWAA Al 2024 is limited, and for Al 7075, published research deals 

mainly with welding using initial tempers at T6 or below, followed by considerable exposure times at 

low-temperatures or full solution heat treatments.  The problem with solution heat-treating friction 

stir welds is that not only can they potentially produce abnormal grain growth but there are also 

considerable challenges associated with maintaining dimensional tolerances during high temperature 

solution heat treatments of large built up structures.  The cost and loss of production time 

associated with lengthy heat treatment exposure times must also be taken into consideration.  
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PWAA of built-up structures requires large ovens and high treatment temperatures, which can 

translate into higher energy bills and lower cycle times for long exposures.   

Therefore, heat treatments were chosen based on existing standard low-temperature heat 

treatments for these two alloys.  The goal of the research was to identify potential PWAA solutions 

for 2024 and 7075 joined in the desired final temper in order to restore corrosion resistance, with a 

positive or minimal impact on mechanical properties, in the shortest time practical. 

For both 2024 and 7075, peak-aged and over-aged initial tempers were selected, namely 

2024-T3, 2024-T81, 7075-T6, and 7075-T73.  Relatively low (less than 400°F) treatment 

temperatures were selected in accordance with temperatures that have been established in literature 

as having beneficial results.  All of the alloys were treated at 225°F, which is often suggested by 

other researchers as providing beneficial results.  The advantage of the low-temperature treatments 

is that they are similar to accelerated natural aging, and in fact, this type of artificial aging displays 

properties very similar to the naturally aged specimens, especially at 24-hours.[74]   

Additional higher, but still relatively low-temperature treatments were also selected for each 

of the respective alloy combinations, again based on information reported in literature.  Little 

information on the PWAA of over-aged tempers of 2024 and 7075 has been reported, primarily due 

to concerns about further aging an already over-aged structure.  The majority of the PWAA research 

that has been conducted to date has almost completely avoided PWAA for over-aged structures 

precisely this reason.  However, it was investigated here because, for shorter exposure times, the 

effect on the parent material may be negligible, and yet provide an improvement to weld zone 

properties.  A final objective of the PWAA investigation was to identify any potential heat treatment 

windows that could be developed for dissimilar alloy joints of Al 2024 to Al 7075.  If a single heat 

treatment that gave beneficial results for both 2024 and 7075 when welded separately could be 

found, perhaps the treatment would be beneficial for the dissimilar joint as well. 
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CHAPTER 4 

PROCEDURE 

 

4.1. FSW Joints 

4.1.1. Preliminary Investigation Welds 

For the preliminary FSW testing, aluminum panels were butt welded together in order to 

fabricate specimens for material testing.  2024-T3 and 7075-T73 material was chosen for testing, and 

the initial panels were welded at the South Dakota School of Mines and Technology (SDSM&T) on 

an MTS ISTIR10 Gantry machine.  Each panel was approximately 25-inches long and 14-inches 

wide, and the panels were welded so that the grain orientation coincided with the direction of travel.  

Additional panels were welded at the Advanced Joining Technology Laboratory on an MTS Process 

Development System in Spring of FY 2005 to continue testing.  Figure 35 provides the dimensions 

of the panels as well as the spindle rotation and direction of travel that was used.  In the fabrication 

of the test coupons, care was taken to avoid including material near the start and end of the weld. 

 
 

Retreating Side

Advancing 

Weld Direction 

Tool 
Rotation

   25.25” 

7” 

7” 

 

Figure 35:  Schematic of Panels Welded at SDSMT 
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The pin tool designs used at SDSM&T is an adaptation of the original FSW tool designed 

and patented by TWI, Ltd.  While the pin tool design is not optimized for travel speed, it does give 

consistently sound welds in aluminum alloys.  The basic pin tool design for each thickness of 

material are provided in Figure 36 and Figure 37.   

Table 8 gives the parameters used to produce the friction stir welds using these pin tools.  As 

shown, the processing parameters used to produce the 0.040-inch welds were much “hotter” than 

the 0.125-inch material processing parameters, based on the increased spindle speed and slower 

travel speed.  This was expected to have an effect on the resultant FSW joint properties; however, 

those processing conditions were necessary to get a sound joint for the pin tool and configuration 

tested.  The base material properties of the alloys used in this study are also given in Table 9 and 

Table 10. 

 

 

Figure 36:  Pin Tool Used to Weld 0.040-in Material 

 

 

Figure 37:  Pin Tool Used to Weld 0.125-in Material 
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Table 8:  Parameters Used for Fabricating Test Panels 

Alloy Thickness (in) Traverse speed (ipm) Spindle Speed (rpm)
0.040 3.5 1000
0.125 8.0 600
0.040 4.0 1100
0.125 8.0 600

2024-T3

7075-T73
 

 

Table 9:  Base Material Actual Compositions for Preliminary Study 

Composition Alloy 
Si Fe Cu Mn Mg Cr Zn Ti Al 

0.125-in 2024-T3 .08 .22 4.53 .56 1.35 0.00 .11 .01 Bal. 
0.040-in 2024-T3 .07 .17 4.6 .64 1.5 .01 .14 .03 Bal. 
0.125-in 7075-T73 .08 .28 1.6 .03 2.6 .19 5.5 .02 Bal. 
0.040-in 7075-T73 .09 .21 1.43 .06 2.41 .19 5.52 .03 Bal. 

 

Table 10:  Base Material Properties for Preliminary Study 

Alloy Tensile Strength 
(ksi) 

Yield Strength 
(ksi) 

Elongation  
(%) 

Conductivity 
(%IACS) 

0.125-in 2024-T3 67.7 (467 MPa) 46.8 (323 MPa) 17.7 30.1 
0.040-in 2024-T3 67.1 (463 MPa) 45.9 (316 MPa) 18.5 30.8 
0.125-in 7075-T73 73.1 (504 MPa) 61.1 (421 MPa) 11.1 39.1 - 39.8 
0.040-in 7075-T73 75.9 (523 MPa) 67 (462 MPa) 10.5 39.6 

 

4.1.2. Tolerancing Investigation Welds 

To study the effect of various fit-up related tolerances in FSW, three sets of 0.125-inch 

7075-T73 flat plates were butt-welded on an MTS I-STIR PDS friction stir welding machine at the 

National Institute for Aviation Research in Wichita, Kansas using a basic fixed shoulder pin tool, 

shown in Figure 38.  The base material properties of the plates used are given in Table 11 and Table 

12.  One plate was welded to simulate the optimum or perfect condition.  It was carefully aligned 
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and fixtured prior to welding.  The weld was made at 600 rpm and 8 ipm, under load control with a 

forging force of 1,750 lbs. 

 

Figure 38: FSW Fixed Shoulder Pin Tool 

 

On the second plate, a weld program path to actual weld path misalignment was simulated.  

The weld was programmed to run from 0.100-inch offset on the retreating side of the tool (placing 

the joint on the advancing side of the weld) to 0.100-inch offset on the advancing side of the tool 

(placing the joint on the retreating side of the weld), with a total weld length of 27 inches.  The weld 

was again performed at 600 rpm and 8 ipm, under load control.  On the final plate, the start of the 

weld was begun with no space between the plates, but the end of the weld was given a gap of 0.035-
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inch.  This weld was produced using position control with a 0.005-inch heel plunge at 600 rpm and 8 

ipm, over a distance of 25 inches.   

Prior to testing, all of the plates were artificially aged at 225°F for 48-hours in order to 

stabilize the weld nugget and simulate a degree of natural aging.  The welds were then evaluated by 

tensile testing and optical microscopy to characterize volumetric defects.  Tensile testing was 

performed on an MTS 5 kip 810 Material Test System. 

 

Table 11:  Base Material Actual Composition for 0.125-inch 7075-T73 

Composition Alloy 
Si Fe Cu Mn Mg Cr Zn Ti Al 

0.125-in 7075-T73 .08 .28 1.6 .03 2.6 .19 5.5 .02 Bal. 
 

Table 12:  Base Material Properties for 0.125-in 7075-T73 

Alloy Tensile Strength 
(ksi) 

Yield Strength 
(ksi) 

Elongation  
(%) 

Conductivity 
(%IACS) 

0.125-in 7075-T73 73.1 (504 MPa) 61.1 (421 MPa) 11.1 39.1 - 39.8 
 

4.1.3. PWAA Investigation Welds 

The welds for the post-weld artificial aging investigation were performed using the same 

parameters developed during the preliminary investigation with the same fixed pin tool that is 

depicted in Figure 38.  For the PWAA investigation plates nominally 0.125-inch thick, 6-inches wide, 

and 25-inches long were friction stir butt welded in 2024-T3, 2024-T81, 7075-T6, 7075-T73, and 

dissimilar joints of 2024-T81 to 7075-T73.  The base material properties of the alloys used are given 

in Table 13 and Table 14.  Representative graphs of the process forces versus weld distance for 

these welds are presented in Figure 39 through Figure 44. 
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Table 13:  Base Material Actual Compositions 

Composition Alloy 
Si Fe Cu Mn Mg Cr Zn Ti Al 

0.125-in 2024-T3 .08 .22 4.53 .56 1.35 0.00 .11 .01 Bal. 
0.125-in 2024-T81 .07 .15 4.7 .63 1.6 .00 .06 .03 Bal. 
0.125-in 7075-T73 .08 .28 1.6 .03 2.6 .19 5.5 .02 Bal. 
0.040-in 7075-T73 .09 .21 1.43 .06 2.41 .19 5.52 .03 Bal. 
0.125-in 7075-T6 .11 .22 1.46 .02 2.54 .2 5.6 .03 Bal. 

 

Table 14:  Base Material Properties 

Alloy Tensile Strength 
(ksi) 

Yield Strength 
(ksi) 

Elongation  
(%) 

Conductivity 
(%IACS) 

0.125-in 2024-T3 67.7 (467 MPa) 46.8 (323 MPa) 17.7 30.1 
0.125-in 2024-T81 72.1 (497 MPa) 66.3 (457 MPa) 8.0 39.0 - 39.7 
0.125-in 7075-T73 73.1 (504 MPa) 61.1 (421 MPa) 11.1 39.1 - 39.8 
0.040-in 7075-T73 75.9 (523 MPa) 67 (462 MPa) 10.5 39.6 
0.125-in 7075-T6 84.2 (581 MPa) 75.0 (517 MPa) 12.7 32.4 
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Figure 39:  Force Plot for a 2024-T3 Friction Stir Weld 
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0.125" 2024-T81 Friction Stir Butt-Weld - FSW-05003-36
-600 rpm, 8 ipm
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Figure 40:  Force Plot for a 2024-T81 Friction Stir Weld 

 

0.125" 7075-T73 Friction Stir Butt-Weld - FSW-05004-22
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Figure 41:  Force Plot for a 7075-T73 Friction Stir Weld 



 79

0.125" 7075-T6 Friction Stir Butt-Weld - FSW-05004-27
-600 rpm, 8 ipm

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 5 10 15 20 25
Distance (in.) - (Start: 0 sec  End: 256.05 sec)

Si
gn

al 
V

alu
e

Spindle Torque Fbk, in lb Forge Force Fbk, lbf X Force (Tool), lbf Y Force (Tool), lbf
 

Figure 42:  Force Plot for a 7075-T6 Friction Stir Weld 

 

0.125" 7075-T73 (Advancing) / 2024-T81 (Retreating) - Friction Stir Butt-Weld - FSW-05015-5
-600 rpm, 8 ipm
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Figure 43:  Force Plot for 7075-T73 (Adv) / 2024-T81 (Ret) Friction Stir Weld 
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0.125" 2024-T81 (Advancing) / 7075-T73 (Retreating) Friction Stir Butt-Weld - FSW-05015-6
-600 rpm, 8 ipm
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Figure 44:  Force Plot for a 2024-T81 (Adv) / 7075-T73 (Ret) Friction Stir Weld 

 

4.1.4. Heat Treatments 

Heat treatments were performed on friction stir welded specimens in order to determine if 

their resistance to corrosion could be enhanced with PWAA.  The treatments were done using 

temperature-controlled muffle furnaces, and temperatures were monitored periodically to ensure 

that correct treatments were applied.  Temperatures were generally found to be within 5 °F of their 

set points and were always within 10 °F of their set points.  After treatment, samples were left to 

cool uncovered in laboratory air.  Table 15 gives the list of thermal treatments that were applied to 

the various alloy combinations.  All of the retrogression and re-aging treatments shown in Table 15 

were followed by a stabilizing treatment for 24-hours at 250°F (121°C). 

 



 81

Table 15:  Post-Weld Heat Treatments with Alloy and Temper Combinations Investigated 
for Exfoliation Corrosion Resistance 

2024-T3 2024-T81 7075-T6 7075-T73 Dissimilar 
2024/7075 

Naturally Aged Naturally Aged Naturally Aged Naturally Aged Naturally Aged 
24 hrs @ 225 °F 24 hrs @ 225 °F 24 hrs @ 225 °F 24 hrs @ 225 °F 24 hrs @ 225 °F 
100 hrs @ 225 °F 100 hrs @ 225 °F 100 hrs @ 225 °F 48 hrs @ 225 °F 100 hrs @ 225 °F
9 hrs @ 355 °F 4 hrs @ 325 °F 9 hrs @ 355 °F 100 hrs @ 225 °F 2 hrs @ 325 °F 

1.1 hrs @ 365 °F 1 hrs @ 375 °F RRA - 8 hrs @ 
320 °F 

1 hr @ 325 °F 4 hrs @ 325 °F 

2.3 hrs @ 365 °F 2 hrs @ 375 °F RRA - 11 hrs @ 
320 °F 

2 hrs @ 325 °F  

4.5 hrs @ 365 °F 4 hrs @ 375 °F RRA - 2 hrs @ 
355 °F 

4 hrs @ 325 °F  

9 hrs @ 365 °F  RRA - 3 hrs @ 
355 °F 

8 hrs @ 325 °F  

12 hrs @ 375 °F  9 hrs @ 355 °F 24 hrs @ 325 °F  
  12 hrs @ 375 °F DOE of 3,4,5 hrs 

@ 310,325,340°F 
 

 

4.2. Testing Methods 

4.2.1. Tension Testing 

Tension testing of the friction stir welded specimens was conducted on a 22 kip frame, 

controlled using a Flex-test IIm controller.  The frame was calibrated and aligned as per ASTM 

requirements.  A laser extensometer was used to gather information about the entire strain field, and 

the value for the ultimate strain was taken from this data.  Biaxial and transverse strains were 

measured using clip- on gauges and were used as a more accurate measure of the elastic portion of 

the stress strain curve for calculating elastic modulus and Poisson’s ratio.  The yield strength was 

determined using the 0.2% offset method, and Young’s Modulus was obtained by applying a linear 

curve fit to the elastic region of the stress-strain diagrams and obtaining the slope of the line.   
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Figure 45:  Tension Specimen 

 

4.2.2. Exfoliation Testing 

Exfoliation testing is an important measure of the corrosion behavior of a material in an 

adverse environment in an unstressed state.  Exfoliation is defined in ASTM G34 as “corrosion that 

proceeds laterally from the sites of initiation along planes parallel to the surface, generally at grain 

boundaries, forming corrosion products that force metal away from the body of the material, giving 

rise to a layered appearance.”  The specification defines a procedure for conducting constant 

immersion exfoliation corrosion testing of 2XXX and 7XXX aluminum alloys.  The test solution is 

highly corrosive, and although it does not represent a true environment that is likely to be 

encountered by the material, it does provide a useful prediction of the material’s exfoliation 

resistance to marine and industrial environments in a short testing period.  

Typically, 2XXX series aluminum alloys are exposed for 96-hours, while 7XXX series alloys 

are only exposed for 48-hours; however, for these investigations, both 2024 and 7075 were exposed 

for 96-hours.  The test solution was in accordance with ASTM G34 and consisted of 234 g of NaCl, 

50 g of KNO3 in water, and 6.3 mL of concentrated HNO3 (70 weight %) diluted to 1 L.  This 

solution has an apparent pH of 0.4.  Specimens were evaluated using visual criteria by comparing 
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them against the example standards shown in Figure 46.  An exfoliation rating system was developed 

for FSW by assigning 0 points for N (no apparent attack), 1 point for EA (superficial attack), 2 

points for EB (Moderate Attack), 3 points for EC (Severe Attack), and 4 points for ED (Very Severe 

Attack).  Half points were assigned when corrosion was deemed to be in between ratings.  Points 

were awarded for the Parent Material, HAZ, and Weld Nugget, so that the minimum score was 0 

and the maximum points that could be awarded were 12.  Metallographic specimens were prepared 

from cross-sections of exfoliated coupons.  They were examined for average depth of penetration, 

maximum pit depth, and intergranular corrosion. 

 

  

  

Figure 46:  Exfoliation Rating Examples per ASTM G34:  EA - Superficial, EB - Moderate, 
EC - Severe, ED - Very Severe 
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4.2.3. Electrical Conductivity Testing 

Electrical conductivity testing was performed by a level 2 NDI technician using a hand-held 

Staveley Nortec 2000S Eddy Current tester.  Measurements were the average of three measurements 

taken at each location across the friction stir weld starting on the advancing side.  Measurements 

were taken on the root side of the weld.  A diagram of measurement locations is shown in Figure 47. 

 

Figure 47:  Conductivity Test Diagram 

 

4.2.4. Microhardness Testing 

Extensive preparation went into obtaining the microhardness profiles.  Sections of the welds 

were cast using epoxy resin, set in a mold to cure, and polished to a 0.05-micron finish using Buehler 

Ecomet® polishers.  The specimens were then evaluated using a Buehler Micromet® model 5103 

Microindentation Hardness tester.  Hardness measurements were taken at basic increments of 0.050-

inch, approximately at mid-thickness, as shown in Figure 48.  Recorded values were the average of a 

minimum of three measurements in per location, and measurements were taken as near as possible 

to the center of the thickness. 

Advancing Retreating 

-1       -0.5            0          0.5      1
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Figure 48:  Microhardness Diagram for 0.125-inch Thick FSW Samples 

 

4.2.5. Fatigue Crack Propagation Testing 

Testing to determine fatigue crack growth characteristics was conducted per ASTM E-647.  

FSW joints were tested at a loading ratio of R = 0.5.  Testing was conducted using the eccentrically 

loaded single-edge crack tension specimen ESE(T) with a width of 3.00-inches, reference Figure 49.  

This coupon configuration has been recommended by a number of researchers for FSW, including 

Jata et al. [49].  The notch was placed in the weld nugget.  The direction of crack growth was initially 

chosen as to cause the crack to grow in the direction of the welding; however, later testing included 

testing against the welding direction.  Due to reports in the literature that the nugget zone possessed 

the lowest fatigue crack-growth resistance, and for time and cost considerations, the FCG 

characteristics of the notch placement at other locations were not evaluated.  The specimens were 

loaded using a clevis-type fixture on a 22 Kip load frame.  The crack length was monitored using a 

Fractomat™ data recorder.  Data collection was automated using a trigger after 0.1 mm of crack 

growth.  The crack length was also verified at several intervals using a traveling microscope.  The 

stress intensity calculations were based on factors provided in ASTM E-647. 
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Figure 49:  Fatigue Crack & SCC Specimen 

 

4.2.6. Fracture Toughness Testing 

This test was conducted on compact tension specimens C(T) of 2.0 inch width, with the T-L 

orientation as defined in ASTM 399, reference Figure 50.  For this test, a plane-strain fracture 

toughness value, KIC, was not achievable due to non-conformance with validity requirements 

outlined in the standard, since these were thin gauge 0.125-inch thick specimens.  Therefore, 

effective stress intensity factors were calculated from the data.  Cracks were introduced via a 

mechanical notch and then fatigue pre-cracked to give an effective crack length slightly greater than 

1 inch.  
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Figure 50:  Fracture Toughness Specimen 

 

4.2.7. Fatigue Testing 

Fatigue testing was conducted on a 5.5 kip load frame controlled using a Teststar-IIm 

controller.  Testing was conducted in load control conditions at R = 0.1.  Early in the testing, a 

tension test specimen was used.  However, it proved difficult to fail the specimens within the gauge 

section.  Figure 51 shows some of the specimens that failed to yield in the correct location.  The 

specimens usually yielded near the taper radius.  Thus, for subsequent tests, the specimen 

configuration shown in Figure 52 was used.  The yield characteristics of this new specimen 

configuration proved to be favorable.  Four fatigue samples were tested per stress level. 
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Figure 51:  Specimens That Yielded Outside the Gauge Section 

 

 

 

Figure 52:  Re-designed FSW Fatigue Specimen 

 

4.2.8. Stress Corrosion Cracking Testing 

Due the great expense of stress corrosion cracking (SCC) testing, only one specimen of each 

alloy in the as-welded condition was tested.  It was performed in a salt fog environment using ASTM 

B-117-02 with a load ratio R=0.1.  The maximum and minimum loads were 1,200 lbs and 120 lbs 

for the 7075 coupon and 1,500 and 150 lbs for the 2024 coupon respectively.  The test coupon 

configuration was the same ESE(T) coupon used for the fatigue crack propagation testing. 

 

Yield Location 
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CHAPTER 5 

RESULTS AND ANALYSIS 

 

5.1. Preliminary Results 

5.1.1. Weld Microstructure 

Macrographs of the weld microstructure from the preliminary FSW investigation are shown 

in Figure 53 through Figure 56.  The difference between the 0.040-inch thick weld macros and the 

0.125-inch specimens can be clearly seen in these figures.  In the 0.125-inch material, the shoulder 

effect and the pin effect can be clearly distinguished along with a transition zone giving the FSW its 

characteristic shape.  In the thin-gauge 0.040-inch specimens, however, the contribution of the pin is 

very difficult to distinguish from the contribution of the shoulder, in part because the volume of the 

pin, compared to the area of the shoulder, is much less for the 0.040-inch material.  This is also 

because the 0.040-inch welds were much “hotter” than the 0.125-inch welds since they were 

performed using much higher rotational speeds, at slower travel speeds than the 0.125-inch material 

welds.  With the hotter welds, there is more input of energy, creating a larger plastic extrusion zone.  

In the case of the 0.040-inch material, this caused the plastic zone of the shoulder to extend far 

enough into the material to eclipse the effect of the pin.  While not necessarily desirable, this is a 

common observation with very thin-gauge material. 

 

 

Figure 53:  2024-T3 0.040-in Macroscopic View 
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Figure 54:  2024-T3 0.125-in Macroscopic View 

 

 

Figure 55:  7075-T73 0.040-in Macroscopic View 

 

Figure 56:  7075-T73 0.125-in Macroscopic View 

 

5.1.2. Microhardness 

Hardness measurements were taken across a transverse section of the welded region at 

approximately mid-thickness.  The profiles of the hardness values using Vickers varied from 130 in 

the HAZ to 146 in the stir zone, and the parent metal had values in the mid-150 range.  Figure 57 
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and Figure 58 show the profiles of the hardness values in the 2024-T3 samples.  Figure 59 and 

Figure 60 show the profile of the hardness values in the 7075-T73 samples.  A decrease in the 

hardness of the weld zone compared to the parent metal indicates a decrease in the tensile strength 

of the weld.  The samples had a natural age of one year.  In the 2024 alloy, the microhardness of the 

weld zone was slightly less than the parent metal.  This is can be attributed to the dissolution of 

strengthening precipitates, and a reduction in dislocation density, which typically occurs with FSW.  

These samples experienced natural aging for one year prior to measurement.  It should also be 

mentioned that tensile failure locations correlated well with the microhardness maps for the 0.125-

inch material, which tended to fail in the HAZ on the retreating side, but in the case of the 0.040 in 

FSW joints, the correlation was not as clear.  The 0.040-inch material tended to fail in the nugget 

region, which, from the microhardness plots, does not appear to have the minimum hardness.  

However, these hardness readings were taken at mid-thickness and are therefore not necessarily 

representative of the through-thickness behavior. 
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Figure 57:  2024-T3 – 0.040-inch Vickers Microhardness 
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Hardness Profile for 0.125" 2024-T3
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Figure 58:  2024-T3 – 0.125-inch Vickers Microhardness 
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Figure 59:  7075-T73 - 0.040-inch Vickers Microhardness 
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Hardness Profile for 0.125" 7075-T73
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Figure 60:  7075-T73 - 0.125-inch Vickers Microhardness 

5.1.3. Exfoliation 

The overall ratings of exfoliated welds in both the Al 2024 and the Al 7075 were determined 

to be severe to very severe, as judged against standard test coupons given in ASTM G-34.  The base 

material of 2024 showed very little degradation during exposure, while 7075 had considerable attack 

after 48-hours.  All of the welds sustained enough attack that a minimum rating of EC was chosen 

for the entire exposures.  These ratings were based on comparisons of test specimens with standard 

corrosion coupons given in ASTM G-34.  From the standard, the EC rating corresponds to severe 

attack, which is the second worst rating given for this test method.  Figure 61 and Table 16 indicate 

the final degradation of the test coupons.  From Figure 61, it is apparent that there was a notable 

attack on the heat-affected zone of each weld where the depth measurements were obtained.  Table 
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16 indicates that corrosion consumed up to 0.032-inch of material for the 0.040-inch thick 2024 

specimens.  However, this depth measurement was taken near the edges of the coupon where attack 

from the edges may have aided in the high loss of material.  For this specimen, a minimum depth of 

0.018-inch was recorded, while an average of 0.024-inch was achieved.  The ratings shown reflect 

the worst rating from any of the three zones of the weld, i.e., unaffected parent material, heat-

affected zone, or weld zone. 

In both cases, the weld zones were attacked considerably more than the parent materials.  In 

the case of 2024-T3, the weld nugget was clearly cathodically protecting the parent material, as it 

showed no apparent sign of attack and remained in pristine condition.  Since that was the case and 

since the overall area of the parent material to nugget area was relatively small in these coupons, it is 

expected that the behavior would be even worse, if there was a large parent material surface area 

(cathode area) compared to the small weld zone area (anode area).  A similar effect was observed for 

the 7075-T73 material; however, it was less pronounced.  In this case, both the parent material and 

the weld zone material suffered appreciable attack, with a much greater depth of attack experienced 

in the weld nugget and HAZ/TMAZ of the FSW. 

 

Table 16:  Depth of Exfoliation Corrosion 7075-T73 

Average Maximum
0.040 96 hrs 0.024 0.032 ED
0.125 96 hrs 0.011 0.012 EC
0.040 48 hrs 0.012 0.013 EC
0.125 48 hrs 0.014 0.016 EC

**Rating
*Depth of Corrosion (in)

2024-T3

7075-T73

Alloy Thickness (in) Total Exposure

 

*Depth measurements taken with a digital micrometer at ten different locations 
** Ratings: N – No Appreciable Attack  EB – Moderate 

P – Pitting    EC – Severe 
EA – Superficial   ED – Very Severe 
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Figure 61:  Results of Total Exposure for the Test Coupons [88] 

 

Areas of intergranular corrosion were also observed in cross-sectioned samples of exfoliated 

coupons.  Both alloys showed signs of intergranular attack in the weld nugget, as shown in Figure 

62; however, 2024-T3 also showed signs of IGC in the heat-affected zone.  Multiple sites showed 

signs of intergranular attack in both heat-affected zones of the 2024-T3, as shown in Figure 63; 

however, the exfoliation attack in these areas was less severe than in the nugget region.  No signs of 

IGC were seen in the HAZ of the 7075-T73 material, but deep pitting was observed.  Pitting in the 

HAZ/TMAZ of the 7075-T73 material was the most aggressive area of attack during exfoliation 

testing.  The nugget also experienced a considerable amount of exfoliation corrosion but to a lesser 

extent than the 2024-T3 samples. 
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Figure 62:  IGC in As-Welded 0.125-inch 2024-T3 (left) and 7075-T73 (right) 

 

    

Figure 63:  IGC in HAZ of  0.125-inch As-Welded 2024-T3 

 

5.1.4. Tension 

Tension testing of the friction stir welded specimens gave results that were comparable to 

other test data reported in the literature.  With the exception of one of the 0.040-inch 7075 

specimens, testing went well.  For that case, the strain gauge debonded and inaccurately captured the 

strain in the test section.  The data obtained for all other specimens was consistent for the same 

thickness and alloy composition.  The results indicated a Poisson’s ratio of about 0.35, which is 

comparable with reported data.  The 7075 specimens had an ultimate strength in the upper 60 ksi 

10 µm 

10 µm 10 µm 

10 µm 
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range, while the 2024 specimens had an ultimate strength in the lower 60 ksi range.  Ultimate 

elongations ranged from 6% for the 0.040-inch 2024 to 14% for the 0.125-inch 7075 alloy.  The 

values for ultimate elongation in the 0.040-inch 2024 specimens were roughly half of those seen in 

all the other specimens.  This is due to the placement of markers used by the laser extensometer.   

It should also be pointed out, however, that the strains experienced in the location of 

fracture were in every case locally very high, even though they appeared lower over the tested gauge 

length.  This can be better understood by referring to the electronic speckle pattern interferometry 

(ESPI) plot of a typical FSW, reference Figure 64.  It can be clearly seen that the lower-strength 

heat-affected zones experienced the largest strains in the joint, typically much more than experienced 

by the parent material; however, they were concentrated over a much smaller gauge length, causing 

the overall extension of the joint to appear to be less.  Ironically, for any other type of weld or 

mechanical joint, elongation is not even a measured quantity.  Any elongation in a riveted joint 

would actually have to be considered a failure; however, since FSW is so often compared to parent 

material properties, which assume isotropic properties over the gauge length, it is sometimes viewed 

as poor in elongation, which is not the case.  As demonstrated here, it is quite the opposite.   

 
 

 
Figure 64:  Electronic Speckle Pattern Interferometry (ESPI) Image Showing Large 

Amounts of Localized Plastic Strain Typical in the Nugget and HAZ of a Friction Stir Weld 
When Loaded in the Transverse Direction 
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Table 17 to Table 20 below summarize the test data.  The stress-strain plots are also given 

for each case in Figure 65 to Figure 68.  Due to the limitations of the strain gauges, the plots 

generated using gauge data produced erratic results beyond ~ 3% strain.  Therefore, for clarity, this 

data has been omitted.  For all of the conditions tested, the standard deviation of the samples was 

exceptionally low.  For both 2024-T3 and 7075-T73, the average tensile strength of the 0.125-inch 

thick material was significantly higher than the 0.040-inch material.  This could be a material effect; 

however, it is more likely to have been caused by the “hotter” processing conditions used to 

produce the 0.040-inch welds compared to the 0.125-inch welds.  In addition, notwithstanding the 

different gauge length utilized for the 0.040-inch 2024-T3 welds, there was not a significant 

difference in fracture strain between any of the alloys and thicknesses tested.  Fracture in the 0.125-

inch samples always occurred in the heat-affected zones of the parent material and never in the weld 

nugget, with failure usually occurring on the retreating side.  The 0.040-inch samples, however, all 

fractured in the central nugget region of the weld.  No visual defects that could account for the 

failures in the nugget were discernable in the weld region during the metallographic inspection.  

Again, this is one of the reasons it was believed that the weld temperatures in the 0.040-inch samples 

were higher than ideal for optimum strength in an FSW joint. 

 

Table 17:  Tension Data for 0.040-inch 2024-T3 Aluminum 

Specimen Name σULT σfail E ν εULT

(ksi) (ksi) (Msi) (%)

FSW-2024-0-040-T-2 59.53 59.26 11.11 0.3663 5.0807
FSW-2024-0-040-T-3 59.00 58.55 10.71 0.3573 5.9694
FSW-2024-0-040-T-4 58.61 58.58 10.08 0.3520 5.6815
FSW-2024-0-040-T-5 58.24 58.03 9.82 0.3451 5.7346
FSW-2024-0-040-T-8 59.23 57.80 10.30 0.3536 7.7475

Average 58.92 58.44 10.40 0.355 6.0428
Std. Dev 0.510 0.566 0.5121 0.0078 1.0078
COV 0.865 0.968 4.922 2.191 16.678  
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Figure 65:  Laser Extensometer Results For 2024-0.040-inch Tension Specimens 

 

Table 18:  Tension Data for 0.125-inch 2024-T3 Aluminum 

Specimen Name σULT σfail E ν εULT

(ksi) (ksi) (Msi) (%)

FSW-2024-0-125-T-1 63.32 61.48 10.72 0.3467 10.5553
FSW-2024-0-125-T-5 63.71 62.00 11.31 0.3699 14.6048
FSW-2024-0-125-T-6 62.92 61.17 10.93 0.3620 10.8754
FSW-2024-0-125-T-7 63.89 61.99 11.43 0.3665 12.7898

Average 63.46 61.66 11.10 0.361 12.2063
Std. Dev 0.430 0.408 0.3298 0.0102 1.8789
COV 0.678 0.662 2.972 2.835 15.393  
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Figure 66:  Laser Extensometer Results for 2024-0.125-inch Tension Specimens 

 

Table 19:  Tension Data for 0.040-inch 7075-T73 Aluminum 

Specimen Name σULT σfail E ν εULT

(ksi) (ksi) (Msi) (%)

FSW-7075-0-040-T-1 65.31 64.89 8.73 0.3381 11.2695
FSW-7075-0-040-T-2 64.68 64.49 Gage Debonding Gage Debonding 10.3484
FSW-7075-0-040-T-3 65.86 65.68 10.71 0.3942 10.9028
FSW-7075-0-040-T-4 65.89 65.62 10.11 0.3722 8.4825
FSW-7075-0-040-T-5 65.81 65.67 8.98 0.3328 8.4728

Average 65.44 65.17 9.63 0.359 10.2508
Std. Dev 0.570 0.578 0.9362 0.0291 1.2382
COV 0.871 0.887 9.719 8.092 12.079  
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Figure 67:  Laser Extensometer Results for 7075-T73-0.040-inch Tension Specimens 

 

Table 20:  Tension Data for 0.125-inch 7075-T73 Aluminum 

Specimen Name σULT σfail E ν εULT

(ksi) (ksi) (Msi) (%)

FSW-7075-0-125-T-1 68.78 67.48 10.11 0.3711 12.9037
FSW-7075-0-125-T-2 69.34 67.99 9.19 0.3389 14.0601
FSW-7075-0-125-T-3 69.19 67.95 10.35 0.3698 14.6484
FSW-7075-0-125-T-4 69.34 67.93 9.96 0.3629 13.5532

Average 69.16 67.84 9.90 0.361 13.7913
Std. Dev 0.265 0.240 0.5014 0.0150 0.7419
COV 0.383 0.354 5.064 4.147 5.380  
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Figure 68:  Laser Ext. Results for 7075-0.125-inch Tension Specimens 

 

5.1.5. Fatigue Crack Propagation (FCP) 

Testing to determine fatigue crack growth characteristics of 2024 and 7075-0.125-inch thick 

FSW joined sheets was conducted per ASTM E647; both alloys were tested at a loading ratio of R = 

0.5.  Testing was conducted using the eccentrically loaded single-edge crack tension specimen 

ESE(T) with a width of 3.00-inches.  The notch was placed in the weld nugget in the direction of the 

welding.  Three samples were tested per alloy.  Figure 69 to Figure 72 show the results of the tests 

that were performed.  Figure 73 and Figure 74 show the direction of crack growth for 2024 and 

7075 specimens, respectively.  For the most part, 7075 specimens cracked down the center of the 
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weld.  However, cracks in the 2024 material quickly veered off the weld center to the base material.  

In several of the specimens, it can be seen that the cracks quickly propagated toward the base metal.  

This indicates that the weld nugget is comparable to the parent material, as the crack tended to grow 

to the base material rather than propagate through the weld nugget.   

For this initial testing phase of the program, the residual stress effects on fatigue-crack 

propagation curves have been neglected.  The high R ratio utilized for these tests, however, is 

assumed sufficient to limit the influence of residual stresses on the data that has been reported 

here.[62]  
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Figure 69:  da/dN vs. ∆K for 7075-T73 Aluminum [88] 
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Figure 70:  da/dN vs. Kmax for 7075-T73 Aluminum (Specimens 1 - 3) 
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Figure 71:  da/dN vs. ∆K for 2024-T3 Aluminum [88] 
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Figure 72:  da/dN vs. Kmax for 2024-T3 Aluminum (Specimens 1 & 2) 

 

Figure 73:  2024 Fatigue Crack Specimens [88] 
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Figure 74:  7075 Fatigue Crack Specimens [88] 

 
Fatigue crack propagation testing was conducted on 0.040-in samples welded during 

preliminary tested using middle-crack tension, or M(T), coupons.  M(T) coupons were chosen 

because they can simultaneously give information about crack growth both with and against welding 

direction.  However, this type of testing violates ASTM requirements, which were designed for more 

isotropic material conditions, because the two crack faces tend to grow at different rates.  

Nevertheless, middle-crack tension can be a very useful test for FSW, because it is not easily 

influenced by the residual stresses found in FSW.  Only one coupon was tested for each material.  

Results for the 2024-T3 and 7075-T73 samples are shown in Figure 75 and Figure 77.  It was found 

that the crack tended to grow at a appreciably faster rate against the weld direction, when placed in 

the nugget, than in the weld direction for both alloys.  This observation has also been noted in other 

reports in the literature.  Scanning electron microscope (SEM) images of the fracture surface are 

shown in Figure 76 and Figure 78.   
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Figure 75:  2024-T3 - 0.040-in Fatigue Crack Propagation Results  [74] 

 

 

Figure 76:  2024-T3 - 0.040-inch SEM of Fracture Surface [74] 
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Figure 77:  7075-T73 - 0.040-inch Fatigue Crack Propagation Results [74] 

 

 

Figure 78:  7075-T73 - 0.040-in SEM of Fracture Surface [74] 
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5.1.6. Fracture Toughness 

 The test for fracture toughness was conducted on compact tension, or C(T), specimens of 

2.0 inch width, with the T-L orientation as defined in ASTM 399.  Friction stir welded sheets of 

0.125-inch thickness 2024-T3 and 7075-T73 in the as-welded condition were tested.  For this test, a 

plane-strain fracture toughness value, KIC, was not achieved due to non-conformance with validity 

requirements outlined in the standard.  Therefore, effective stress-intensity factors are presented.  

Table 21 and Table 22 show that the effective stress intensity factors were between 45 and 55 ksi-

in1.5 at loads between 650 and 750 pounds.  The effective crack lengths at these loads and intensity 

factors are also reported, and the recorded lengths were approximately one inch.  Figure 79 to 

Figure 82 provide the load-displacement curves and show the effective crack lengths at other 

intensity factors.  Figure 83 and Figure 84 have been provided to show the crack directions.  Like 

the fatigue crack propagation tests, cracks in the 2024 specimens quickly propagated to the base 

material, while cracks in the 7075 specimens remained in the center of the weld.  For this test, it 

should also be noted that all specimens exhibited a fractional oblique fracture.  There was no 

significant difference between the crack tip opening displacements (CTOD), the effective stress 

intensity factors, or the maximum loads carried by the C(T) specimens for 2024-T3 versus 7075-T73 

samples.  Residual stress effects were again omitted in these preliminary investigations. 

 

Table 21:  Summary of 2024 Fracture Toughness Data [88] 

Friction Stir 
Welding Max Load

Effective Crack 
Length Load PQ

Effective Stress 
Intensity

2024 Specimens lbs (in) lbs KQ (Ksi-in^1.5)
1 804 1.1689 642.8 46.006
2 763 1.1525 776.9 55.467
3 819 1.1672 613.6 46.076  
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Table 22:  Summary of 7075 Fracture Toughness Data [88] 

Friction Stir 
Welding Max Load

Effective Crack 
Length

Load Intercept 
PQ

Effective Stress 
Intensity

7075 Specimens lbs (in) lbs KQ (Ksi-in^1.5)
1 804 1.1036 709.3 47.48
2 763 1.1661 647.1 48.19
3 819 1.1814 674.9 51.73
4 844 1.0887 715.4 45.45  
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Figure 79:  K-R Curve for 2024 Alloy [88] 
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Figure 80:  Load Displacement Curve for 2024 Alloy [88] 
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Figure 81:  K-R Curve for 7075 Alloy [88] 
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Figure 82:  Load Displacement Curve for 7075 Alloy [88] 

 

 

Figure 83:  2024 FT Specimens [88] 
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Figure 84:  7075 FT Specimens [88] 

 

5.1.7. Fatigue 

Figure 85 and Figure 86 show the S-N diagrams for the tests conducted.  More scatter 

occurred in the as-welded 7075-T73 data than for the as-welded 2024-T3 samples tested.  These 

figures indicate that the number of cycles to failure was nearly the same for both alloys at the various 

stress ranges.  The results for both 2024-T3 and 7075-T73 FSW joints compared favorably with 

other published fatigue data, which was reproduced in Sections 2.6.1 and 2.6.2 for convenience and 

comparison.[6][70][71]  This further supports the general finding that FSW has comparable fatigue 

performance to the base material.  It also shows that while fatigue life may be sensitive to weld 

defects, it is rather insensitive to material thickness, tool type, and welding parameters, since the data 

between several researchers, with variations in all three of those parameters, still have comparable 

fatigue life data.  
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Figure 85:  Fatigue Data for As-Welded 0.125-inch 7075-T73 FSW [88] 
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Figure 86:  Fatigue Data for As-Welded 0.125-inch 2024-T3 FSW [88] 
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5.1.8. Stress Corrosion Cracking (SCC) 

Due to the high cost associated with stress corrosion cracking testing, especially fatigue 

corrosion using FCP test coupons, only one specimen of each alloy was tested.  Testing was 

performed in a salt fog environment using ASTM B-117 with a load ratio of R=0.1.  Maximum and 

minimum loads were 1,200 and 120 pounds, respectively, for the 7075 coupon, and 1,500 and 150 

pounds, respectively, for the 2024 coupon.  Figure 87 indicates that the specimens had an initial 

crack length of approximately 0.40-inch.  For the 7075 coupon, the crack grew exponentially until 

after 25,000 cycles when the specimen had a crack length of 1.06-inches.  In the 2024 coupon, the 

crack growth was much slower and the testing was stopped after six days of testing with a crack 

length of 0.67-inch.  The 2024 sample clearly was less sensitive to SCC than the as-welded 7075 

sample.  This was an expected result, since FSW in the as-welded condition produces a weld nugget 

that is highly sensitized to SCC for 7XXX alloys.  A similar effect can occur in 2XXX series alloys; 

however, the as-welded 2024-T3 sample tested here does not appear to be very sensitive to SCC. 
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Figure 87:  Crack Length vs. Number of Cycles (SCC) [88] 
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Figure 88:  Growth Rate vs. Intensity Factor (SCC) [88] 

 

5.2. Tolerance Zones and Variability in FSW 

5.2.1. Tensile Property Variations 

For the first part of this study, the baseline variation of tensile properties in an optimum 

welded plate was established over the entire length of the weld.  Coupons were taken as close to the 

start and end points as practical, and the results are depicted in Figure 89.  The average and standard 

deviation of all the samples are given in Table 23, which shows a comparison to another similar 

study, where coupons were not taken near the start or end of the weld.  Approximately 91.7 percent 

of failures occurred on the retreating side of the weld in the heat-affected zone, with only 8.3 

percent of failures occurring on the advancing side of the weld, and with no apparent correlation to 
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ultimate tensile strength (UTS).  This result is also consistent with another study performed by 

Boeing where the variation in UTS was determined to be extremely low, with 100% of the failures in 

the HAZ and 89% of those on the retreating side.[112] 

 

Table 23: Average Ultimate Tensile Strength and Standard Deviation in an Optimized Weld 

7075-T73  -- 
0.125-in 

σult* 

(ksi) 
σult 

(ksi) 
Parent Material 

 UTS (ksi) 
% of Base Material 

UTS (ksi) 
Avg. 69.16 68.01 73.1 93% 

Std. Dev. 0.265 0.308   
*Denotes values from a similar study.[88] 
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Figure 89: Variation of Tensile Properties in an Optimum Weld 
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5.2.2. Weld Path Misalignment 

In the second part of this study, the amount of weld path to joint misalignment that can be 

tolerated was determined by intentionally welding a diagonal path across the joint seam.  Tensile 

specimens that failed in the HAZ on either the advancing or retreating side of the weld were deemed 

to have acceptable failure modes.  Failures that occurred in the nugget were determined to be 

unacceptable, since they exhibited lower strength with almost no plastic deformation prior to failure 

because of a lack of full joint consolidation.  The average tensile strength for acceptable failures was 

69.46 ± 0.18 ksi.  The results are shown in Figure 90.  In Figure 91, the findings were projected onto 

a micrograph of an optimum weld to visualize the tolerance zone on each side of the weld.  The 

tolerance zone was found to be 044.0
022.0000.0 ± .  This is approximately one-third the width of the pin, 

with two-thirds of the tolerance zone located on the advancing side of the pin.  This finding is in 

agreement with a similar study that also found that the advancing side of the tool could tolerate 

more misalignment than the retreating side.[113]  
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Figure 90: Variation of Tensile Properties with Weld Path Misalignment 
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.044” .022” 
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Figure 91: Macroscopic View of As-Welded 7075-T73 0.125-inch Plate with Joint Offset 
Tolerance Zone 

 

5.2.3. Plate Gap 

The final experiment in this study was to determine the amount of acceptable joint gap that 

could be tolerated in a butt weld of 0.125-inch 7075-T73 using the fixed-pin tool shown previously 

in Figure 38.  It was found that as the plate gap increased, weld quality remained relatively constant, 

with the exception that beyond a certain point, a surface lack of fill was observed, as shown in 

Figure 92.  The surface lack of fill was also preceded by the formation of volumetric defects, which 

were found in the weld nugget just prior to the formation of the surface defect.  It was also observed 

that ahead of the tool, as the material reached the initial deformation zone, the plates were pulled 

back together, performing a type of self-healing operation.  It was also noted that no weld flash was 

produced as the gap enlarged due to the material filling in at the gap in front of the tool.  The 

samples with volumetric defects were not tested; only samples without optical defects were 

examined in this study.  The average tensile strength for tested samples was 68.75 ± 0.43 ksi.  The 

results, shown in Figure 93, demonstrate that the process is capable of closing a gap of up to 0.032-

inch in this configuration. 
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Figure 92: Surface Lack of Fill Defect in Gap Study Plate 
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Figure 93: Variation of Tensile Properties with Increasing Plate Gap 
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5.3. Al 2024 Results 

5.3.1. Tension 

The effect of the higher temperature heat treatments versus the naturally aged condition for 

2024-T3 is shown in Table 24.  In Figure 94, the stress-strain curves for each of the tested samples 

are plotted against each other to observe the effect of the thermal treatments.  Reported values are 

the average of two samples.  For 2024-T3, a decrease in ultimate tensile strength and yield strength 

was observed over the naturally aged samples; however, the ultimate strain was not adversely 

affected.  Between the various times at 365°F, tensile strength and ultimate strain noticeably 

decreased while yield strength slightly increased.  The dramatic increase in ductility for the one hour 

treatment at 365ºF was unexpected but seems consistent with the general trend of the rest of the 

treatment schedule.  The results have been summarized graphically in Figure 95 and Figure 96. 

 

Table 24: FSW 0.125-inch Al 2024 PWAA Tension Data 

Specimen Name σULT σfail σYIELD E ν εULT

0.125" - 2024-T3 (ksi) (ksi) (ksi) (Msi) (%)

2024-T3 Parent 68.5 65.3 47.5 10.47 0.354 20.5
2024-T81 Parent 72.1 64.4 66.3 10.08 0.334 8.0
Naturally Aged 63.5 61.7 45.8 11.10 0.361 12.2
24 hrs @ 225°F 62.6 62.5 44.0 9.67 0.373 13.5
100 hrs @ 225°F 63.2 63.2 44.7 10.90 0.368 17.0
1.1hrs @ 365°F 60.4 58.7 40.5 9.98 0.354 18.9

2.25hrs @ 365°F 58.5 57.1 41.0 10.09 0.367 13.4
4.5hrs @ 365°F 58.0 57.0 41.6 9.98 0.376 11.8
9hrs @ 365°F 55.0 53.8 42.1 10.22 0.355 10.5
12hrs @ 375°F 53.0 51.0 41.9 10.36 0.332 11.1
2024-T81 N.A. 59.5 59.0 44.0 10.27 0.330 11.0  
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Figure 94: Laser Extensometer Data for 2024-T3 Thermal Treatments at 365°F 
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Figure 95:  Effect of PWAA on the Ultimate Tensile Strength of 2024-T3 Compared to 

Parent Material and As-Welded 2024-T81 



 123

Change in Yield Strength with PWAA for Friction Stir Welded 0.125" Al 2024-T3
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Figure 96:  Effect of PWAA on the Yield Strength of 2024-T3 Compared to Parent Material 
and As-Welded 2024-T81 

 

5.3.2. Microhardness 

The microhardness profiles that were obtained for the friction stir welds in 2024-T3 and 

2024-T81 are shown in Figure 97 and Figure 98.  They display the classic FSW “W” profile.  The 

minimum hardness values for all tested samples were in the heat-affected zones.  The changes in 

microhardness versus post-weld artificial age were plotted against distance from the weld center.  

The maximum hardness values were obtained in the unaffected material portion of the weld in 

response to the T81 heat treatment; unfortunately, it also resulted in the minimum hardness in the 

HAZ.  This correlates well with tensile strength values, since 2024-T81 base material had the highest 

strength, but friction stir welded 2024-T3 aged to T81 had the lowest strength.  Hardness 

measurements were taken from one sample in a steady-state portion of the weld at mid-thickness, 

which was deemed representative of the entire weld.  Individual measurements are the average of a 
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minimum of three readings per location.  For the 2024-T3 samples, an increase in the microhardness 

across the weld zone was observed with low-temperature artificial aging at 225°F, while a general 

decrease was observed with increasing artificial aging times at 365°F.  For 2024-T81, low-

temperature artificial aging (225°F) did not appear to have an effect on microhardness.  When 

comparing as-welded 2024-T81 with 2024-T3 plus PWAA to T81, however, there does appear to be 

an improvement in overall microhardness by welding initially in the T81 temper instead of applying 

a T81 PWAA to material welded in the T3 temper.  Again, this correlates well with tensile data, 

which showed that tensile and yield strength were improved by welding initially in the 2024-T81 

temper versus welding initially in the T3 temper and applying PWAA to the T81 temper. 
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Figure 97:  Hardness Profile for 2024-T3 for Various Thermal Treatments 
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2024-T81
Vickers Microhardness vs. PWAA
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Figure 98:  Hardness Profile for 2024-T81 for Various Thermal Treatments 

 

5.3.3. Electrical Conductivity 

From an examination of the electrical conductivity plots of friction stir welded 2024-T3 and 

2024-T81, shown in Figure 99 and Figure 100, respectively, insight can be gained into the effect of 

friction stir welding and PWAA on the microstructure and final tempers across the weld zone.  With 

both natural aging and artificial aging, the electrical conductivity in the weld zones can be seen to 

increase for 2024-T3; however, there is almost no effect for 2024-T81.  It should also be noted that 

the electrical conductivity of the nugget is almost the same after welding, regardless of whether the 

initial temper is 2024-T3 or 2024-T81, and yet the weld nugget of 2024-T3 responds radically 

different to post-weld aging.  After 4-hours at 375°F, the conductivity in the weld nugget rises to 

about 37%IACS in 2024-T81, while in 2024-T3, an almost identical treatment (4.5-hours at 365°F) 
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raises the electrical conductivity to 40%IACS.  It appears that some of the more stable precipitates 

that were formed during aging to the T81 temper in the base material are either not fully re-

solutionized during the FSW process or they simply re-precipitate much faster in the FSW because 

the solute atoms are not sufficiently redistributed throughout the matrix by FSW.  Either way, the 

resulting microstructure is less sensitive to PWAA than 2024-T3.  When 2024-T3 is heat treated to 

the T81 temper, the response of the weld nugget is markedly different from that of the parent 

material, reaching a much higher electrical conductivity in the nugget than in the parent.  This is 

partially due to the greater degree of supersaturation that exists in the weld nugget than in the parent 

material.  There may also be an interaction with the increased number of sites for nucleation 

introduced by the FSW process. 
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Figure 99:  Effect of PWAA on the Electrical Conductivity of 2024-T3 
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2024-T81 FSW Conductivity Charts
(Note: All Specimens Naturally Aged Prior to Treatment for a minimum of 100 hrs)
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Figure 100:  Effect of PWAA on the Electrical Conductivity of 2024-T81 

 

5.3.4. Exfoliation 

In the preliminary testing, the overall ratings of exfoliated welds in the as-welded condition 

for both 2024 and 7075 were determined to range from severe to very severe, as judged against 

standard test coupons given in ASTM G 34-01.  For this second round of exfoliation testing, the 

effect of the various PWAA treatments on exfoliation resistance was investigated.  Figure 101 

compares the results of the exfoliation tests for 2024.  The only treatments that were found to 

restore the exfoliation resistance of the weld zone were the 4.5-hour and 9-hour treatments at 365°F 

and 12-hours at 375°F.  The accepted heat treatment for 2024-T81 starts with material in the T3 

condition and then applies an additional 12-hours at 375°F.  Therefore, all treatments at 365°F to 

375°F are seen as moving toward the T81 temper.  Results are summarized in Table 25 and in 
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Figure 102.  The visual inspection results corresponded with the maximum corrosion depth 

measurements that were taken from optical micrographs of the test coupon cross-sections, as shown 

in Figure 103.  It should be noted, however, that depth measurements were initially taken from only 

one cross-section, which was deemed representative of the general state of corrosion of the sample, 

but results could be subject to some variation.  Here the low-temperature treatments at 225°F 

resulted in almost no change from the naturally aged results.  This is partly because the samples 

already had approximately six months of natural aging time prior to PWAA.  

 

 

Figure 101:  2024-T3 Exfoliation Results for Various Thermal Treatments 
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Table 25:  Exfoliation ASTM-G34 Ratings for Friction stir welded 2024-T3 with PWAA 

Alloy PWAA Weld Zone HAZ Base Material
2024-T3 Parent EB

" N.A. ED ED N
" 24 hrs @ 225F ED ED EA
" 100 hrs @ 225F ED ED EA
" 9 hrs @ 355F EB ED EC
" 1.1 hrs @ 365F ED ED EC
" 2.25 hrs @ 365F EC ED EC
" 4.5 hrs @ 365F EA EB EB
" 9 hrs @ 365F N EA EA
" 12 hrs @ 375F N EA/EB EA/EB  
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Figure 102:  Exfoliation Numerical Ratings for Friction stir welded 2024-T3 with PWAA 
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Figure 103: Maximum Exfoliation Pit Depth vs. Thermal Treatments for 2024-T3 (Note: 
Measurements Taken from a Single Cross Section Only) 

 

From the 2024-T3 PWAA results, it was decided to investigate welding 2024 in the T81 

condition, since beneficial exfoliation results were observed as the material was aged from the T3 to 

the T81 condition.  A number of heat treatments were initially investigated for 2024-T81 because it 

was expected that 2024-T81 would show a susceptibility to exfoliation corrosion in the as-welded 

condition, just as the majority of 2XXX and 7XXX series alloys do.  Surprisingly, 2024-T81 in the 

as-welded condition has excellent corrosion resistance.  A comparison of micrographs from the 

2024-T3 samples and the 2024-T81 naturally aged sample are shown in Figure 104.  The best 

exfoliation resistance is achieved by the 2024-T81 sample, although the 2024-T3 with PWAA for 12-

hours at 375°F is nearly equivalent.  The results for 2024-T81 are summarized in Table 26 and are 

shown in Figure 105 through Figure 109.  No evidence of intergranular corrosion was found in the 

base material or weld zones.  Small pits were observed in the unaffected material, but no signs of 

corrosion were found in the weld or HAZ.  While only one sample per heat treatment was tested for 
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the preliminary screening investigation on the top surface of the weld, four more samples of 2024-

T81 in the as-welded condition were exfoliated on both the top and bottom surfaces of the weld to 

confirm the resistance to exfoliation corrosion, as shown in Figure 107.  For the samples that were 

exfoliated on both sides, 50 percent of the 96-hours were spent weld-side up in the test solution, and 

the other half of the time was spent root-side up.  It appeared that there was a greater depth of 

pitting on the top surface of the weld in the unaffected parent material than on the bottom side; 

however, other than that, there was no difference between the exfoliation behaviors of the weld 

surface versus the root surface. 

 

 

Figure 104:  Comparison of 2024 Exfoliation Micrographs 
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Table 26:  Exfoliation ASTM G-34 Ratings for Friction stir welded 2024-T81 with PWAA 

Alloy PWAA Weld Zone HAZ Base Material
2024-T81 Parent EA

" N.A. N N EA
" 24 hrs @ 225F N EA EA
" 100 hrs @ 225F EA EA EA
" 4 hrs @ 325F N EA EA
" 1 hr @ 375F N EA EA
" 2 hrs @ 375F N EA EA
" 4 hrs@ 375F EA EA EA  
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Figure 105:  Exfoliation Numerical Ratings for Friction stir welded 2024-T81 with PWAA 

 

 
Figure 106:  Close-up of Exfoliated 0.125-inch 2024-T81 Exfoliated Sample Macro 
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Figure 107:  2024-T81 Naturally Aged Exfoliation Samples 

 

      

      

Figure 108:  Close-up of Typical Pitting in Unaffected Parent Material of a 0.125-inch 2024-
T81 FSW Naturally Aged for 100+ hours (For the Top and Bottom Surfaces Respectively) 
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Figure 109:  Typical View of Unaffected HAZ and Nugget of Exfoliated 0.125-inch 2024-T81 
FSW (Typical of Both Top and Bottom Surfaces) 

  

5.3.5. Fatigue Crack Propagation 

In this second part of the testing program, the direction of crack growth was changed.  All 

of the post-weld heat treatment fatigue crack propagation testing was completed with crack growth 

against the direction of welding, which has faster crack growth rates than in the welding direction.  

Figure 110 to Figure 113 show the results of the tests that were performed.  Two samples were 

tested per PWAA condition.  For the 2024 samples, when tested against the direction of welding, 

cracks tended to quickly veer off the weld center into the base material.  This suggests that the weld 

material is at least as tough as the base material; however, there may also be a microstructural 

interaction due to the swirl patterns in the weld nugget, as suggested by Fuller et al. [67].  The FCP 

results for the naturally aged treatment and the 24-hours at 225°F treatment for 2024 had superior 

FCP results to all other treatments.  This could be a residual stress effect, although testing at high R-

ratios should have minimized its influence.  In any case, all tested treatments performed comparably 

to the parent material, which is again in agreement with the findings of Bussu and Irving [65] who 

found that when the residual stresses are relieved from FSW, the crack growth rates in the weld are 

almost identical to those in the base material.   
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Crack Length Vs No. of Cycles 
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Figure 110: 2024-T3 with PWAA (Crack Length (А) vs. (N) Cycles) 
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Figure 111: 2024-T3 with PWAA Beneficial for Exfoliation (A vs. N) 
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da/dN Vs Kmax (2024-T3)
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Figure 112:  DA/DN vs. Kmax for 0.125-in 2024-T3 for Various Thermal Treatments 

da/dN Vs Kmax (2024-T3) With PWAA Beneficial for Exfoliation
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Figure 113:  DA/DN vs. Kmax for 0.125-in 2024-T3 for Beneficial PWAA Treatments 
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5.4. Al 7075 Results 

5.4.1. Tension 

The effects of the post-weld artificial aging treatments on the mechanical properties of 

friction stir welded 7075-T73 are shown in Table 27.  Reported values are the average of two 

samples.  For 7075-T73, a less prominent decrease in ultimate tensile strength was observed over the 

naturally aged samples, compared to the 2024 samples, as shown in Figure 114.  However, unlike the 

2024 samples, the 7075-T73 samples appeared to suffer a loss of ultimate strain, with increasing time 

at high temperature (325°F).  This is most likely related to a loss of ductility from further coarsening 

of the strengthening precipitates, due to the additional overaging in the HAZ.  The yield strength did 

not appear to be adversely affected.   

The potential of welding Al 7075 initially in T6 temper, followed by post-weld artificial aging 

was also investigated.  In a second study of PWAA effects on Al 7075, a statistical approach was 

taken to compare differences in the average mechanical properties for several temper/PWAA 

combinations.  First, a comparison of the four best retrogression and re-aging (RRA) treatments for 

7075-T6, recommended by Ferrer et al. [33], were applied to friction stir welded 7075-T6.  No 

significant differences in the mechanical properties were detected between the four RRA treatments.  

Three samples were tested per condition.  The approach of aging friction stir welded 7075-T6 was 

also investigated, but the average values fell within the scatter bands of the RRA treatments, 

implying that there is not a significant difference in strength between aging from T6 to T73 or 

applying RRA treatments after FSW.  At the 95% confidence level, there was a significant difference 

between the 7075-T73 samples with post-weld aging (4-hours @ 325°F) and the tensile and yield 

strengths of the RRA samples.  It also appears that the tensile and yield strengths of the 7075-T73 

samples with PWAA were higher than the 7075-T6 with PWAA to T73.  The highest values were 
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for as-welded 7075-T6.  The tensile strength of the 7075-T6 is included for comparison with 

published data on 7075-T6 in the naturally aged condition to verify the overall quality of the joint 

and effectiveness of the tool and weld parameters utilized.  The values reported here are higher than 

the majority of the test values which have been reported to date for 7075-T6. 

 

Table 27:  Average Al 7075-T73 PWAA Tension Data for 0.125-in Sheet 

Specimen Name σULT σfail σyield E ν εULT

0.125" - 7075-T73 (ksi) (ksi) (ksi) (Msi) (%)

Naturally Aged 69.16 67.84 49.93 10.06 0.36 14.00
24hr @ 225°F 68.21 67.05 52.59 9.12 0.36 18.16
48hr @ 225°F 69.34 68.65 54.33 10.27 0.36 18.35

100hrs @ 225°F 70.11 69.21 55.60 11.05 0.36 18.39
1hr @ 325°F 66.27 65.88 49.31 9.63 0.35 18.73

2 hrs @ 325°F 66.53 65.97 51.40 9.98 0.38 10.09
4 hrs @ 325°F 65.86 65.31 51.68 9.97 0.38 9.28
8 hrs @ 325°F 65.50 64.98 51.01 9.84 0.38 8.78
24hrs @ 325°F 62.25 61.54 48.70 9.69 0.37 7.87  
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Figure 114:  Effect of PWAA on the Tensile Strength of Friction stir welded 7075-T73 
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Table 28:  Comparison of Tensile Strengths for Friction stir welded 7075-T6 with PWAA 

Sample Number Alloy/ Condition Fracture UTS YS %EL υ
Temper Location ksi ksi

FSW-05004-8-T1 7075-T73 4hrs @ 325F HAZ (Adv) 68.57 54.74 7.25 0.34
FSW-05004-23-T1 7075-T73 4hrs @ 325F HAZ (Ret) 68.92 56.51 8.14 0.33
FSW-05004-25-T4 7075-T73 4hrs @ 325F HAZ (Adv) 68.86 56.06 8.18 0.34
FSW-05004-25-T6 7075-T73 4hrs @ 325F HAZ (Ret) 68.33 52.26 14.34 0.34

Average 68.67 54.89 9.48 0.3
Standard Deviation 0.27 1.91 3.27 0.005

FSW-05004-26-1 7075-T6 N.A. HAZ (Ret) 75.36 52.95 34.68 0.33
FSW-05004-26-2 7075-T6 N.A. HAZ (Ret) 74.50 52.67 36.15 0.34

Average 74.93 52.81 35.42 0.34

FSW-05004-26-3 7075-T6 26 hrs @ 325F HAZ (Ret) 66.14 54.18 15.49 0.33
FSW-05004-26-4 7075-T6 26 hrs @ 325F HAZ (Ret) 62.10 50.76 7.31 0.34

Average 64.12 52.47 11.40 0.33

FSW-05004-27-T1 7075-T6 2hrs @ 355 + 24 HAZ (Ret) 63.38 50.23 7.66 0.34
FSW-05004-27-T5 7075-T6 2hrs @ 355 + 24 HAZ (Ret) 63.65 52.99 6.34 0.34
FSW-05004-27-T9 7075-T6 2hrs @ 355 + 24 HAZ (Ret) 64.16 52.91 6.69 0.33

Average 63.73 52.04 6.90 0.34
Standard Deviation 0.394 1.567 0.684 0.004

FSW-05004-27-T3 7075-T6 3hrs @ 355 + 24 HAZ (Ret) 61.86 49.13 7.59 0.33
FSW-05004-27-T7 7075-T6 3hrs @ 355 + 24 HAZ (Ret) 62.71 50.28 6.81 0.33
FSW-05004-27-T11 7075-T6 3hrs @ 355 + 24 HAZ (Ret) 62.28 47.96  -- 0.34

Average 62.28 49.12 7.20 0.33
Standard Deviation 0.424 1.159 0.556 0.002

FSW-05004-27-T4 7075-T6 8hrs @ 320 + 24 HAZ (Ret) 65.91 52.21 12.44 0.34
FSW-05004-27-T8 7075-T6 8hrs @ 320 + 24 HAZ (Ret) 66.05 51.39 6.53 0.33
FSW-05004-27-T12 7075-T6 8hrs @ 320 + 24 HAZ (Ret) 65.15 48.33 11.89 0.34

Average 65.70 50.64 10.29 0.34
Standard Deviation 0.483 2.047 3.264 0.004

FSW-05004-27-T2 7075-T6 11hrs @ 320 + 24 HAZ (Ret) 64.65 52.35 7.43 0.34
FSW-05004-27-T6 7075-T6 11hrs @ 320 + 24 HAZ (Ret) 63.44 50.02 7.85 0.34
FSW-05004-27-T10 7075-T6 11hrs @ 320 + 24 HAZ (Adv) 64.73 51.26 13.94 0.34

Average 64.27 51.21 9.74 0.34
Standard Deviation 0.725 1.162 3.643 0.002  
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Figure 115:  Comparison of Tensile Strength for Various Temper/PWAA Combinations for 
Friction stir welded Al 7075 

 

5.4.2. Microhardness 

The hardness profiles obtained for the 7075-T73 samples are shown in Figure 116.  They 

again display the classic FSW “W” profile.  As with 2024-T3, all of the higher temperature (325°F) 

heat treatments for 7075-T73 resulted in lower microhardness values than the naturally aged 

specimen.  These results support the tensile test results, which found the naturally aged specimens to 

have the highest tensile and yield strengths.  It can also be observed that the minimum hardness for 

each case was again in the HAZ, which is where all of the fractures occurred, predominantly in the 

retreating side HAZ.  All of the hardness measurements shown here are the result of multiple 

measurements taken from only one sample. 

Figure 117 shows the microhardness readings from some of the 7075-T6 samples compared 

to the 7075-T73 plus 4-hours at 325°F sample.  As shown, the naturally aged 7075-T6 samples 

experience a dramatic decrease in strength when aged to the T73 temper.  When the 7075-T73 

sample plus PWAA is compared to the 7075-T6 plus T73 temper samples, there does not appear to 
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be a major difference in the microhardness profiles, leading one to expect similar tensile behavior 

between the two samples, which is what was observed during tensile testing.  It is also interesting 

that while the 7075-T6 material is followed by a post-weld age for 26-hours at 325°F in order to 

arrive at the T73 temper, there is still an obvious heat-affected zone.  Clearly, the influence of the 

temperature cycle introduced by the friction stir welding process is so strong that, even after the 26-

hours at 325°F treatment, it has not been overshadowed by the PWAA.  This is because the 

temperature in the HAZ is at least twice the PWAA temperature and remains there long enough to 

dissolve the GP zones and begin to coarsen the strengthening precipitates present after the T6 

temper was applied, as has been reported by other authors. 
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Figure 116:  Hardness Profile for 7075-T73 for Various Thermal Treatments 
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7075-T6
Vickers Microhardness vs. PWAA
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Figure 117:  Hardness Profile for 7075-T6 for Various Thermal Treatments 

 

5.4.3. Electrical Conductivity 

As mentioned earlier, electrical conductivity can be an important indicator of the 

susceptibility or resistance to stress corrosion in a 7XXX series alloy, specifically 7075.  This testing 

has revealed that marked improvements can be made in the electrical conductivity for 7075-T6 and 

7075-T73 through post-weld aging, as shown in Figure 118 and Figure 119, respectively.  For both 

7075-T6 and 7075-T73, the highest electrical conductivity is achieved with longer exposure times at 

higher temperatures.  Interestingly, however, 7075-T6 always maintains its upside-down “W” profile 

even with PWAA, whereas 7075-T73 has a more uniform response across the weld zone.  This is 

undoubtedly related to the pitting response observed in 7075-T6, which is absent from 7075-T73 

samples with PWAA. 
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7075-T73 FSW Conductivity Charts
(Note: All Specimens Naturally Aged Prior to Treatment for a minimum of 1 year)
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Figure 118:  Effect of PWAA on Electrical Conductivity for 7075-T73 - 0.125-inch 

 

7075-T6 FSW Conductivity Charts
(Note: All Specimens Naturally Aged Prior to Treatment for a minimum of 100 hrs)
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Figure 119:  Effect of PWAA on Electrical Conductivity for 7075-T6 - 0.125-inch 
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5.4.4. Exfoliation 

Figure 120 shows a comparison of exfoliation test results for Al 7075.  Several treatments 

were found to restore the exfoliation resistance of the weld zone.  The best results were achieved by 

the 2- and 4-hour treatments at 325°F; however, the 100-hour treatment at 225°F and the 1- and 8-

hours treatments at 325°F also gave acceptable results.  Each of the coupons was rated per ASTM 

G-34, with ratings given for the parent material, HAZ, and weld nugget.  The results are shown 

graphically in Figure 121, and the actual ratings per zone are given in Table 29.  The visual 

inspection results again corresponded with the maximum corrosion depth measurements that were 

taken from optical micrographs of the test coupon cross sections, as shown in Figure 122.  It should 

again be noted, however, that the depth measurements were taken from only one cross section per 

sample, but care was taken to choose cross sections that were representative of the general state of 

corrosion of the sample.  Nevertheless, results could be subject to variation. 

 
Figure 120:  7075-T73 Exfoliation Results for Various Thermal Treatments 
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Figure 121:  Exfoliation Ratings for 7075-T73 Exposed for 96-hours per ASTM G-34 

 

 

Table 29:  Exfoliation Ratings for 7075-T73 Weld Zones with PWAA 

Alloy PWAA Weld Zone HAZ Base Material
7075-T73 Parent EA/EB

" N.A. EC ED EA/EB
" 24 hrs @ 225F EB EC EA/EB
" 48 hrs @ 225F EA EB EA/EB
" 100 hrs @ 225F EA EA EA/EB
" 1 hr @ 325F EA EA/EB EA/EB
" 2 hrs @ 325F N EA EB
" 4 hrs @ 325F N EA EB
" 8 hrs @ 325F N EA EB
" 24 hrs @ 325F EB EB EB  
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7075-T73 
Maximum Exfoliation Pit Depth vs. PWAA
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Figure 122: Maximum Exfoliation Pit Depth vs. Thermal Treatments for 7075-T73 (Note: 
Measurements taken for a Single Cross-Section Only) 

 

An investigation into the exfoliation behavior of friction stir welded 7075-T6 was also 

undertaken.  Leonard [81] previously reported that the exfoliation resistance cannot be restored by 

artificially aging to the T73 temper, but quantitative data was not included.  Therefore, PWAA to the 

T73 temper was investigated for comparison with naturally aged samples and retrogression and re-

aging samples.  There has only been a limited investigation into RRA treatments thus far by FSW 

researchers, so a more vigorous investigation was conducted here to determine if there was any 

possibility of improving the exfoliation and stress corrosion resistance of friction stir welded 7075-

T6.  Four of the best treatments reported by other researchers for 7075-T6 base material (non-FSW) 

were investigated.  Only one of the treatments resulted in better than marginal results; however, for 

cases where the initial temper must be 7075-T6, it may be a viable treatment.  The results are shown 

in Figure 123 and are summarized in Table 30.   
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Figure 123:  Exfoliation Ratings for 7075-T6 with PWAA 

 

Table 30:  Exfoliation Ratings for 7075-T6 Weld Zones with PWAA 

Alloy PWAA Weld Zone HAZ Base Material
7075-T6 Parent EA/EB

" N.A. EC ED EA
" 24 hrs @ 225F EC ED EA
" 100 hrs @ 225F ED EC EA

"
8 hrs @ 320F + 24 

hrs @ 250F P/EA ED P/ED

"
11 hrs @ 320F + 
24 hrs @ 250F EA ED P/EC

"
2 hrs @ 355F + 24 

hrs @ 250F N/EA ED EA/EB

"
3 hrs @ 355F + 24 

hrs @ 250F N/EA EB/EC EA/EB
" 26 hrs @ 325F EA/EB EC EA/EB
" 9 hrs @ 355F EA/EB EC EA/EB
" 12 hrs @ 375F EB ED EB  
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There have only been a few potential solutions to improve the corrosion resistance of 

friction stir welds in Al 7075 reported in the literature to date.  A comparison between the best 

exfoliation solutions reported to date and the post-weld treatment developed during this 

investigation are shown in Figure 124.  The top three have been reported previously.  Clearly, the 

100-hours at 225°F treatment shows a significant improvement in the exfoliation corrosion 

resistance.  The best of the retrogression and re-aging treatments attempted is also shown, but it 

gave no advantage over the previously reported method of aging 7075-T6 to the T73 temper.  The 

bottom picture (4-hours at 325°F), however, shows improvement over the 100-hours at 225°F 

treatment, and in substantially less time. 

 

 

Figure 124:  Comparison of 7075 Exfoliation Micrographs 
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5.4.5. Fatigue Crack Propagation 

Figure 125 through Figure 128 show the results of the fatigue crack propagation tests that 

were performed.  Again, only two samples were tested per heat treatment.  For all 7075-T73 

samples, the crack tended to remain in the weld when tested against the welding direction and did 

not deviate by more than 10 degrees, up until the point of the brittle fracture.  This behavior was 

different from the behavior of 2024, which tended to veer off the weld center into the base material.  

The FCP results for the naturally aged and 24-hours at 225°F treatments for 7075 had superior FCP 

results to all other treatments.  It is also notable that all treatments that are beneficial for exfoliation 

performed comparably to or better than the parent material in FCP.  This is again in agreement with 

the finding by Bussu and Irving [65]—that when the residual stresses are relieved from FSW, the 

crack growth rates in the weld are almost identical to those in the base material.   

 

Crack Length Vs No. of Cycles
Al-7075-T73 (0.125" thick) - Against Welding Direction
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Figure 125: 7075-T73 with PWAA (Crack Length (А) vs. (N) Cycles) 
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[a vs. N] for Beneficial PWAA Treatments in Al-7075-T73 (0.125" thick) - 
(Notch Placed in the Nugget Against the Welding Direction)
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Figure 126: 7075-T73 with PWAA Beneficial for Exfoliation (A vs. N) 

da/dN vs. Kmax (7075-T73)
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Figure 127:  DA/DN vs. Kmax for 0.125-in 7075-T73 for Various Thermal Treatments 
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da/dN vs. Kmax for Beneficial PWAA Treatments (7075-T73)
[Notch placed in the nugget against the weld direction]
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Figure 128:  DA/DN vs. Kmax for 0.125-in 7075-T73 for Beneficial PWAA Treatments 

 

5.4.6. Design of Experiments Analysis 

A three-factor general factorial analysis was applied to investigate the variability of 

exfoliation resistance and electrical conductivity in the weld zone of friction stir welded Al 7075-

T73.  The factors investigated were post-weld heat treatment time and temperature, and material 

sheet thickness.  Time and temperature were investigated at three levels and material thickness at 

two levels.  The times and temperatures chosen were based on the recommended heat treatment for 

Al7075-T73, which was 4-hours at 325°F.  Table 31 summarizes the factor levels that were 

considered in this investigation.  The purpose of this experiment was to investigate the sensitivity of 

the recommended heat treatment for 7075-T73, as well as to gain insight into the aging behavior of 

FSW in this material.  The design for this experiment was generated using Design-Expert 6.0.6.  The 

design utilized, as well as the measured responses, is shown in Table 32.  All of the factors were 



 152

treated as numerical factors for this experiment; potential inherent differences between the 0.040-

inch material and the 0.125-inch material were neglected for this particular portion of the 

investigation.  Only one sample per condition was tested; however, a minimum of three 

measurements was taken for each measured response.  

 

Table 31:  Factor Levels Investigated for Design of Experiments Analysis 

Time  
(hours) 

Temperature  
(°F) 

Material Thickness  
(in.) 

3 310 0.040 
4 325 0.125 
5 340  

 

Table 32:  Design Matrix and Measured Responses 

Standard 
Order

Run 
Order

Sheet 
Thickness 

(in.) 

Time 
(hrs)

Temperature 
(°F)

Exfoliation 
Rating

Conductivity 
Weld Nugget 

%IACS

1 5 0.125 3 310 3.5 34.66
2 13 0.04 3 310 3.5 39.99
3 17 0.125 4 310 3 35.14
4 4 0.04 4 310 3.5 40.13
5 18 0.125 5 310 2.5 35.38
6 6 0.04 5 310 4 40.02
7 2 0.125 3 325 3 35.45
8 12 0.04 3 325 2 39.98
9 14 0.125 4 325 3 35.93
10 15 0.04 4 325 2 40.55
11 9 0.125 5 325 3.5 36.67
12 7 0.04 5 325 3 40.29
13 3 0.125 3 340 3.5 36.58
14 8 0.04 3 340 3 40.35
15 11 0.125 4 340 4 37.04
16 16 0.04 4 340 2.5 40.38
17 10 0.125 5 340 4.5 37.74
18 1 0.04 5 340 4.5 41  
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The analysis of variance (ANOVA) for the change in conductivity in the weld is presented in 

Table 33.  The low P-value of the model (<0.0001) suggests that it is statistically significant.  Each of 

the model terms, material thickness, time, and temperature, as well as all of their two-factor 

interactions were found to be significant at the 5 percent level.  The R2
Prediction suggests that the model 

is capable of describing 99.32 percent of the variation in the new data.  This value is exceptionally 

high and is in near-perfect agreement with the R2
Adjusted of .9956.  This is most likely due to the 

overwhelming influence of factor (A), the material thickness, which has consumed 90% of the total 

sum of squares of 89.6 in this model.   

Table 33:  ANOVA for the Electrical Conductivity in the Weld Nugget 

Source of Variation
Sum of 
Squares

DOF
Mean 

Sum of 
Squares

F0 P-value

Model 89.34 6 14.89 635.09 <0.0001

Material Thickness (A) 80.64 1 80.64 3439.76 <0.0001

Time (B) 1.39 1 1.39 59.46 <0.0001

Temperature (C) 5.03 1 5.03 214.59 <0.0001

AB 0.37 1 0.37 15.82 0.0022

AC 1.76 1 1.76 74.88 <0.0001

BC 0.14 1 0.14 5.99 0.0324

Residuals 0.26 11 0.023

Total Sum of Squares 89.6 17

Weld Nugget Electrical Conductivity (%IACS)

0.9956
0.9971

0.9932

R2

R2
Adjusted

R2
Prediction  
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The resulting regression model of electrical conductivity in the weld nugget (WN), in terms of the 

statistically significant factors time (t) in hours, temperature (T) in °F, and material thickness (M) in 

inches, can be expressed in terms of %IACS, as 

 

     TtTMtMTtMWN ⋅+⋅+⋅+−−−= 0088.06.0137.40417.0871.24.26184.55   (6) 

 
To ensure that none of the underlying assumptions pertaining to the above analysis had been 

violated, a detailed inspection of the residuals was conducted, as shown in Figure 129 through 

Figure 136.  There were no outliers and no detected violations. 

 

Figure 129:  Normal Probability Plot of Residuals for Weld Nugget Conductivity 
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Figure 130:  Plot of Residuals vs. Predicted for Weld Nugget Conductivty 

 

Figure 131:  Plot of Residuals vs. Run for Weld Nugget Conductivity 
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Figure 132:  Plot of Residuals vs. Material Thickness for Weld Nugget Conductivity 

 

Figure 133:  Plot of Residuals vs. Time for Weld Nugget Conductivity 
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Figure 134:  Plot of Residuals vs. Temperature for Weld Nugget Conductivity 

 
Figure 135:  Outlier Plot for Weld Nugget Conductivity 
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Figure 136:  Plot of Actual vs. Predicted for Weld Nugget Conductivity 

 

A 3-D cube plot summarizing all of the data is shown in Figure 137.  Figure 138 represents a 

plot of the effect of moderate variations in a proposed heat treatment cycle of 4-hours at 325°F for 

0.040-inch friction stir welded 7075-T73, which was naturally aged for over a year prior to post-weld 

aging.  For this investigation, the potential effects of natural aging prior to PWAA were initially 

neglected.  The primary observation from this figure is that although longer times and temperatures 

lead to an expected increase in electrical conductivity, all of the treatments resulted in high 

conductivity values.  In Figure 139, the same effect of moderate variations in a proposed heat 

treatment cycle of 4-hours at 325°F can be seen for 0.125-inch friction stir welded 7075-T73.  In this 

case, there were only 100-hours of natural aging prior to PWAA.  Also, there was a noticeable 

difference in electrical conductivity between the different heat treatment and time combinations.  
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Again, it can be seen that the highest conductivities are achieved with the highest temperatures and 

longest exposure times.  The most important observation was that 0.125-inch material that received 

post-weld aging soon after welding was more sensitive to variations in exposure temperatures and 

times.  

 

 
Figure 137:  3-D Cube Plot Depicting the Main Effects of Variations in Heat Treatment 

Time, Temperature, and Material Thickness on Weld Electrical Conductivity 

 

Figure 138:  3-D Surface Plot Depicting the Effect of Variations in Heat Treatment Time 
and Temperature on 0.040-inch Friction stir welded 7075-T73 
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Figure 139:  3-D Surface Plot Depicting the Effect of Variations in Heat Treatment Time 
and Temperature on 0.125-inch Friction stir welded 7075-T73 

 

Figure 140 and Figure 141 show plots of the variation in electrical conductivity across the 

weld zone for the different treatments of 0.125-inch and 0.040-inch material, respectively.  Several 

important observations can be made from these graphs.  First, both materials show a significant 

increase in electrical conductivity with PWAA compared to the naturally aged samples.  Second, the 

conductivity in the unaffected material of the 0.040-inch material was almost 2%IACS higher than 

the 0.125-inch material.  It should also be noted that this difference was also present prior to 

PWAA.  Finally, the minimum electrical conductivity in the 0.040-inch material was 2%IACS higher 

than the 0.125-inch material.  No material data was available to compare natural aging behaviors 

between the two materials; however, material was available to evaluate the effect of natural aging on 

the post-weld aging behavior of the 0.l25-inch material.  In Figure 142 and Figure 143, it can be seen 

that for naturally aged samples and samples receiving PWAA, natural aging time has a significant 

effect on the electrical conductivity in the weld nugget at the 95 percent confidence level.  It is also 
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shown, that the 0.125-inch material with PWAA appears to behave in an identical manner to the 

0.040-inch material, minus the initial 1.5%IACS to 2%IACS difference in initial electrical 

conductivity.  This suggests that the material factor observed was not for material thickness but 

reflected the difference in initial electrical conductivity and natural aging time.   

These conclusions can also be explained metallurgically.  The FSW process results in a weld 

nugget formed of extremely fine equiaxed grains, with low dislocation density and a high degree of 

supersaturation.  The natural aging process allows for the formation of GP zones in the weld nugget, 

which later act as nucleation sites during post-weld artificial aging to allow for more rapid 

precipitation.  As shown previously through quench factor analysis, an increase in the number of 

nucleation sites increases the precipitation kinetics.  Precipitation of solute atoms from the matrix is 

one of the primary factors affecting electrical conductivity in aluminum. 

 

7075-T73 FSW Conductivity Charts - 0.125"
(Note: All Specimens Naturally Aged Prior to Treatment for a minimum of 100 hrs)
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Figure 140:  Electrical Conductivity Plot Across the Weld Zone in Al 7075 
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7075-T73 FSW Conductivity Charts - 0.040"
(Note: All Specimens Naturally Aged Prior to Treatment for a minimum of 1 year)
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Figure 141:  Conductivity Across the Weld Zone of 0.040-inch Al 7075-T73 

Effect of Natural Aging Time on the Electrical Conductivity of Friction Stir 
Welded 0.125" Al 7075-T73 Alloy

28

30

32

34

36

38

40

42

44

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

(Advancing)     Distance from Weld Center (in.) 
(Retreating)

C
on

d
u

ct
iv

it
y 

(%
IA

C
S)

7075-T73 - Naturally Aged 100 hrs

7075-T73 - Naturally Aged 12,000+
hrs
7075-T73 - Naturally Aged 100 hrs -
2σ
7075-T73 - Naturally Aged 100 hrs
+2σ 
7075-T73 - Naturally Aged 12,000+
hrs -2σ 
7075-T73 - Naturally Aged 12,000+
hrs +2σ

 

Figure 142:  Effect of Natural Aging Time on the Electrical Conductivity of Friction stir 
welded 0.125-inch Al 7075-T73 
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Effect of Natural Aging Time on 0.125" - 7075-T73 - FSW Conductivity with 
PWAA
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Figure 143:  Effect of Natural Aging Time Prior to Post-Weld Aging on the Electrical 
Conductivity of Friction stir welded 0.125-inch Al 7075-T73 

 

The analysis of variance for the change in exfoliation resistance in the weld is presented in 

Table 34.  The low P-value (.0174) of the model suggests that it is statistically significant.  Only the 

model terms, C2 and AC were found to be significant at the 5 percent level.  The R2
Prediction suggests 

that the model is only capable of describing 6.2 percent of the variation in the new data.  This value 

is exceptionally low, and is not as close to the R2
Adjusted of 0.5401 as one might expect.  In this case, 

however, a finding of this type could be expected, since all of the exfoliation responses were low and 

within tolerable limits, making prediction difficult.  For exfoliation, the model did not show a 

dominant factor, as was observed for electrical conductivity.  The sums of squares for all of the 

factors significant at the 90 percent confidence level or higher were evenly distributed.  Also, the 

residuals resulted in the highest sum of squares, which helps explain the low R2
Prediction. 
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Table 34:  ANOVA for the Exfoliation Rating 

Source of Variation
Sum of 
Squares

DOF
Mean 

Sum of 
Squares

F0 P-value

Model 6.41 6 1.07 4.33 0.0174
Material Thickness (A) 0.35 1 0.35 1.41 0.2606

Time (B) 1.02 1 1.02 4.14 0.0668
Temperature (C) 0.33 1 0.33 1.35 0.2698

C2 2.25 1 2.25 9.12 0.0117
AC 1.33 1 1.33 5.4 0.0403
BC 1.13 1 1.13 4.56 0.0561

Residuals 2.72 11 0.25
Total Sum of Squares 9.13 17

0.062

Exfoliation Rating

R2 0.7024
R2

Adjusted 0.5401
R2

Prediction  

 

The resulting regression model of the exfoliation rating (EXCO) is being documented here 

for academic reasons only, since it would not be suitable for prediction in this case.  In terms of the 

statistically significant factors time (t) in hours, temperature (T) in °F, and material thickness (M) in 

inches, the exfoliation rating can be expressed as  

 

  TtTMTTtMEXCO ⋅+⋅++−−−= 025.05229.00033.2987.2833.77.1663.396 2   (7) 

 
To ensure that none of the underlying assumptions pertaining to the above analysis had been 

violated, a detailed inspection of the residuals was conducted.  There were no outliers and no 

detected violations.  The results are summarized in the 3-D cube plot shown in Figure 144.  In 

Figure 145 and Figure 146, 3-D surface plots reveal that both material thicknesses have similar 

exfoliation behavior, with the best performance at 325°F.  Photos of the actual test results for 0.125-
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inch material are shown in Figure 147.  For comparison, Figure 148 is a 0.125-inch FSW sample 

with more than one year of natural aging prior to PWAA.  Figure 149 gives the 0.040-inch material 

results, which are summarized in Table 35 and in graphical form in Figure 150 and Figure 151.  

Again, all of the tested samples exhibited acceptable exfoliation resistance, supporting the 

conclusion that the proposed heat treatment for 7075-T73 is relatively insensitive to variations in 

material thickness between 0.040-inch and  0.125-inch, weld parameters between “medium” and 

“hot,” initial electrical conductivity between 38.5%IACS and 41%IACS, temperatures between 

310°F and 340°F, and times between 3- and 5-hours. 

 

 

Figure 144:  3-D Cube Plot Depicting the Main Effects of Variations in Heat Treatment 
Time, Temperature, and Material Thickness on Exfoliation Rating 
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Figure 145:  3-D Surface Plot of Time and Temperature Effects on Exfoliation Rating of 

Friction stir welded 0.125-inch 7075-T73 

 

 

Figure 146:  3-D Surface Plot of Time and Temperature Effects on Exfoliation Rating of 
Friction stir welded 0.040-inch 7075-T73 
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Figure 147:  Overview of Exfoliation Results from the Design of Experiments Investigation 
for 0.125-inch 7075-T73 FSW Naturally Aged 100+ hours Prior to PWAA 

 

 

Figure 148:  Exfoliation Results for 0.125-inch 7075-T73 FSW with PWAA of 4-hours at 325°F 
and Naturally Aged 10,000+ hours Prior to Artificial Aging 
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Figure 149:  Overview of Exfoliation Results from the Design of Experiments Investigation 

for 0.040-inch 7075-T73 FSW Naturally Aged 10,000+ hours Prior to PWAA 

 

Table 35:  Overview of Exfoliation Ratings from the DOE Investigation of 7075-T73 FSW 

Alloy PWAA Weld Zone HAZ Base Material
7075-T73 - 0.125" 3 hrs @ 310F EA N/EA EA/EB

4 hrs @ 310F N/EA N/EA EA/EB
5 hrs @ 310F N/EA N/EA EA/EB
3 hrs @ 325F N/EA EA EA/EB
4 hrs @ 325F N/EA EA EA/EB
5 hrs @ 325F EA EA EA/EB
3 hrs @ 340F N/EA EB EA/EB
4 hrs @ 340F N/EA EB EA/EB
5 hrs @ 340F N EB EB

7075-T73 - 0.040" 3 hrs @ 310F EA/EB EA EB/EC
" 4 hrs @ 310F EA/EB EA EB/EC
" 5 hrs @ 310F EA/EB EA/EB EB/EC
" 3 hrs @ 325F N N/EA EA/EB
" 4 hrs @ 325F N N/EA EA/EB
" 5 hrs @ 325F N/EA EA EA/EB
" 3 hrs @ 340F N/EA N/EA EA/EB
" 4 hrs @ 340F N/EA N EA/EB
" 5 hrs @ 340F EA/EB EA/EB EA/EB  

 

310 °F 325 °F 340 °F 

3 hrs 

4 hrs 

5 hrs 
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Figure 150:  Bar Chart of Exfoliation Ratings for 0.125-inch 7075-T73 PWAA DOE 
Experiment 
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Figure 151:  Bar Chart of Exfoliation Ratings for 0.040-inch 7075-T73 PWAA DOE 
Experiment 
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5.5. Al 2024/7075 Dissimilar Joint Results 

5.5.1. Tension 

Dissimilar alloy joints were produced with 2024-T81 on the advancing side, and were then 

given post-weld artificial aging to enhance their resistance to corrosion.  A bar chart showing the 

ultimate tensile strengths of the treated samples is shown in Figure 152.  The results have also been 

compared to 0.250-inch thick naturally aged dissimilar joints of 2024-T3 and 7075-T73, reported by 

Cook et al. [87].   
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Figure 152: UTS of Dissimilar Welds with PWAA Compared to Reported Data [87] 

 

The difference between any of the tested values was not significant.  The results of the 

tension tests for the 2024-T81 to 7075-T73 dissimilar alloys joints with PWAA are summarized in 

Table 36.  All of the values reported are for heat treatments that gave beneficial exfoliation 

corrosion resistance.  There was no significant difference between the average ultimate tensile 
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strengths of any of the post-weld heat treatments shown.  There was a significant difference in yield 

strength between the 100-hours at 225°F samples compared to the 2-hours at 325°F samples, and a 

significant difference between the and the 4-hours at 325°F treatment samples, at the 90% 

confidence level.  There was also a significant difference in elongation at failure between the 100-

hours at 225°F samples and the 2- and 4-hours at 325°F samples.  Lastly, there was a significant 

reduction in the elongation at failure for the low-temperature (225°F) treatments.  Note, significance 

refers to a maximum p-value of five percent. 

 

Table 36:  Tension Results for Dissimilar 2024/7075 FSW Joints 

Sample Number Alloy/ Condition Fracture UTS YS %EL υ
Temper  Location ksi ksi

FSW-05015-2-T3 2024 Adv / 
7075 Ret 100hrs @ 225F WN 63.67 54.30 3.05 0.34

FSW-05015-2-T4 2024 Adv / 
7075 Ret 100hrs @ 225F WN 61.99 58.00 2.35 0.34

FSW-05015-6-T0 2024 Adv / 
7075 Ret 100hrs @ 225F *n/a - not tested 

to failure *57.56 51.62 1.68 0.34

Average 62.83 54.6 2 0.340
Standard Deviation 3.204 0.68 0.0035

FSW-05015-6-T1 2024 Adv / 
7075 Ret 2hrs @ 325F HAZ (Ret) 64.23 47.40 11.67 0.34

FSW-05015-6-T4 2024 Adv / 
7075 Ret 2hrs @ 325F HAZ (Ret) 63.57 46.40 10.70 0.36

FSW-05015-6-T7 2024 Adv / 
7075 Ret 2hrs @ 325F HAZ (Ret) 62.86 46.87 10.16 0.33

Average 63.55 46.9 10.8 0.344
Standard Deviation 0.687 0.500 0.766 0.0144

FSW-05015-6-T2 2024 Adv / 
7075 Ret 4hrs @ 325F HAZ (Ret) 59.43 44.43 8.56 0.34

FSW-05015-6-T6 2024 Adv / 
7075 Ret 4hrs @ 325F HAZ (Ret) 63.18 47.03 8.86 0.33

FSW-05015-6-T8 2024 Adv / 
7075 Ret 4hrs @ 325F HAZ (Adv) 62.76 46.81 10.74 0.33

Average 61.79 46.1 9.4 0.333
Standard Deviation 2.053 1.442 1.183 0.0053  
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5.5.2. Microhardness 

The microhardness testing of the dissimilar joints of 2024 and 7075 clearly reveal the 

division between the higher strength 7075 material and the lower strength 2024 material.  As shown 

in Figure 153, a clear demarcation exists between the 7075 and 2024 material.  It can also be seen 

that the minimum microhardness was always in the heat-affected zone of the 2024 material; 

however, the microhardness appears to be the lowest when 7075 is on the advancing side.  In Figure 

154, the effect of post-weld aging on the microhardness of the dissimilar joint is evaluated.  There is 

clearly a significant increase in the microhardness on the retreating side (7075-T73) for the naturally 

aged specimens versus the PWAA specimens at the 95 percent confidence level.  There is also a 

significant reduction in the microhardness of the 7075 material in the nugget.  However, on the 

advancing (2024-T81) side, no significant change in the microhardness is observed because of the 

heat treatment.  This is in strong agreement with earlier findings that the microhardness profile in 

as-welded 2024-T81 is not altered by short-term, lower-temperature, post-weld artificial aging 

treatments.  Clearly, the precipitate microstructure is very stable in this case.  This behavior can again 

be understood through an examination of Staley’s quench factor analysis.[34]  The precipitation 

kinetics for 2024-T81 are so fast that 2024-T81 is able to reach a stable microstructure much more 

rapidly than the other alloy/temper combinations examined here.  Therefore, by the end of the FSW 

process, 2024-T81 has already reached a stable precipitate structure that is subsequently insensitive 

to these types of thermal treatments.  It should also be noted that while there are significant 

differences in the microhardness between 2- and 4-hours at 325°F, there is no significant difference 

in the minimum hardness experienced, further supporting the finding that their tensile strengths to 

not significantly differ either. 
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2024-T81 / 7075-T73 Dissimilar Weld
Vickers Microhardness vs. PWAA
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Figure 153: Dissimilar Weld Microhardness Values Naturally Aged 
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Figure 154:  Effect of PWAA on the Microhardness of a Dissimilar Friction Stir Weld 
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5.5.3. Electrical Conductivity 

The effect of friction stir welding with and without post-weld artificial aging on the electrical 

conductivity of friction stir welded 2024-T81 to 7075-T73 is shown in Figure 155 and Figure 156.  

In both cases, the electrical conductivity in the weld nugget is increased by post-weld heat 

treatments.  The greatest improvement is after 4-hours at 325°F when 7075-T73 is on the advancing 

side; however, the effect when 2024-T81 is on the advancing side is nearly the same.  It should be 

noted that the conductivities in the as-welded condition are the same whether 2024-T81 is on the 

advancing or retreating side.  While SCC testing was not possible, it is expected that the SCC 

resistance of the dissimilar joint will be greatly improved by these treatments, especially on the more 

susceptible 7075 side of the joint, in part due to the increase in electrical conductivity. 

Additionally, it is important to observe that both materials have nearly the same initial 

electrical conductivity.  Since higher electrical conductivities are associated with a higher degree of 

precipitation, this means that the matrix surrounding those precipitates is more purely aluminum, 

i.e., reducing the potential differences between the two dissimilar alloys.  Hence, one of the 

explanations for the unexpected corrosion resistance of the dissimilar alloy joint is that in the over-

aged, stress-relieved condition, there is a greatly diminished corrosion potential between 2024 and 

7075 and possibly for 2XXX and 7XXX series alloys in general.  In the as-welded condition, both 

alloys have a high degree of supersaturation and, as a result, a higher corrosion potential between 

them due to the differences in the concentrations of dissolved solutes.  With increasing PWAA time, 

those differences in corrosion potential are reduced as precipitates form in the matrix.  Obviously, 

more factors are involved than simply the degree of supersaturation, but these results suggest that 

this could be one of the reasons that a high degree of corrosion results are observed in the bi-alloy 

joints. 
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FSW Conductivity Charts
2024-T81 Advancing - 7075-T73 Retreating

(Note: All Specimens Naturally Aged Prior to Treatment for a minimum of 100+ hrs)
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Figure 155:  Conductivity Chart for Dissimilar FSW with 2024-T81 on the Advancing Side 
and 7075-T73 on the Retreating Side 
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Figure 156:  Conductivity Chart for Dissimilar FSW with 7075-T73 on the Advancing Side 
and 2024-T81 on the Retreating Side 
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5.5.4. Exfoliation 

The results of the dissimilar welding exfoliation investigation are shown in Figure 157 and 

Figure 158.  The results of this evaluation are summarized in Table 37 and are shown graphically in 

Figure 159.  There has been an obvious improvement in the exfoliation resistance when measured 

on the top surface for the PWAA samples versus the naturally aged samples.  No severe pitting is 

present in the HAZ on the 7075 retreating side, as was the case previously.  The mixing zones of the 

two alloys can also be easily distinguished. 

 

 

 

Figure 157:  Dissimilar FSW Exfoliation Results - 2024-T81 Advancing - 7075-T73 Retreating 
– (Top) PWAA for 100-hours at 225°F − (Middle Top) PWAA for 4-hours at 325°F– (Middle 

Bottom) PWAA for 2-hours at 325°F − (Bottom) Naturally Aged 100+ hours 
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Figure 158:  Dissimilar FSW Exfoliation Results - 7075-T73 Advancing - 2024-T81 Retreating 
– (Top) PWAA for 100-hours at 225°F − (Middle Top) PWAA for 4-hours at 325°F – (Middle 

Bottom) PWAA for 2-hours at 325°F − (Bottom) Naturally Aged 100+ hours 

 

 

Table 37:  Exfoliation ASTM G-34 Ratings for Dissimilar Friction Stir Welds of 2024-T81 to 
7075-T73 with Post-Weld Artificial Aging 

2024-T81 / 7075-T73 
Dissimilar Joint PWAA Weld Zone HAZ (Adv) Base Material 

(Adv)
Base Material 

(Ret) HAZ (Ret)

2024-T81 (Adv) N.A. N/EA N/EA N EB ED
" 100 hrs @ 225F N/EA N/EA N/EA EA/EB EB
" 2 hrs @ 325F N/EA N/EA EA EB EB
" 4 hrs @ 325F N/EA N/EA EA EA/EB EB

2024-T81 / 7075-T73 
Dissimilar Joint PWAA Weld Zone HAZ (Adv) Base Material 

(Adv)
Base Material 

(Ret) HAZ (Ret)

7075-T73 (Adv) N.A. EC ED EB EA/N EA/N
" 100 hrs @ 225F EA/EB EB EB N/EA N
" 2 hrs @ 325F EC EB EB EA EA
" 4 hrs @ 325F EB EC EB EA/EB EA  
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Figure 159:  Exfoliation Numerical Ratings for 7075-T73 and 2024-T81 Dissimilar Welds 
with Post-Weld Artificial Aging 
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CHAPTER 6 

CONCLUSIONS 

 

6.1. Preliminary Findings 

The objective of preliminary testing was to gain an insight into the value of various types of 

testing that are required to obtain comprehensively assess the quality and performance of an FSW 

butt joint, as well as to establish base line properties of FSW joints at the current level of technology 

and understanding.  Testing began by exploring the potential of FSW with two of the most common 

and widely used aluminum alloys for aeronautical applications, 2024 and 7075.  Tensile, exfoliation, 

fatigue, fatigue crack propagation, fracture toughness, and stress corrosion cracking tests were 

performed.  It was important to perform a comprehensive evaluation of these welds using the 

aforementioned tests because typically in the literature, only a few of these tests are conducted on a 

given sample set, thus providing a incomplete picture of weld performance.   

The preliminary data obtained through this study demonstrates the potential of FSW as a 

viable manufacturing technique for use in aerospace applications and supports the conclusion that 

FSW merits further investigative research.  Specifically, the tension tests, which are the simplest to 

evaluate and compare with published material properties, were excellent.  For both 2024 and 7075 

welds, better percentages of parent metal strength were obtained in the 0.125-inch specimens as 

compared to the 0.040-inch specimens.  Since both 2024 and 7075 were welded with the same style 

tool, but the tool for 0.040-inch differed from the 0.125-inch tool, it may simply be that the 0.040-

inch tool requires further optimization for very thin sheet.  Nevertheless, values obtained were 

between 80 and 93 percent of the parent metal strength—a very encouraging result.  As for the 

fatigue, fatigue crack propagation, and fracture toughness results, those are much more difficult to 
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compare to published parent material data, since data is limited.  The comparisons that could be 

made indicate that the FSW joint performs comparably in fatigue, fatigue crack propagation, and 

fracture toughness properties to the parent metal.  The greatest area of concern that was identified 

by the preliminary study however, was the welds resistance to corrosion and stress corrosion 

cracking.  In the as-welded state, both 2024 and 7075 friction stir welded material had a greater 

susceptibility to exfoliation corrosion, and 7075 showed a susceptibility to stress corrosion cracking 

and would require some type of post-weld thermal treatment. 

6.2. Tolerances and Variability in FSW 

The purpose of this study was to determine tolerance zones for weld-path misalignment to 

the plate joint to be welded, allowable plate gap at initial plate setup, and the variation of tensile 

properties from start to finish in a normal weld in 0.125-inch thick 7075-T73 plate that has been 

joined in a butt-weld by friction stir welding.  It was determined that the tolerance zone for 

misalignment of the plate was approximately one third the width of the pin and that two thirds of 

the tolerance zone is located on the advancing side of the pin.  It was also determined that a plate 

gap up to 0.032-inch can be tolerated without a reduction in tensile strength, but beyond that point, 

volumetric defects became detectable in the nugget and so samples were not tested.  Finally, it was 

observed that from the beginning of a normal weld through to the end of the weld there is very little 

variation in tensile properties, including the start and end points of the weld, with an average of 68.0 

± 0.31 ksi, or 91 percent of the parent material strength.  Thus, weld tabs would not be needed in 

this case if they were solely for ensuring a quality weld is present in the workpiece.  Thus, FSW has 

demonstrated that it can be a repeatable process with little variation, and that it is capable of 

absorbing a certain amount of misalignment without noticeable effects on mechanical properties.  
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6.3. Al 2024 Conclusions 

Through this study, it has been demonstrated for the first time that the exfoliation resistance 

of 2024-T3 can be fully restored through proper initial temper selection or with the use of post-weld 

artificial aging.  When 2024-T3 is tested in the as-welded condition, it exhibits crack growth 

resistance far superior to the parent material.  With the application of PWAA to 2024-T3, the 

exfoliation corrosion resistance of friction stir welded 2024-T3 can be fully restored, attended by a 

moderate decrease in tensile strength and a crack growth resistance comparable to parent material 

values.  Even better exfoliation resistance and higher tensile strengths can be achieved by friction stir 

welding 2024 in the T81 condition.  It was also found that heat treatments of up to 4-hours at 375°F 

and up to 100-hours at 225°F had no detrimental effect on the exfoliation resistance of the weld 

zone or parent material, making it a potential candidate for dissimilar alloy joints with PWAA. 

6.4. Al 7075 Conclusions 

A number of important findings were made with respect to the friction stir welding of 7075.  

The most commonly reported work has been on 7075-T6.  In the literature, it has been noted that 

by heat treating friction stir welded 7075-T6 material to the T73 condition, the stress corrosion 

cracking resistance can be restored, however, at the expense of exfoliation resistance, which 

develops deep localized pitting in the heat-affected zone of the weld.  Retrogression and re-aging 

was also investigated as a means to potentially restore the corrosion resistance to friction stir welds 

while maintaining the higher as-welded strength of 7075-T6 versus 7075-T73, which was the reason 

retrogression and re-aging was developed in the first place.  A beneficial strengthening effect was 

not observed, and only one RRA treatment had nearly acceptable corrosion resistance but still 

exhibited pitting in the HAZ, albeit not as severe as any of the other heat treatments investigated for 

7075-T6. 
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The most beneficial treatment discovered was 4-hours at 325°F, which completely restores 

the exfoliation resistance to friction stir welds of 7075-T73, with only a minor reduction in overall 

tensile strength.  It was also observed during a design of experiments analysis that all of the tested 

samples exhibited acceptable exfoliation resistance.  Altogether, these findings suggest that the 

proposed heat treatment for 7075-T73 is relatively insensitive to variations in material thickness in 

thin sheet material, welding parameters, electrical conductivity, normal fluctuations in oven 

temperatures, exposure time at 325°F, and natural aging prior to PWAA.  It does appear, however, 

that exfoliation resistance is further enhanced when there is a degree of natural aging prior to 

artificial aging.  The data also provides further support for the view that this is a metalworking 

process, which in many ways can be understood through thermal management and conventional 

metallurgy.   

6.5.  Dissimilar 2024/7075 Conclusions 

A thorough investigation of potential heat treatment windows for friction stir welded joints 

in 2024-T3 and 2024-T81 with 7075-T6 and 7075-T73 alloys has identified, for the first time, an 

opportunity for joining two dissimilar 2XXX and 7XXX series with the proper initial temper and 

PWAA selection for the restoration of corrosion resistance to the joint.  By welding both 2024 and 

7075 in over-aged tempers, and by applying PWAA, they maintain high strength and appear to 

achieve similar electrochemical potentials, as evidenced by the lack of galvanic attack and similar 

high electrical conductivities.  This was something that was previously not thought possible due to 

the apparently unavoidable effects of a galvanic couple from to the bonding of two dissimilar metals.  

What was observed, however, was that when 2024-T81 is friction stir welded to 7075-T73 with 

2024-T81 on the advancing side and is then heat treated for either 100-hours at 225°F or 2- to 4-

hours at 325°F, the exfoliation corrosion resistance can be largely restored.  As observed with the 
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corrosion of the single alloy joints, the corrosion resistance of the 2024-T81 side is superior to that 

of the 7075-T73 side; however, the difference is proportional to the corrosion behavior of the 

materials alone.  The tensile strength of the joint was also found to be comparable to the strength of 

the 2024-T81 naturally aged specimens. 
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CHAPTER 7 

FUTURE WORK 

 

7.1. Pitting in 7075-T6 vs. 7075-T73 

One of findings of this research which could be more closely investigated is the pitting 

response found in the heat-affected zones of 7075-T6, even with post-weld artificial aging, which is 

absent from the 7075-T73 samples when they are artificially aged.  A more in-depth investigation 

into the specific differences in the precipitate morphology between these two tempers could be very 

valuable to researchers for 7XXX series alloys, in general, as well as to more adequately explain the 

reasons behind this particular phenomenon. 

7.2. Localized Heat Treatment 

This research has also identified the possibility of developing localized heat treatments for 

friction stir welds.  Localized treatments are not possible when material is welded in an under-aged 

condition because localized heating would cause an over-aged gradient to exist in the material 

wherever the localized heating ends, i.e., it would simply widen the heat-affected zone.  However, 

when welding in the over-aged condition, the potential exists to age the nugget and TMAZ portion 

of the weld, with only a slight impact on the parent material properties due to the already over-aged 

structure having less driving force to precipitate any further. 

7.3. Tooling Designs 

In 2003, a fixed shoulder tool was developed at Wichita State University (WSU) for use in 

high-speed friction stir welding.  Recently, it was demonstrated to be applicable to conventional 

friction stir welding using the MTS I-STIR PDS™ friction stir welding machine in NIAR’s 
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Advanced Joining Technology Laboratory.  This new development combines a fixed shoulder that 

surrounds the traditional rotating pin and shoulder of fixed-pin FSW, compressing the material near 

the joint.  The result is that weld flash is eliminated, giving a smooth surface finish on both the top 

and bottom sides of the weld. 

 The tool design is based on work performed by Dr. George Talia in the Department of 

Mechanical Engineering at WSU using a fixed shoulder in conjunction with high rotational speed 

friction stir welding.  It was hypothesized that if the fixed shoulder made such a large improvement 

at high rotational speeds, then it may also be beneficial at lower rotational speeds.  Therefore, a fixed 

shoulder tool was designed to adapt to a conventional friction stir machine, as shown in Figure 160.  

The pin tool is the same pin tool design that was utilized for the preliminary and PWAA testing 

programs.  With the fixed shoulder tool, a stainless steel bushing surrounds the rotating pin tool 

applying an additional down force on the material and constraining the z-direction on the top 

surface.  This additional force prevents surface irregularities such as flash, and it may induce a layer 

of compressive stresses in the top surface, creating an effect similar to work published by Jayaraman 

et al. [121].  They used a technique called low plasticity burnishing to induce a layer of compressive 

stresses into the surface of the weld, thus improving its fatigue life.  The surface finish produced by 

the fixed shoulder welds are shown in shown in Figure 161 and Figure 162. 

 

      

Figure 160:  Fixed Shoulder Tool Design 
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Figure 161: Top View of a FSW Using a Fixed Shoulder Tool 

 

Figure 162:  Close-up of FSW Surface Using a Fixed Shoulder Tool 
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7.3.1. Microstructure 

Some very interesting observations were made from the preliminary investigations of the 

weld microstructure using optical microscopy.  First, looking at the weld macros in Figure 163, it can 

be clearly seen that although the two welds were produced using the same weld parameters on the 

same machine and using the same fixed-pin tool, they have similar but quite different 

microstructure.  The only difference between the two welds is the presence of a fixed shoulder 

surrounding the pin tool in (A) versus the fixed pin tool alone (B).  A close-up composite view of 

the microstructure of the fixed shoulder tool is also shown in Figure 164.  The fixed shoulder tool 

seems to have a much smaller effect from the rotating shoulder portion of the fixed-pin tool, as 

demonstrated by the shape of the nugget zones.  The heat-affected zone for the fixed shoulder 

appears to be larger and wider, at least optically.  Next, both the advancing and retreating sides differ 

substantially between the two.  For the fixed shoulder tool, the advancing side is smoother and the 

retreating side is more dispersed.   

 

 

Figure 163:  A Comparison of Weld Macros Using a Conventional Fixed Pin Tool 
 (A) With Fixed Shoulder Tool and (B) Without 

(A) 

(B) 
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Figure 164:  Fixed Shoulder Tool Composite Macro - 7075-T73 - 0.125-inch 

 

As shown in the higher magnification pictures in Figure 165, there may be greater partial 

recrystallization appearing on the retreating side than typically seen in conventional FSW; however, 

the other zones look typical of any friction stir weld.  In Figure 166, however, when the two nugget 

zones are placed side-by-side at the same magnification, it can be seen that the grain size using the 

fixed shoulder tool is about twice as coarse as the conventional weld nugget, roughly 10 to 12 µm as 

opposed to 5 to 7 µm.  Finally, it should be noted that these results are preliminary findings from 

only one weld made using this tooling, which is actually a bead on plate, not a true butt-weld.  

Nevertheless, it is expected that these preliminary results are representative of the effects of this new 

type of tooling. 
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(B) (C) (A) 
 

Figure 165:  Micrographs of Fixed Shoulder Tool (A) Retreating, (B) Nugget, and (C) 
Advancing 

 

 

 

Figure 166: Grain Size in the Nugget (A) Fixed Shoulder and (B) Standard FSW 

 

7.3.2. Microhardness 

When the hardness of the fixed shoulder tool weld is compared to a similar weld made 

without a fixed shoulder, as shown in Figure 167, it has a wider weld zone and higher hardness in 

the nugget and heat-affected zones.  It must be noted, however, that these conclusions are drawn 

from only one sample and that the fixed shoulder weld after 250-hours is being compared to the 

one-year naturally aged sample from the preliminary testing.  Nonetheless, the difference in aging 

time may only affect the magnitude of the hardness values; it will not change the width of the 

hardness profile, showing a clear effect from the fixed shoulder. 

 

(A) (B)
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Figure 167:  Fixed Shoulder Microhardness Values vs. Traditional FSW  

 

7.3.3. Fixed Shoulder Tool Conclusions 

The fixed shoulder tool has been shown to have an observable impact on the microstructure 

and resulting microhardness.  It also appears to have a quenching effect from the fixed shoulder, 

which is only to be expected.  This effect could be enhanced by the addition of cooling lines to the 

fixed shoulder tool to maintain a large temperature differential.  Since it is well known that 2024 and 

7075 alloys are very quench-rate sensitive, with higher strengths for higher quench rates, this 

innovation may provide a new way to enhance the mechanical properties of friction stir welds in 

2XXX and 7XXX alloys.  It is anticipated that this tool development could appreciably improve the 
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fatigue life of the as-welded material, since a potential stress raiser at the material shoulder interface, 

which is generally associated with flash production, has been eliminated.[71]  It is also possible that a 

layer of compressive stresses can be built into the top surface of the weld area from the fixed 

shoulder tool, similar to work published by Jayaraman et al. [121], thus improving its fatigue life.  In 

the future, the mechanical and corrosion properties that result from this tool design should be 

investigated as a mechanical surface treatment method to control weld temperatures and weld 

surface geometry during FSW. 
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