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ABSTRACT 

 The aviation industry is interested in advance technology that includes composites and 

friction stir welding.  As there are many advantages to friction stir welding (FSW), there are 

always ways to improve a new process such as friction stir processing/welding.  One such 

improvement is to produce a metal matrix/carbon nanotube (CNT) composite via FSW.  It is 

theorized in this work that a weld can be tailored to desired mechanical and physical properties. 

The background for such research is needed, and that is the purpose of this thesis.   

 Nickel and CNTs FSW composite material was produced by welding over a powder-

filled groove on the surface of 2024-T3 plate.  Mechanically compacting the powder was found 

to result in no noticeable loss of powder.  Further, the nickel powder welded with the parameters 

used in this experiment was found to create a well distributed composite when the groove was 

0.05” deep.  When the groove was deeper then the nickel particles tended to stay agglomerated 

just below the surface in a line.  The line of nickel particles started from the advancing side and 

as the groove was made deeper the particles in a line move toward the retreating side.  

FSW/CNTs composite material was different with different depths of grooves.  For a 0.05” depth 

grove the CNTs were seen to form lines in the metallography going down from the top 

advancing side to the upper mid-section of the advancing side of the weld.  With deeper groves 

the CNTs would stay agglomerated starting from the original position just below 0.05” deep 

groove and at greater depths the CNTs would move up in circular motion until the CNTs reach 

the surface of the weld.   

 The strength of a FSW/CNT composite under the welding parameters used was found to 

produce a weaker weld than the base aluminum weld.  Cracks were seen to form along the CNTs 



vii 
 

lines going from the top advancing side to the upper middle advancing side.  The tool used in 

this study was a high welding speed tool.  Finally the flow of nickel and carbon nanotubes was 

analyzed, and the distribution of the particles after welding was characterized and summarized.  

To successfully produce FSW/CNT composite material, it is recommended that a tool designed 

for slow, high temperature friction stir processing, one that maximizes maelstrom flow, be tested 

in future work. 
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Chapter I 

 
INTRODUCTION 

 Friction stir welding (FSW) was invented by The Welding Institute (TWI), Cambridge, 

UK in December of 1991 [1] .  FSW is a “welding process” that does not melt the metal, but 

instead joins the metal via plastic deformation.  Through plastic deformation material is extruded 

around a rotating tool, thereby locally processing the material and creating a dynamically 

recrystallized, fine-grained microstructure.  When the tool passes through an interface between 

two or more materials, that interface can be thoroughly broken up and distributed in the weld 

nugget, creating a consolidated joint.  One application well suited to FSW is joining of aluminum 

alloys.  Aluminum has a very high thermal conductivity, and will dissipate heat throughout the 

material during a conventional such as MIG welding.  Unlike in FSW, in MIG welding the heat 

is not localized due to aluminum’s high thermal conductivity and the aluminum tends to melt 

instead of creating a welding bond.  

 The aircraft industry is a leader in advanced technology, and has a large interest in FSW.  

Applications of FSW include joining skin panels, cargo beams, repair of aging aircraft parts, and 

welding of space flight hardware, such as the space shuttle’s external tank.  One challenge for 

FSW is that it is still a relatively new process with many questions not fully answered; such as 

how to predict the effects of tool design and welding parameters on the flow of material around 

the pin.   
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 Colligan [2] has done pioneering work in characterizing flow of material during FSW by 

welding with steel balls in the weld using radiography.  Zao [3] has done research in flow of 

material during FSW using another marker method using dissimilar materials.  Stop action to 

characterize flow has also been utilized [4].  Stop action is where the pin is stopped during the 

welding process, and retracted without damaging the weld.  The weld can then be characterized 

at the moment of flow around the tool.  These characterization methods have increased the 

knowledge of flow during FSW; however there is still much to learn. 

 More research is required to understand this flow process, and of one particular interest is 

how powder will flow around the pin when added during welding.    To the author’s knowledge, 

only limited research relating to welding powder into a metal via FSW has been done previously.  

Thus, a study to predict the flow of powder in FSW was preformed and the possibility of 

producing a composite was analyzed. 

 Composites have revolutionized the way materials are used since they can be engineered 

or tailored to the required application.  Typically, there is a matrix and a filler or reinforcement.  

One common example is carbon-carbon composite, where the amorphous carbon is the matrix 

and the carbon fibers are the reinforcement.  As the aircraft industry requires the most advanced 

materials, the combination of composites and FSW for novel applications is of great interest.   

 By adding specific particles, the physical and mechanical properties can be engineered or 

tailored to the necessary applications.  For example, the surface of the weld can possibly be 

hardened by adding hard particles such as carbon bucky balls or tungsten powder.  Another such 

example, is adding carbon nanotubes (CNTs) to a weld to increase the longitudinal strength of 

butt welds or the shear strength of lap joints.  Corrosion is a concern in FSW and it may be 
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possible to change the electrical and oxide resistance by addition of other types of powders.  

Since cracks in body frames and skin panels of aircraft require repair or remove from surface, it 

may be possible to repair the metal by filling the crack with powder and welding over the crack 

effectively removing the crack. 

 While the above applications are possible, there are many variables that are still 

unknown.  The exact method of which to carry powder into the weld must be known; also the 

distribution and flow of the particles when welded must be known in order to produce a FSW 

composite.  The purpose of this paper is to develop a procedure to carry two types of powder 

(Nickel and Carbon Nanotubes (CNT)) into the FSW and characterize the distribution of powder.  

The mechanical properties of a FSW CNT/aluminum composite will also be characterized.        
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Chapter II 

 FRICTION STIR WELDING LITERATURE REVUIEW 

1.1 Overview of Friction Stir Welding 

 Friction stir welding (FSW) is a novel method of joining two materials together without 

melting the parent material.  FSW was patented in 1991 by The Welding Institute in England.  

This solid state joining process can easily weld difficult material such as Titanium, Magnesium 

and Aluminum, where conventional methods are difficult.  Two materials are butted together and 

clamped into place so they can’t move.  A rotating tool is plunged into the material(s) to be 

welded.  The frictional force from the rotating tool heats up the material and “stirs” the two 

pieces together.  Basic terminology used in FSW is the advancing, retreating sides, shoulder, 

flash, base metal, thermo-mechanically affected zone (TMAZ), heat affected zone (HAZ) and 

weld nugget.  When two pieces of material, such as shown, are butted up against each other, one 

side is called the retreating side and the other the advancing side.  Since the tool is rotating in a 

clockwise direction, the side on the right is coming toward the tool (advancing), while the side to 

left is going away (retreating).  The advancing and retreating sides will have different 

microstructures because of the different mechanical and heat affects of the tool.  Figure 0-1 

shows the retreating and advancing side as does Figure 0-2, but Figure 0-2 also shows the 

shoulder, deformed grains, onion ring pattern which is not always present, base metal, TMAZ, 

HAZ and the weld nugget.  The shoulder is the part of the tool that rides along the top surface of 

the weld and maintains the welding forging pressure around the pin.  Deformed grains are caused 
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by the tools mechanical deformation of the material.  The onion ring pattern is widely believed to 

be caused by adiabatic shearing that will be discussed in detail later.  There are three zones 

created by FSW that are critical in evaluating the weld.  These zones are surrounded by base or 

parent metal.    The HAZ is where heat has changed the microstructure in precipitation 

strengthened alloys, but no plastic deformation has occurred.  The TMAZ is where the material 

has been partially deformed, but not fully recrystallized and can experience a significant amount 

of precipitation due to the high temperatures experienced in this zone.  The nugget is the fully 

deformed and dynamically recrystallized region of the weld that directly results from the passage 

of the rotating tool.  

 

 

Figure 0-1: The tool is moving in a clockwise 
rotation so the side that comes toward the weld 
is called the advancing side, while the side that 
is going away from the tool is called the 
retreating side. 

Figure 0-2: The basic microstructural changes 
in friction stir welding and locations. 
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1.2 Overview of Adiabatic Shear Bands 

 

Figure 0-3: Simple schematic of friction stir welding (a), a schematic showing dynamic 
recrystallization and dynamic recover (b), a schematic showing adiabatic shear bands of 
dissimilar materials (c), a schematic showing grain growth of shear zone (d), and simplistic 
adiabatic shear bands that allow bulk material to flow (Adapted from [5]) 

  

 The joining of metal in FSW is a complex process that is affected by many variables.  

Different models have been proposed to explain the existence of onion rings under various 

process conditions [s18-20]. For example, Figure 0-3(a) shows a schematic of FSW based on a 

model proposed by Murr et al. [5].  Their schematic shows how the weld is made by “stirring” 

two materials, A and B, into each other with a tool.  The component that makes FSW different 

than conventional welding is that the material is not actually welded by melting, but by 

mechanical “stirring” the materials together.  According to Murr et al one “stirring” mechanism 

a 

b 

d 

c 

e 
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of different materials is called adiabatic shearing.  They report that adiabatic shear bands may be 

observed in FSW, and this is comparable to other forms of deformations such as impact 

cratering, and penetration involving flow of both the penetrator and the target to form the 

penetration channel, ballistic plugging, metalworking working operations such as punching and 

machining, equal channel angular processing, and a variety of dynamic processing phenomena.  

The adiabatic shearing bands undergo extreme shearing, with shear strains as large as 10 in/in [6]. 

Dynamic recrystallization (DRX) and “superplastic flow” cause sliding of sub-micron, equiaxed 

recrystallized grains that allow for large strains.  They also discussed the role that Dynamic 

recovery (DRV) and mechanically-assisted sub-grain rotation and coalescence also play in the 

creation of equiaxed grains.  

 Figure 0-3(b) uses a pictorial to describe the process of DRX and DRV.   The 1st step 

shown in Figure 0-3 (b) is the parent metal with a standard amount of dislocations.  The 2nd step 

is the onset of plastic deformation which starts the creation of more dislocations and grain 

boundary sliding.  Only 5% of the energy is used in causing mechanical deformation, and the 

remaining 95% of energy is released in the form of heat [7].  The remaining energy, in the form 

of mechanical deformation will induce strains that will deform the grains into elongated grains 

with a large dislocation density.  This phenomenon can be seen in Figure 0-3 (b) step 3.  The 

fourth step shown in the figure is dynamic recrystallization and “superplastic flow”.  On the 

micro-scale, long narrow collections of sub-micron grains are pulled in bulk together, while 

another group is either pulled in the opposite direction or at a different rate in the same direction.  

The “superplastic flow” creates adiabatic shear bands that can be viewed without the aid of 

magnification.  The 5th step as seen in Figure 0-3 (b) is grain growth and DRV.  The heat created 

from the shearing of metal encourages diffusion and allows for atoms to rearrange in a lower 
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energy level, which reduces the amount of dislocations.  Also, the excess heat allows for more 

diffusion that increases the size of the grains by the mechanism of grain growth.  In FSW the 

time needed for grain growth to occur is very limited.    

 Figure 0-3 (c) shows two materials moving in a “superplastic flow” and yet separated.  

As the different materials have different properties such as melting temperature, strength, 

stiffness and ductility the materials will segregate into separate adiabatic bands.  Figure 0-3 (d) 

shows two adiabatic bands with separate materials, however one material (white) is more 

susceptible to grain growth and larger grains are created compared to the other material (grey).  

Figure 0-3 (e) depicts adiabatic bulk “superplastic flow” [5].  Only the areas next to the bands 

move while bulk material in the bands is not affected by the mechanical deformation.  Once 

again properties such as melting temperature, strength, stiffness and ductility affect the outcome.   

1.3 Grains 

While in a few cases adiabatic shear bands explain the mechanical mechanism of friction stir 

welding, the heat affected metallurgical microstructure effect is quite dramatic.  Figure 0-4 

describes grain changes like Figure 0-3 but puts more emphasis on how the change in grain size 

is developed.  Slip is the process by which plastic deformation is produced by a dislocation 

motion [8].  Figure 0-5 is a cartoon which shows that slip lines (a) are developed in the grain 

structure and are dislocations moving on the most favorable slip system (b), thus the lines are 

parallel to each other.  At some critical strain, the internal or plastic strain energy saturates and 

recovery and recrystallization occur either allowing for large shear through special interfacial 

orientations, or extensive grain refinement which facilitates large shear strains by thermal 
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activation/internal energy context[5].  New grains will develop inside the old grains.  This can be 

seen on step 3 of Figure 0-4.  Steps 4 through 8 of Figure 0-4 are affected by recovery, 

recrystallization and eventual grain growth.  Once again in conventional FSW there is no time 

for grain growth to occur.   

 

Figure 0-4: Grain size change due to dynamic 
recovery and recrystallization.  Adapted from 
[5]  

 

Figure 0-5: Slip lines inside the grain 
boundary are moving via the easiest slip plane 
in the crystal structure.  Adapted from [5]  

1.4 Recovery, Recrystallization and Grain Growth 

Recovery, recrystallization and grain growth are key metallurgical phenomenon that has been 

well documented and researched.  These metallurgical phenomena are critical to friction stir 

welding.  Recovery is the process by which energy stored in the form of deformed grains is 

relieved by the virtue of vacancy movement that will accommodate dislocation rearrangement 

through climb and glide.    

a 

b 
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After recovery, strain energy can be further reduced through the formation of unstressed grains.  

Recrystallization is the process by which a new region of strain-free and equiaxed grains are 

formed that has low dislocation densities.  The 3rd step is grain growth; this is where the large 

grains consume smaller grains.   All three of these metallurgical phenomena occur in friction stir 

welding.  Dynamic recrystallization is largely found in the nugget where the grains are small ~3 

μm[9]; however, limited amounts of static recrystallization also occurs in the TMAZ.  Recovery 

mainly occurs in the TMAZ and hotter regions of the HAZ.  Lastly, depending on the alloy and 

the process parameters, grain growth may occur in the weld nugget in the wake of the tool during 

the time that it takes for the dynamically recrystallized grains in the nugget to cool below a 

transition temperature where grain growth can no longer occur.  

1.5 Microstructure Change after FSW 

Booth et al. [9] did an extensive study on the change in microstructure after FSW of AA 2024-

T351 specimen.  Differential scanning calorimetry (DSC), hardness testing, scanning electron 

microscopy (SEM) and electron backscatter diffraction was used to characterize the weld.  DSC 

was used to explain the change in hardness by quantifying the region across the weld in terms of 

co-cluster dissolution and reformation of S phase formation, coarsening and dissolution.  SEM 

and SEM electron backscatter was used to investigate the “onion ring” structure or adiabatic 

shear bands in the nugget.   
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Figure 0-6: Metallography of a FSW weld analyzed by Booth et al. Adapted from [9] 

 

 From Figure 0-6 the location of HAZ, TMAZ, Nugget, Flow Arm, and weld toes can be 

seen.  The weakest point will change due to welding condition and materials welded, however it 

has been reported that for 2519 aluminum[10] the HAZ is the weakest point of the weld pulled in 

transverse direction when the welding speeds traveling settings 3 in/min or less.  However, when 

the travel settings were increased to 3.5 or 4 in/min had tensile fractures in the nugget.   

 In the TMAZ and nugget, the shear forces by the tool will create bands of different 

microstructures or adiabatic shear bands.  Figure 0-7 shows that when looking at image (a) there 

is a band with and without intergranular inclusions (b-c).  Thus, the intermetallic precipitates are 

being moved or dissolved locally. 
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 Figure 0-8, image (a) shows very few intermetallic phases after welding, but image (b) 

shows that there were many intermetallic precipitates in the parent metal before being welded.  

In this case, a substantial proportion of the intermetallics were dissolved by the high 

temperatures in the weld nugget.  This is an important result since the intermetallic phases can 

increase the strength by blocking dislocation movement when they are well distributed and 

coherent with the matrix.  Figure 0-9 (a) shows the Vickers hardness tests done on adiabatic 

shear bands.  The lighter bands are harder by 7 HV than the dark softer bands.  Since 

intermetallics increase strength and hardness and there are less intermetallics in the dark 

 

Figure 0-7:  Adiabatic shear zones (a) and two 
close up images-1um of the different bands (b-
c).  Notice how band b has no intergranular 
(white precipitates in-between the grains) 
precipitates and band c does.  Adapted from [9] 
(SEM BEI) 

 

 

Figure 0-8:  Image (a) shows very little left 
over intermetallics (white) for FSW, while the 
parent metal has abundant intermetallics. 
Adapted from [9] (SEM BEI) 

b

a

a 

b c 
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adiabatic bands, it is conceivable that a crack may propagate along the weaker shear band.  This 

can be seen on Figure 0-9 (b). It should be remembered that these results are tool dependent 

 

Figure 0-9:  Hardness test (a) and crack propagation (b) 
images in relation to adiabatic shear bands. Adapted from 
[9] 

 

Figure 0-10: The hardness profile of the 
FSW (a) and the DSC results showing 
points C and D have little Cu-Mg co-
clusters.  Adapted from [9] 

 

 DSC is a thermoanalytical technique in which the difference in the amount of heat 

required to increase the temperature of a sample and a reference are measured.  By utilizing 

endothermic and exothermic chemical reaction of different intermetallics, the intermetallics can 

be quantified.  For example at ~150 ˚C, there is an endothermic reaction from dissolution of Cu-

Mg co-clusters (also referred to as GP or GPB zones).  Figure 0-11 shows Cu-Mg co-clusters, 

and notice that the clusters are on the nano scale.  At ~250 ˚C there is an exothermic reaction 

caused by the formation of the S-phase from the Cu-Mg co-clusters.  Figure 0-12 shows the 

microstructure of a 2024-T3 aluminum alloy, and the dark phase is mostly the S-phase. After 

a b 

Crack 

b 

a 
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~300 ˚C there is a long endothermic reaction caused by dissolution of the S-phase (Al2CuMg).  

At approximately 500 to 515 ˚C, incipient melting occurs which produces an endothermic 

reactions [11-13].  

 

Figure 0-11: TEM image of Cu-Mg co-cluster 
in a 2024 aluminum alloy. Adapted from[14]  

 

Figure 0-12:  Metallography of a 2024-T3 
alloy; The majority of the dark phase is S-
phase (CuMgAl2), but there are some 
Cu2Mn3Al20 Cu2FeAl2 in the metallography. 

 

 On Figure 0-10, the base material is labeled as point A.  Notice that on image (b) the A 

curve has a very large exothermic reaction.  This reaction predicts that a large amount of S-phase 

is precipitating out of solid solution.  This is expected in the parent material of a 2024-T3 

aluminum alloy, because the heat treatment is T3 which is a naturally aged temper without S-

phases.      

 The peak hardness for the HAZ region (B on Figure 0-10) shows that a significant 

amount of S-phase has already been precipitated due to the small amount of endothermic 

reaction observed.   The next areas, C and D the HAZ/TMAZ border drops in hardness mainly 
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due to the coarsening of strengthening precipitates[15].  This is clearly an overaging response 

due to the heat cycle. 

 Looking at point C, the reaction shows very little endothermic reaction meaning that 

there is very little co-cluster dissolution.  At ~250 ˚C, there is no increase in temperature 

showing that the S-phase was completely formed.  These results are consistent with an overaged 

aluminum alloy.   

 At the minimum hardness, D there is very little change in the temperature during the 

experiment.  This suggests that re-solution and rearranging has already occurred.  Once again 

this is consistent with an overaged 2024 aluminum alloy as would be expected in the lowest 

hardness region. 

 In the weld center, (F and E) there is an increase in co-cluster dissolution peak and a 

larger peak in the formation of the S-phase.  It has been shown that an intermediate exothermic 

or two humps on the DSC curve at 250-350 ˚C is seen on curve E.  The formation of an Ω 

(Al2Cu) phase is possible under slow cooling welds[16], or it is also possible that the occurrence 

of S-phase in the form of two orientation relationship variants could be the possible double 

exothermic effect[17].     

 The precipitation effects of intermetallics are a large contribution to the strength of a 

2024-T3 aluminum alloy; however, there are other factors that contribute to the strength such as 

grain size, intra-granular deformation or dislocation density in a grain and grain boundary 

misorientations.  The Hall-Petch equation is the classical understanding of grain size vs. strength.  

The equation produces a liner response to a reduction in grain size, which will increase the 
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strength.  This equation utilizes two constants ky and σ0.  This equation, however, may not be 

valid for very large or very fine polycrystalline materials[7, 18].    

 The relation between strength and grain size is primarily based on two factors: 

1. If two grains are of different orientations, a dislocation passing into grain B will 

have to change its direction of motion; this becomes more difficult as the 

crystallographic misorientation increases. 

2. The atomic disorder within a grain boundary region will result in a discontinuity 

of slip planes from one grain into the other. 

 The Hall-Petch equation no longer applies when the boundary orientations between 

grains do not follow a statistical average.  For example, from Figure 0-13 it can be seen that the 

nugget has a large amount of high angle boundaries, but less low angle boundaries.  The 

advancing side TMAZ has a similar frequency of high angle boundaries, but also has a high 

frequency of low angle boundaries (<10˚).  The retreating side TMAZ has a lower proportion of 

high angle boundaries, and a high frequency of low-mid angle (2-20˚) boundaries.  Thus, from 

this data the nugget can be expected to be the hardest due to increased dislocation energy needed 

to move across a high angle grain boundary.  The retreating side TMAZ will have the least 

strength, because dislocations can easily move from one grain into the next.  The advancing side 

TMAZ, based on grain boundary misorientation, should follow Hall-Petch’s equation 

assumptions.   
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Figure 0-13:  The grain boundary 
misorientations for the nugget, retreating and 
advancing sides.  Adapted from [18] 

 

Figure 0-14:  The grain size in the nugget (a) 
and the intra-granular deformation (b); green 
grains show high intra-granular deformation, 
while blue is normal intra-granular 
deformation.  Adapted from [18] 

 

Figure 0-15:  The grain size on the retreating 
side (a) and the intra-granular deformation (b); 
green grains show high intra-granular 
deformation, while blue is normal intra-
granular deformation.  Adapted from [18] 

 

Figure 0-16:  The grain size in the advancing 
side (a) and the intra-granular deformation (b); 
green grains show high intra-granular 
deformation, while blue is normal intra-
granular deformation.  Adapted from [18] 

  

 Another factor in the Hall-Petch equation that is not taken into account for is the disorder 

in the grains.  Larger lattice disorder caused by defects in the crystal structure can prevent 

dislocations from moving from one grain to the next.  This is commonly referred to as 

dislocation pinning.  Figure 0-14 show ~4.5 μm grains (a), while (b) shows the grain deformation 

in comparison to least deformed point in a grain.  Blue highlights the least deformed point in a 
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grain while green to red shows larger intra-granular deformation.  Due to recrystallization the 

grains have very little deformation, as is seen.   

 The retreating side of a FSW joint is very complex microstructure with no clean 

boundary between the nugget and TMAZ.  The nugget as seen in the image has slightly smaller 

grains of 5.6 μm compared to the majority of the grains in the TMAZ as 6.8μm; there are very 

large grains mixed into the TMAZ.  The large grains also have the most intra-granular 

deformation as is seen on Figure 0-15, this is logical due the fact that recrystallization has never 

occurred. 

 Unlike the retreating side the advancing side has a clear boundary.  The mean grain size 

in the nugget is 4.9 μm; while on the TMAZ there are larger elongated grains with a mean size of 

13.5 μm.  This size difference can be seen in Figure 0-16 (a).  In Figure 0-16 (b), the deformation 

map once again shows that the smaller recrystallized grains have very little deformation while 

the larger grains in green have more intra-granular deformation.   

1.6 Material Flow of FSW 

 Knowledge of the material flow in the nugget is critical to understand how a secondary 

material can be tailored to be positioned in the weld.  This is necessary knowledge for the 

production of a FSW composite.  There are two flow directions in friction stir welding.  

Typically, the majority of the flow is in the longitudinal direction, while there is some mixing in 

the weld in the transverse plane.  Depending on the weld parameters chosen and tool design, 

there can also be vertical flow from the crown to the root of the weld. 
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Figure 0-17:  2D flow of material around a 
tool.  Adapted from [19]  

Figure 0-18:  3D deposited position of FSW 
material following the passage of the tool 
through a transverse row of marker material. 
Adapted from [3] 

 

 Figure 0-17 shows Seidel et al. [19] proposed movement of FSW that looks like a 

horseshoe.  Due to metal flow dynamics, the material will be taken from the advancing side and 

moved around the tool to roughly its original general location.  The material closer to the 

retreating side will move farther away from the tool while the material near the advancing side 

will stay closer to the tool.  Strain rates were thought to be higher in the advancing side since the 

material has to travel farther and in the same time period (~ 1 revolution of the pin).  
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Figure 0-19:  The placement of markers used in 
Zhao et al. study.  Image (a) is the side view 
and image (b) is the top view of the marker 
placement.  Adapted from [3] 

 

Figure 0-20:  A 2D image of the 3D composite 
used in find the flow of material in FSW.  
Image (a) is not influenced by the shoulder, 
while image (b) is (0.5mm under the weld 
surface).  Adapted from [3]  

 

 Zhao et al. [3] did a very interesting paper on the flow of material around different types 

of tools.  Figure 0-18 shows an example of how the material is deposited in the stir zone after it 

flows around the advancing tool.  Marker insert technique (MIT) was used to characterize the 

flow by inserting markers in an aluminum alloy at 6 different positions as is seen on Figure 0-19.  

Metallography was done on each spot at different depths and a 3D view was produced from the 

multiple images.  The result is from using the tool to weld through the marker.   Figure 0-20 is a 

2D example of an image made to use in the 3D composite.  Figure 0-20 (a) has very little 

material moved in front of the advancing side, because it is lower in the weld and has little 

influence by the shoulder.  Figure 0-20 (b) is near the shoulder, so it is dragged forward by the 

shoulder.  Note that this is not a stop-action test; the tool position has passed through this 

location and the dotted circle in Fig. 6-20 is only meant to represent the sizes of the tool shoulder 

and probe.  Zhao et al. theorized that the material was “pulled” forward by the shoulder, because 
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the shoulder contact with the top surface of the weld and creates large amount of friction.  The 

friction creates heat and softens the material, thus under frictional and viscous force, a mass 

amount of material has moved forward.  All of the material moves forward on the advancing 

side.    

 In general, Zhao et al. observed the following flow characteristics of FSW under the 

parameters used (note that different parameters and tools produce different results): 

i. Some material near, but outside the periphery of the pin on the advancing side is 

displaced in the forward direction of welding relative to its original position. 

ii. For any material actually in the path of the pin, the flow reverses and results in material 

being displaced to a position behind (relative to the welding direction) its original 

position. 

iii. On the retreating side of the weld, material is displaced only backward and no material is 

found in front of its original position. 

iv. No material was transported further backward than one pin diameter behind its original 

position. 

 

Figure 0-21: Metallography and 3 tools (taper (b - d), column (a - e) and taper with screw thread 
(c - f) FSW tools and metallography) used to make the weld.   Adapted from [3]  
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Figure 0-22:  3D plot of markers flow welded by (a) column pin, (b) taper pin and (c) taper with 
screw thread pin.  2D Material flow using different pins (d) column pin, (e) taper pin and (f) 
taper with screw thread pin.  Notice that going from left to right the “holes” or lack of mixing is 
reduced.  Adapted from [3] 

 

 Figure 0-21 shows the metallography done to the transverse section of the welds by the 

different tools, ((a-e) taper, (b-d) column and taper (c-f) with screw thread).  From the images, it 

can be observed that there is incomplete filling in the advancing lower section of the welds made 

by the taper and column tools.  Figure 0-22 confirms the holes in the 3D marker plots.  The weld 

made by the column pin (d), shows no mixing and a large wormhole on the advancing side in the 

lower part of the weld.  The weld made by the taper pin shows some filling of the hole seen in 

the column pin (d), however the hole is still there in the 3D composite view and metallography.  

The tapered pin with screw thread pin shows no hole in the lower advancing side as seen in the 

other pins, also it should be noted that the 3D composite shows much more mixing than the other 

pins.  For mixing powders in a FSW, it is expected that a taper pin with threads would do the 

best mixing.  
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Figure 0-23:  Two pins with different scrolled shoulders. (a) is a conventional scrolled shoulder, 
while (b) is newly designed scrolled surface called the WiperTM.  Adapted from [20] 

 

 D. A. Burford, et al. [20] developed a superior scrolled shoulder tool when surface 

roughness needs to be minimized.  Figure 0-23 shows a conventional scrolled shoulder (a) and 

the WiperTM scrolled shoulder (b).  The WiperTM was shown to be superior because it produced 

an even force on the plate at all times due to the continuous surface on the shoulder.  Looking at 

the conventional scrolled shoulder it can be seen that the surface will vibrate experience 

intermittent shoulder contact due to the grooved surfaces which extend all the way to the edge of 

the shoulder.  A conventional scroll and WiperTM scroll were used to weld a nickel coated 

aluminum specimen.  The WiperTM scroll and conventional scroll were able to put more nickel 

into the weld at higher tilt angles. From Figure 0-24 it can be seen that the WiperTM makes a 

much smoother surface.  The process of putting a foreign material into the weld is critical to 

producing a FSW composite, and since the surface is the easiest way to introduce this material, 

the WiperTM Scroll at a large tilt angle has some potential benefits.   
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Figure 0-24:  A backscattering SEM image of a friction stir weld with nickel (white particles) 
welded into the weld.  Notice how the larger the tilt angle is the more particles are introduced 
into the weld.  Adapted from [20] 

  

 A critical part of putting foreign material into a FSW is that the particles will get stirred 

into the weld instead of being pushed out, and this was proven as is seen in Figure 0-25 and 

Figure 0-26.  The nickel particles from the surface were mixed into the weld by the stirring 

action of the tool.  The amounts of particles found in the center of the weld between the two 

scroll shoulders were not quantified.  However, looking at Figure 0-25 and Figure 0-26 it can be 

seen that the conventional scroll has more nickel particles.  The WiperTM scroll is still a better 

choice even though it puts less surface material in the weld, because of better surface finish.  
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Also, it is expected that particles added to the weld via the surface will be more likely to stay in 

the weld because of the continuous surface.   

 

Figure 0-25:  Backscattering SEM image of the 
center of the weld that was welded with the 
conventional scroll.  Adapted from [20] 

 

Figure 0-26:  Backscattering SEM image of the 
center of the weld that was welded with the 
WiperTM scroll.  Adapted from [20] 

 

 Colligan [2] did pioneering work on material flow by use of small steel balls and 

radiography.  380 μm steel balls were dropped into a precut groove in different spots around the 

weld.  The specimen was welded with the steel balls in the groove.  After welding, radiography 

was used to characterize the placement of the steel balls.  Two different materials, 6061 and 7075 

aluminum alloys were tested.  For the 6061 aluminum alloy, the tool was stopped and retracted, 

thus the steel balls can be seen flowing around the tool as would be expected during the welding 

cycle.  However, the 7075 aluminum alloy required a different welding machine that was unable 
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to stop and retracted without causing damage, thus the steel balls going around the tool may have 

been skewed from their true positions. The spots tested for material flow caused by FSW can be 

seen on Figure 0-27 for the 6061 aluminum alloy and Figure 0-30 for the 7075 aluminum alloy.      

 Figure 0-28 and Figure 0-29 show the final position of the steel balls after being welded.  

Notice that positions 1, 2, 3 and 4 are in the top part of the weld.  With the exception of 4, all 

have similar flow patterns.  The steel balls are shown to be pushed down into the weld.  The 

dominant force creating the unique flow pattern is expected to be from the shoulder.  

 Position 4, 8 and 12 are all on the retreating side.  Position 4, 8 and 12 just go around the 

tool and end back in the original position.  The middle position 7, 11 and 14 are skewed to the 

retreating side and all show similar patterns.  As with the retreating side, the steel balls flow 

around the tool and end up in the same spot as before, except they are slightly shifted to the 

retreating side.  Position 7 and 11 are shown to be pushed up from the original location.  Position 

14 is on the bottom of the weld and stays there. 



27 
 

 

Figure 0-27:  The placement of the steel balls 
in 6061 aluminum alloy.  Adapted from [2] 

 

 

Figure 0-28: A top view of the flow of steel 
balls around the tool for the 6061 aluminum 
alloy.  Adapted from [2] 

 

Figure 0-29: A side view of the flow of steel 
balls around the tool for the 6061 aluminum 
alloy.  Adapted from [2] 

  

 Position 6 and 10 defies the flow proposed by Seidel et al.[19], in that the steel balls do 

not flow in a “horseshoe” fashion.  It is important to note that the steel balls do not have the same 
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metal flow dynamics as the base material, thus this could be the cause for the discrepancy.  

Position 6 and 10 also are pushed up by the welding from the original position.  Position 13 is on 

the bottom of the weld and has little change in the position of the steel balls after welding.   
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Figure 0-30:  The placement of the steel balls 
in 7075 aluminum alloy.  Adapted from [2] 

 

 

Figure 0-31: A top view of the flow of steel 
balls around the tool for the 7075 aluminum 
alloy.  Adapted from [2] 

 

Figure 0-32: A side view of the flow of steel 
balls around the tool for the 7075 aluminum 
alloy.  Adapted from [2] 

 

 Position 5 and 9 are both on the advancing side, but do not flow in the same manner.  

Position 5 flows around the tool and ends up farther toward the advancing side.  Position 9 
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breaks up into two sections, one is on the retreating side while the other is on the advancing side.  

Both position 5 and 9 are pushed up in the weld.    

 Figure 0-31 and Figure 0-32 show the path of the steel balls after FSW of the 7075 

aluminum alloy.  The flow patterns in general are the same; however the flow is much more 

chaotic in the 6061. This can be seen in position 1, 2, and 6.  The top of the weld positions are 

seen to have the best mixing, which is caused by the shoulder influence.  Also, the steel balls are 

seen to move down from their original position, but not below the midpoint of the weld.  A 

statement was made that the steel balls of 380 μm would block the threads on the pin.  By 

blocking the threads on the pin, the mixing potential is not seen.  It is expected that a material 

used for the marker that is more like the parent material will produce better results.  A material 

that is small enough to fit in the groves of the pin is expected to be better too.      

1.7 Friction Stir Welding Literature Conclusion 

  Friction stir welding has complex periodic flow and microstructural changes that in some 

cases are difficult to predict and therefore requires close controls of many process variables.  

Grain size, orientation, dislocation density and shape directly affect the strength of the weld.  The 

Adiabatic shears bands that are produced by some weld tool and process parameter combinations 

can cause softer regions that cracks may propagate along.  Models based on basic fluid dynamics 

show the flow of FSW flows in a “horseshoe” fashion around the pin; however it has been shown 

that this is much more complicated.  For any material actually in the path of the pin, the flow 

reverses and results in material being displaced to a position behind (relative to the welding 

direction) its original position.  On the retreating side of the weld, material is displaced only 
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backward and no material is found in front of its original position.  The design of the shoulder is 

critical in mixing foreign material into the weld from the surface.  The best mixing of the 

material is seen near the top of the weld where the shoulder can influence the welding behavior. 

Characterization of FSW flow must also take into account the flow caused by the threads or other 

features on the tool.  Smaller markers that can fit into the screws and flow like the parent 

material will give more accurate FSW flow behavior, and mixing foreign particles into a weld to 

form a composite is expected to be more successful at the top of the weld where the flow is more 

chaotic. 
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Chapter III 

 CARBON NANTOUBES AND ATOMIC BONDS 

1.8 Electron Shells of Carbon Nanotubes 

 Carbon nanotube (CNT) properties are directly related to the CNT atomic structure, thus 

it is important to understand the atomic structure of a CNT.  CNTs are made up of carbon atoms 

which have 4 valance electrons.  A Bohr description of a carbon atom is shown on Figure 0-1; 

notice there are four atoms in the last shell.  The electron configuration is 1s2 2s2 2p2, where 1s2 

is the first shell that can hold 2 electrons, 2s2 and 2p2 requiring a total of eight electron to fill the 

outer orbit.   Thus, 8 electrons allowed in the outer shell minus the 4 electrons already in the 

outer shell will allow for 4 bonds, however looking at a CNT structure seen on Figure 0-2; it has 

only 3 atoms bonded together.   
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Figure 0-1:  A Bohr model showing a carbon 
atom has 4 valance electrons. Adapted from 
[21] 

 

Figure 0-2:  A CNT structure with 3 atoms 
connected together. Adapted from [22] 

1.9 Bond Hybridization 

 Bond hybridization explains why carbon nanotubes have only 3 bonded atoms instead of 

4 bonded atoms.  Bond hybridization is the electron configuration falling to the lowest energy 

level possible by “bond hybridization” or combining of two bond levels.  Electrons do not orbit 

the nucleus as a planet would orbit the sun, but revolve in a path based on probability around the 

nucleus.  It is more accurate to think of electron orbitals around a nucleus as electron densities 

around a nucleus instead of revolving.  Depending on the orbital i.e. s, p, d, and so on, the 

electron densities will fill specific areas around the nucleus.  For example looking at Figure 0-3, 

s orbitals will produce electron densities in the form of a sphere.  P orbitals will produce electron 

densities configured as two balloons joined together with the center as the nucleus.  D orbitals 

will produce electron densities of two balloons with a doughnut formation in-between the two 

spheres and the nucleus in the center of the doughnut.  F orbital will produce electron densities of 

two skewed balloons with two skewed doughnuts at the junctions where the two spheres touch; 
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which also is the location of the nucleus as is seen on Figure 0-3.  Note on Figure 0-3, sigma (σ) 

and pi (π) bonds are the bond resultant of bond hybridization.    

 

Figure 0-3:  S, P, D and π orbital electron densities shown. Adapted from [23] 

1.10 Sigma and Pi Bonds 

 There are 3 types of bond hybridization sp, sp2 and sp3.  Carbon nanotubes have sp2 bond 

hybridization.  Spn bond hybridization occurs because 2s and 2p orbitals are covalently bonded, 

and covalent bonds required symmetric bonds.  However, if the 2s and 2p orbitals are full, then 

two different bond lengths and bond energies are created.  Thus, nature finds a way to make 

symmetrical bonds with the same lengths and bond energy by combining both the s and p orbital 

into one “hybridized” sp bond.  Sp bonds are typically identified as a sigma bond, and have a 

high electron density in-between the two nucleuses as seen on Figure 0-4.  Because of the 
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concentrated electron density, sigma bonds are the strongest covalent bond known; which can 

help explain why carbon nanotubes have an extraordinary strength.  In carbon nanotubes, pi 

bonds are caused by filling of 2p2 orbitals, and will help bond 1 atom connected by the sigma 

bond.  Pi bonds are much weaker bonds because the bonds occur on the sides of the atoms.  This 

is because they are further away from the nucleus as is seen on Figure 0-5.  The pi bond can 

create a resonance, or non-localized 2p2 orbital that can move into 3 different positions in a 

carbon nanotube as is seen on Figure 0-6.   

 

Figure 0-4: A sigma bond showing the high 
electron density in between two nucleuses. 
Adapted from [24] 

 

Figure 0-5:  A pi bond showing the high 
electron density around the sides of the 
atoms.  Adapted from [24] 
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Figure 0-6:  Carbon nanotube chemical structural formula showing three sigma bonds and a pi 
bond in resonance; Notice all three possible configurations of the pi or second bond.   

1.11 Delocalized Pi Bonds 

 The e shown in Figure 0-6 is symbolizing two delocalized electrons.  Electrons can spin 

in two directions typically called ½ or -½.  The reason metals have high conductivity is that the 

electrons are free to move about.  The delocalized bonds in carbon nanotubes allow for the 

extraordinary electrical properties of CNTs.  When looking at the molecular structure of CNTs 

each carbon is connected by a pi and sigma bond as is seen on Figure 0-7.  The author has 

chosen to shown the pi bonds on all sides, however by convention double bonds are shown as 

only being on 3 sides.  In reality, pi bonds are connected to all carbons by are ½ a bond, so the 

second bond is typically shown on only three sides.  6 pi bonds worth ½ bonds produced 3 totals 

bonds to each carbon unit cell.  Since the pi bonds are delocalized and there is symmetric in the 

molecular structure of CNTs.  Double bonds are connected through-out the molecular structure, 

and electrons are free to move the length of the carbon nanotube.  If defects disrupt the symmetry 

then electrons have a difficult time moving the length of the carbon nanotube.   



37 
 

 

Figure 0-7:  A carbon nanotube molecular structure, notice a sigma and pi bonds connecting each 
carbon.  The author has choose to show the pi bonds on all C bonds, but a pi bond is considered 
½ a bond so typically double bonds are shown with three bonds on a unit cell. 

1.12  Sp2 Bond Hybridization 

 Sp2 bond hybridization will not only occur in CNTs, but also in ethane (C2H4).  Sp2 bond 

hybridization will always be distributed at 120 degrees on the x-y plane.  The use of the x-y 

plane for the sp2 bonds is by convention, and in nature the three sigma bonds can be on any 

plane.  The pi bond will always occur 90 degrees from the x-y plane.  Figure 0-8 shows the bond 

configuration, and notice how the pi bond is brought together by the ½ and -½ electron spins.  

Sp2 bond hybridization is able to reduce the free energy by bringing down two of the 2p orbitals 

into a sp orbital, and then increasing the 2s free energy to produce a 2p orbital for a total of three 

sp bonds.  Figure 0-9 describes the process of sp2 bond hybridization.      
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Figure 0-8: Sp2 bond hybridization showing 
three sigma and one pi bonds; also note the ½ 
and -½ election spins creating a second bond.  
Adapted from [25]   

Figure 0-9: By hybridization the orbitals the 
free energy of the system is reduced; notice 
there are 1 possible 2p or pi bonds and 3 
possible sp or sigma bonds available for a sp2 

bond.  Adapted from [25] 

1.13 Structure of Carbon Nanotubes 

 A carbon nanotube can be described as a grapheme sheet rolled into a cylindrical shape 

so that the structure is one dimensional with axial symmetry, and in general exhibiting a spiral 

conformation called chirality[26].  This is best shown by Figure 0-10where it shows a graphite 

sheet (A) formed by carbon bonds.  Graphite sheet are very flexibility (B), and can move like a 

blanket.  A graphite sheet is easily rolled up into a tube (C), and made into a carbon nanotube 

(D).   
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Figure 0-10: A pictorial of a graphite sheet rolling up into a carbon nanotube.  A sheet of 
graphite (A), the flexibility of a sheet of graphite (B), the rolling up of a graphite sheet (C) and a 
carbon nanotube (D) is shown.  Adapted from [27] 

1.14 Carbon Nanotube Mechanical Properties: 

 Carbon nanotubes have been found to have incredible mechanical properties, such as 

theoretical tensile and elastic modulus strengths of around 29 Mpsi and 153 Mpsi [28]-[29].  

However, empirical data shows that tensile strengths are around 8.7 [30] Mpsi for CNT, which is 

much lower than predicted.  The elastic modulus however is very close to theoretical strength of 

around 145 [30] Mpsi.  Interestingly, theoretical calculations have shown that the elastic 

modulus is not dependent on defects.  It may be possible to produce a stiff aluminum/CNT 

composite that can be use in structure applications due to its increased stiffness even with CNT 

defects.  Theoretical research has shown that defects in CNTs can reduce the strength 60 percent 

[31] before breaking.  It is possible friction stir welding of CNTs may create defects that will 

reduce the strength to 5.22 Mpsi.  It should be noted that 60% reduction in strength is a 

theoretical calculation and does not take into all variables such as the strength between the 
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matrix and CNT.  The smaller length to diameter ratio will decrease the ability of the matrix to 

transfer the load.  It is possible that friction stir welding will cut the CNTs into smaller CNTs 

that will reduce the ability of CNTs to carry the load, however Lucie et al. [32] found that some 

carbon nanotubes survive. 

1.15 Survival of Carbon Nanotubes in FSW  

 Lucie et al. [32] filled a hole in a specimen with carbon nanotubes, and FSW welded over 

the hole to find out if carbon nanotubes would survive.  Raman spectroscopy is a spectroscopic 

technique used in condensed matter physics and chemistry to study vibrational, rotational, and 

other low-frequency modes in a system.  In this case, Raman spectroscopy is used to quantify the 

atomic bonds.  D band (~1295/cm) describes amorphous carbon bonds, while the G band 

(~1580/cm) describes carbon nanotube bonds.   Looking at Figure 0-11, 4 graphs can be seen.  

The 4 graphs are shifted up in arbitrary units.  This is so each curve can be easily compared to 

each other.  The three top curves are the spectra of the carbon nanotubes found in three places in 

the fractured surface.  Looking at the D band (~1295/cm), there is a noticeable peak.  This would 

suggest that there is amorphous carbon or broken carbon nanotubes.  It is important to note that 

the G band (~1295/cm) is still a large peak after FSW, which suggests some carbon nanotubes 

survived.  The last curve shows the Raman spectrometry curve of the carbon nanotubes before 

FSW.  An interesting note that the paper didn’t mention is that the Raman spectrography was 

taken on a fractured surface, which could mean the larger D band is the result of the fracture.  

Figure 0-12 shows SEM images of the carbon nanotube cluster that survived.  This is proof that 

carbon nanotubes can handle the extreme shear stress in FSW, which is necessary if a successful 

CNT/Aluminum composite can be produced via FSW. 

http://en.wikipedia.org/wiki/Spectroscopy�
http://en.wikipedia.org/wiki/Condensed_matter_physics�
http://en.wikipedia.org/wiki/Chemistry�
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Figure 0-11:  Raman spectrography of carbon 
nanotubes after FSW (top three), and carbon 
nanotubes without FSW.  Adapted from [32] 

 

Figure 0-12:  SEM image of carbon nanotubes 
after FSW.  Adapted from [32] 

1.16 Superplasticity of Carbon Nanotubes 

 CNT that are FSW will have large amounts of shear stress and heat applied to them. 

CNTs have been shown to survive FSW[32], but the survival process is not complete understood.  

Theoretical calculations have shown carbon nanotubes to have 20% ductility[33], however in 

practice only 6%[34] has been observed.  The shear stress of FSW would be expected to fracture 

a material of only 6% ductility; however one possible explanation for the survival is that CNT 

are superplastic materials.  J. Y. Huang et al. [35] showed that at extreme temperatures a CNT 

can be deform by 280%.  In order to be superplastic, a solid crystalline material can be deformed 

well beyond its usual breaking point.  This is usually over 200% during tensile deformation, thus 

a CNT deforming by 280% is well over the qualification to be considered superplastic.  Figure 

0-13 shows a CNT elongated at extreme temperature of 1093 C˚ (a-d), and a CNT elongated at 

room temperature (e-g).  It can be seen that temperature plays a critical role in the amount of 

http://en.wikipedia.org/wiki/Solid�
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elongation a CNT can handle without breaking.  FSW produces heat in the range of 400 to 500˚ 

C.  Research has not been done of the ductility at temperatures of 400 to 500˚ C; however it can 

be expected the CNT will be much more ductile at higher temperatures.  The CNT not only 

elongates, but as would be expected the diameter of the CNT is reduced.  The CNT diameter was 

reduced by 15- fold, or from12 nm to 0.8 nm.  This is significant in that as the diameter of the 

CNT is reduced, the stiffness of the CNT is increased.  This stiffness can be attributed to the 

internal stresses of deforming the sp2 bonds that have 120˚ bond angles.  By introducing the 

curvature of the carbon sheet, the bonds must be deformed to a higher energy state, or different 

bond angle then 120˚. The higher energy state creates the stiffness as dislocations would do in a 

metal.   A FSW CNT/Aluminum composite that is stiff is very advantageous as it is difficult to 

increase the stiffness of aluminum alloys.   
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Figure 0-13:  A CNT being deformed tell breakage at 1093˚ C (a-d).  A CNT being deformed tell 
breakage at room temperature (e-g).  The arrowheads mark kinks, and the arrows indicate 
unchanged features.  

1.17 Metal Matrix Reinforced with Carbon Nanotubes 

CNTs have been shown to change the properties in metals drastically, and an 

understanding of other CNT/metal composites that have been researched will help with the 

production of a FSW CNT/Aluminum composite.  Metal matrix composites are an attractive 

material for applications were toughness, strength, and ductility is desirable; however some 

metal composite have difficulties with interfaces between the reinforcement and matrix. One 

such composite is conventional carbon fiber/aluminum.  This composite becomes weaker due to 

the formation of aluminum carbide (Al4C3) [36] .   Aluminum carbide is not expected to form 

when producing a CNT/aluminum composite.  The lack of formation of aluminum carbide is due 

to low graphitic basal plane surface free energy (0.15 J/m2), compared to that of the carbon fiber 

prism planes (4.8 J/m2) [37].  Using Kelly-Tyson’s formula [11] a calculated strength of 270MPa 



44 
 

is expected from a 10% CNT/Al composite; which is considerably higher than the strongest 

conventional aluminum metal. 

 Kuzumaki et al.[38] proved that CNT/Al composite produced by hot-pressed and hot-

extrusion methods do not damage the CNT, also there is no reaction product at the CNT-Al 

interface even after annealing for 24 hours at 704 °C.  Interesting the aluminum composite held 

its tensile strength and ductility even after 100 hours at 600 °C; where conventional aluminum 

metal losses its strength and ductility.  Retaining physical properties at high temperatures are 

goals for many industrial applications, such as jet engines, drills, and superconductors to name a 

few.   

 Unfortunately, Kuzumaki et al. research did not show any improvements in 

CNT/Aluminum composite physical properties over that of aluminum.  The lack of improvement 

in physical properties could be due to agglomeration of CNT, alignment of CNT, and/or 

CNT/Aluminum interface.   

 Due to agglomeration of CNT in a metal matrix, it has been doubted whether CNT/metal 

composites strengths can be increased by whole factors over that of the non-reinforced matrix 

[39]-[40].  Cha et al. [41] proved that using a novel process called “molecular-level mixing” a 

CNT/Copper (Cu) composite can achieve strengths several times higher than the matrix.  

Molecular-level mixing consists of suspending CNTs in a solvent by surface functionalization, 

mixing Cu ions with the CNT suspension, drying, calcination, and reduction.  Molecular-level 

mixing creates CNT/Cu composite powers, whereby the CNTs are homogeneously implanted 

within the Cu Powders.   
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 Molecular-level mixing overcomes van der Waal’s force by mixing CNTs with functional 

groups in a solution; creating a functionalized CNT.  The electrostatic repulsive force created by 

the functionalized CNT is greater than van der Walls force, thus creating a stable suspension.  

Then, a salt containing the material matrix, in this the case Cu acetate is added to the suspension.  

The solution now consists of suspended CNTs, solvents, ligands, and metal ions.  A sonication 

treatment is then used to disperse the Cu ions among the suspended CNTs, and promotes a 

reaction between the Cu ions and the functional groups on the CNT surfaces.  The functionalized 

CNTs with attached Cu ions are depicted and proved in Figure 0-14.  After sonication is done, 

the solvent is heated to 100-250°C in air to remove the solvent and ligands.  Also, during the 

heating the Cu ions and CNTs are oxidized to form powders, which results in a CuO and Cu2O 

powder.  The last step is to take the resulting powders and heat to 300°C in air to form a stable 

CNT/CuO powder, and reduced under a hydrogen atmosphere to form the desired CNT/Cu 

powder.  It is important to note that the final product has CNTs inside the Cu powders as seen on 

Figure 0-15, which mean that the CNT will not agglomerated at the grain boundaries as seen in 

traditional sintering or hot-pressing methods.  The powders where fabricated into bulk material 

by 5 and 10% CNT/Cu nanocomposites by spark plasma sintering. 
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Figure 0-14: Schematics depicting strategies and 
procedures for the molecular-level mixing process 
to fabricate CNT/Cu composite powders: a) 
making a functionalized stable CNT suspension in 
ethanol, b) dissolution of a Cu salt and  attaching 
Cu ions to the functional groups on the surface of 
the CNT, c) vaporization of the solvent by 
heating. d) Fourier-transform IR (FTIR) 
spectroscopic analysis of CNTs after purification, 
which shows that some functional groups 
containing N and O formed on the surface of the 
CNTs, and e) FTIR analysis of dried powders 
before calcination, which shows that Cu ions 
reacted with the functional groups on the CNTs. 

Figure 0-15: Microstructures of CNT/CuO 
and CNT/Cu composite powders, where the 
CNTs are homogenously implanted in the 
matrix.  a) Scanning electron microscopy 
(SEM) micrographs of CNT/CuO composite 
powders, b) SEM micrographs of CNT/Cu 
composite powders, c) transmission electron 
microscopy (TEM) micrographs of 
CNT/CuO composite powders, showing that 
CNTs are implanted within the matrix with 
good bonding at the interface between CuO 
and the CNTs (inset), and d) schematic 
depiction of the CNT/Cu composite powder. 

 

 

 TEM observation showed CNT forming a network within the Cu grains, and physical 

properties were characterized with a compressive test.  The 5% volume CNT/Cu composite 

showed a yield strength of 360 MPa, which is 2.3 times that of the Cu matrix.  At 10% volume 

CNT/Cu composite yield strength was 455 MPa, which is more than 3 times higher than that of 

the Cu matrix.  Using a generalized shear-lag model [42], the calculated yields strengths are 370 

MPa and 589 MPa for the 5% and 10% CNT/Cu composite.  The calculated yields strengths are 

higher than the experimental yields strengths because misalignment of the carbon nanotubes 
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within the Cu matrix, thus if the CNT where well aligned then the shear-lag model could predict 

yield strength of CNT/Cu composite correctly.   It should be noted that if the Cu matrix yield 

strength was increased to 1 GPa using other strengthening mechanisms, than additionally 

reinforcement of CNT into the matrix would produce a material with a yield strength over 3 GPa.     

It has been shown that CNT/Metal composite can revolutionalize industry with new and 

novel properties.  CNT/Al composites can be used at higher temperatures then aluminum metals 

because the composite will retain the composites original strength.  CNTs can be functionalized 

to improve interface on most all metals, thus increasing strength and young’s modulus.  The 

most revolutionary achievement in CNT/metal composites is the molecular-level mixing 

technique that reported a 3 times increase in yield strength in a Cu matrix.   
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CHAPTER IV 

PROCEDURE TO PRODUCE ALUMINUM/Ni/CNT FILLED GROOVED SPECIMEN 

 

 In order to characterize the flow of powder welded into a friction stir weld, a specimen 

must be produced that can contain the powder and prevent it from being expelled during the 

welding process.  Lucie B Johannes et al [32] used a simple hole in the path of the weld filled 

Carbon Nanotube (CNT) powder.  This method was successful in welding the CNTs into the 

metal, also no powder was expelled.  Based on this information, the simplest method of 

containing the powder and successfully welding it into the specimen is expected to be a groove.   

 The groove should be as narrow as possible to help prevent the powder from blowing 

away or otherwise being expelled during welding.  If the groove is narrow, then to hold the same 

amount of material, the groove must be deeper.  A deeper groove is expected to weld more 

powder into the specimen.  The following is the procedure for producing a grooved specimen. 

 The following materials were used in production of the friction stir weld specimen.  4 x 

12 x 0.5 inch aluminum 2024-T3 specimens were provided by the Advanced Joining & 

Processing Lab in the National Institute for Aviation Research (NIAR) at Wichita State 

University (WSU).  The NIAR Research Shop mills were used to cut the grooves.  Aluminum 

and nickel powders were purchased from Fisher Scientific (particle size 32 um).   

 The first step was to produce a groove that is a certain depth and width.  The depth and 

width must be kept constant throughout the whole specimen.  The groove width was made using 

a saw blade, shown in Figure 0-1, with a width of 0.017 inch.      
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 A clamp was set up on the mill as seen on Figure 0-2 and the accuracy of the depth of the 

groove was based on how well the clamp was in line with the mill.  A projector as seen on Figure 

0-3 was used to check how well the clamp was in line with the mill.  If it was not within ± 0.001” 

then the clamp was adjusted.     

Figure 0-1:  The saw blade used to cut 
the groove into the specimen.  Notice 
the thin blade (0.017”) 

 

Figure 0-2:  The mill used 
to produce the groove in the 
specimen. 

Figure 0-3:  The 
projector used to 
measure the accuracy 
of the groove depth.  

           After the clamp was in line with the mill, the specimen is was put into the clamp as seen 

in Figure 0-4.  The specimen may have had some bend or bow to it, thus a large metal plate was 

put behind the specimen to help straighten the specimen as is seen in Figure 0-5.  The specimen 

was lifted up by a small plate under the specimen so the mill had enough clearance to cut the 

groove in the center.  The clamp was tightened as tight as possible to keep the plate straight.  The 

specimen was checked again for straightness and was found to be within ±0.003”.  The next step 

was to cut the specimen.  In order to cut the specimen to a desired depth, the surface must be 

zeroed out to the tool.  This was done by moving the tool to as close as the surface as possible 

without touching.  A small strip of metal 0.001” thick was put between the surface of the 

specimen and tool.  The tool was brought toward the specimen as far as possible and alloying the 
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strip to be pulled out between the tool and the specimen; the tool was considered to be on the 

surface.  By using the strip it can be verified that the tool is within 0.001” of the tool surface, 

however it is most likely closer due to deformation of the strip. The mill and tool also have some 

error in alignment but after adding up the possible error of ±0.003 specimen alignment, ±0.001 

surface located and mill/tool alignment it is expected that the specimen is within ±0.005” of the 

desired depth.  

 

Figure 0-4:  The mill set up after lining up the 
clamp. 

 

Figure 0-5:  Notice the large metal plate behind 
the specimen to prevent dimensional 
inaccuracy due to bowing or bending. 

  

 The mill was then adjusted to the desired depth. The mill was set to 168 rpm and a table 

movement of ¾ in/min.  The settings were set slow because the small 0.017” blade had a 

possibility of failing at higher rpm.  The orientation and rotation of the blade was also verified. 

 The mill was turned on and the lever was switched to move the table.  As the blade cut 

lubrication was sprayed on the tool and surface.  The lubrication helps cool the tool and 

specimen down, while improving the cutting surface.  The specimen being cut with lubricant 

applied can be seen on Figure 0-6.  Figure 0-7 shows the specimen’s groove almost cut and a 
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straight groove can be seen behind the tool.  Some wobble was seen as the tool cut, however 

after looking at the cut under a borescope no width change was noticed.  It is possible that the 

groove helped align the blade and the wobble did not create any error in the width.  The next step 

is to put the powder into the groove. 

 

Figure 0-6:  A groove being cut in the 
specimen and lubricant applied to the tool and 
surface of the specimen to improve cutting. 

 

Figure 0-7:  The groove is almost completed 
and notice the straightness of the groove width. 

 

 Now that the groove has been cut it is necessary to put aluminum or nickel powder in the 

grooves.  After welding, the distribution of the powder can predict the mixing of powder by 

friction stir welding.  However, putting powder into the groove and packing the powder in a 

small groove with a width of 0.017” was found to be more difficult than anticipated.  Two 

methods of packing the powder into the grooves were developed.  Both methods used the 

materials shown in Figure 0-8 with the exception of the press tool.  Aluminum powder, weight 

boats, masking tape, syringe, acetone and a knife blade were used for the first method of packing 

the powder.  The second method uses the first method and then is complemented by mechanical 

packing.  The press used to pack the powder is seen in Figure 0-9.   
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 The sides of the specimen were taped as seen on Figure 0-10.  By taping the sides the 

powder was not able to come out of the groove on the open sides.  The aluminum powder was 

then poured from the container into a weigh boat and small amount of the powder was put on the 

specimen.  Once the powder was on the surface, the powder was worked into the groove with a 

knife blade as is seen on Figure 0-11.  Once the groove was filled with powder, acetone was 

metered onto the surface with a syringe as seen on Figure 0-12.  The acetone-wet the powder, 

which then settled into the groove and effectively packed the powder into the groove.  The result 

was that the majority of the voids in the powder were removed.  This procedure was repeated, 

letting the acetone dry after application until the powder stayed at the top of the groove after 

applying acetone. 
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Figure 0-8:  The materials used to pack the 
powder in the specimen without the press. 

 

Figure 0-9:  The materials 
and press used to back the 
powder. 

 

 

Figure 0-10: Taping the sides so the powder 
will not fall out. 

 

Figure 0-11:  Working the powder in the 
groove with a knife blade. 
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Figure 0-12:  Using a syringe to apply acetone 
to the groove filled with powder to help pack 
the powder. 

 

Figure 0-13:  A tool made to press the powder 
in place to 30 tons/in2. 

 

 The acetone packed powder was used in the nickel marker study; however it was found 

that the powder was being pushed out of the groove, and only a portion of the powder was being 

stirred into the weld.  In order to compact the powder, a press tool was built.  There was some 

difficulty in making a press tool that can fit into a groove that is 0.017” wide, however, using the 

NIAR Research Shop and a cold rolling machine, this high tolerance press tool was produced.  

Material was again provided by the Advanced Joining & Processing Lab.  Two pieces were 

milled 1” by 12” by an end mill.  A thin piece of sheet metal was cold rolled to a thickness of 

0.014”.  The thickness of 0.014” was chosen because this was the largest thickness that easily 

slides through the groove.  The cold rolling strengthened the metal sheet to help resist 

deformation when pressing; it also elongated the sheet metal. 

 The thin sheet metal was taken back to the NIAR Research Machine Shop and the shear 

press was used to cut a 12” long sheet out of it.  The two metal pieces were put on either side of 

the thin sheet metal.  An end mill was used to cut all four edges of the three materials to produce 
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uniform dimensions.  After the three pieces had the same dimensions, with the exception of 

thickness, seven holes were drilled into the part on the face side.  A second bit was used to make 

a hole for the screw head and was drilled into each of the seven holes.  The holes were taped and 

screws were screwed in.  By using 7 screws, the sheet metal was held ridged between the two 

plates.   

 The thin sheet metal was removed from the two plates and the screws replaced.  The two 

plates screwed together were put back on the mill, and an end mill cut 0.05” off the top surface.  

The plates were taken off and the thin sheet metal replaced.  The final dimension of the thin 

sheet metal was 0.05” taller than the plates.  The press tool made can be seen in Figure 0-13. 

 The thin press tool blade can be seen in Figure 0-14.  There was some difficulty in getting 

the blade lined up to the groove, however since the blade was rigid due to the plates on each side 

the blade had minimal bow.  So, one side was lined up to the powder filled groove and a small 

amount of pressure was placed on the press tool.  The other side was lined up, and the first side 

was verified to still be inline.  Once the press tool was in line with the groove, the press was 

pumped up to a pressure of 0.51 ton.   When taking into account the area of the press tool blade; 

the pressure being place on the powder is 30 ton/in2.  The pressure was shown on the gauge to 

the left of the press as seen in Figure 0-16.   

 After a specimen has been produced that has a groove of 0.017” width, 0.05” depth and 

filled with nickel or aluminum powder, the powder was compacted to 30 ton/in2.  The specimen 

was packaged for handling to make sure powder does not come out on the transport and then 

taken to the Advanced Joining Lab.  This was done using tape to cover the groove and prevent 

the spilling of powder as shown in Figure 0-17.  The next step was to weld the specimen. 
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Figure 0-14: The press tool; notice how thin 
the tool blade is. 

 

Figure 0-15: The press putting force down on 
the powder via the tool blade. 

 

 

Figure 0-16:  The pressure gauge on the press 
showing a pressure of about 0.51 tons. 

 

Figure 0-17:  The finished specimen wrapped 
up for transfer to Advanced Welding Lab. 

 

Tool Blade 
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Figure 0-18:  A schematic of the specimen 
used to characterize the distribution of nickel 
powder at different groove depths in an 
aluminum specimen. 

 

Figure 0-19:  The actual specimen before 
welding. 

 

1.18 Marker Specimen 

 

 Before a FSW powder/aluminum composite can be produced, the distribution of powder 

must be known, also the method of welding the powder into the weld must be known.  A groove 

cut on the top of the surface of the plate was found to be the simplest method to deliver powder 

into the weld.  The groove was filled with powder and then welded.  The distribution of powder 

was then characterized.  A specimen was designed with different groove depths as seen in Figure 

0-18.  Grooves of 0.025”, 0.050”, 0.075” and 0.100” depths were made by machining four 

grooves.  Figure 0-19 shows the actual specimen used in the experiment. 
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Figure 0-20:  Nickel powder being welded into 
2024-T3 aluminum 

 

Figure 0-21:  The specimen after welding.   

 

Figure 0-22:  The specimens taken from the 
welded piece.  The number after the dash at the 
end of FSW08005-(x) is the identification of 
the weld made.   

 

Figure 0-23:  Nickel powder was observed 
being pushed out of the weld of the retreating 
side. 

 

 After packing the groove, the specimen was welded as is seen in Figure 0-20.  The white 

circle shown in Figure 0-21 shows the direction and rotation of the welding tool.  Thus, the 

arrow pointing left or right is the direction of the weld, while the arrow in rotation identifies the 

direction of the tool rotation.  
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 Figure 0-22 shows the specimens that were taken in which part of the weld.  2M1 and 

2M2 are specimens from the welded groove of 0.025”.  2M3 and 3M3 are taken in the transition 

region between 0.025” and 0.5”.  2M4 and 2M5 is taken in the 0.05” region.  3M1 and 3M2 is 

taken in 0.075” depth, and 3M4 and 3M5 is taken in the 0.1” depth groove.  

 Some flash was produced during the welding of specimen.  This can be seen in Figure 

0-20, Figure 0-21 and Figure 0-22.  By changing the welding parameters, the flash was 

eliminated; however when looking at the metallographies of 2M1 and 2M2, the amount of 

powder welding into the specimen was different.  Figure 0-24 shows the 2M1 specimen that was 

welded over a 0.025” groove with nickel and shows the flash formation.  Figure 0-25 shows the 

2M1 specimen that was welded over a 0.025” groove with nickel without the flash formation.  

From these two figures, it can be seen that by producing flash during the welding process, the 

amount of powder welded into the weld will be reduced. 

 

Figure 0-24:  2M1 specimen metallography 
welded over a 0.025 groove filled with nickel.  
The large black particles in the welded region 
are nickel.  Notice there are less particles then 
2M2   

 

Figure 0-25:  2M2 specimen metallography 
welded over a 0.025 grooved filled with nickel.  
The large black particles in the welded region 
are nickel.  Notice there are more particles then 
2M1  
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 Figure 0-23 shows that a considerable amount of powder was ejected out of the weld on 

the retreating side.  However, some nickel was welded into the weld as seen on both Figure 0-24 

and Figure 0-25.  More powder was observed outside the weld with the flash than without the 

flash.  All images seen in this report will have the advancing side on the right and the retreating 

side on the left. 

 Even though not all of the powder was consolidated into the weld, enough of the nickel 

powder was able to get into the weld and a distribution of nickel particles can be seen.   Figure 

0-26, Figure 0-27, Figure 0-28 and Figure 0-29 show the distribution of nickel at different 

groove depths filled with nickel, and all had the same width of 0.032”.   Figure 0-26 shows the 

specimen 2M2 which was welded over a groove of 0.025” filled with nickel.  The distribution of 

nickel particles is very promising in the possibility of producing a FSW composite as it can be 

seen that the particles are well distributed.  The particles do favor the advancing side however.  

Figure 0-27 shows the specimen, 2M5 which was welded over a groove of 0.050” filled with 

nickel.  The distribution of particles is still fairly good. However, there are some agglomerations 

at the top of the weld, and the agglomerated particles seem to favor the top of the weld on the 

advancing side.   Figure 0-28 shows the specimen, 3M2 which was welded over a groove of 

0.075” filled with nickel.  This specimen shows the worst distribution seen.  There are two large 

agglomerations of nickel which are slightly in the retreating side of the weld.  However, there are 

still some particles well distributed.   Figure 0-29 shows the specimen, 3M5 which was welded 

over a groove of 0.100” filled with nickel.  This specimen has six agglomerations throughout the 

weld and some well distributed particles.    
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Figure 0-26:  2M2 specimen which welded 
over a 0.025” groove filled with nickel.  Notice 
the good distribution of particles. 

 

Figure 0-27:  2M5 specimen which welded 
over a 0.050” groove filled with nickel.  Notice 
some agglomeration at the top of the weld. 

 

Figure 0-28:  3M2 specimen which welded 
over a 0.075” groove filled with nickel.  Notice 
the large agglomerations of nickel. 

 

Figure 0-29: 3M5 specimen which welded over 
at 0.100” groove filled with nickel.  Notice 
there are large agglomerations of nickel spread 
throughout the weld. 
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Figure 0-30: The welded specimen used to 
characterize the distribution of nickel and 
aluminum powder from a wider (0.093”) 
groove (A).  Images of both nickel (B) and 
aluminum (C) powder filled in wide grooves 
that were welded.  Powder was pushed out on 
the retreating sides and settings used created 
flash on the retreating side.  

1.19 Prevent Powder from being Forced Out of the Weld 

 The affect of a larger width groove and less depth was tested to find the affects of particle 

distribution.  The groove width was 0.093” and the depth was 0.025”, while the specimens 

previously used had a width of 0.032” and varying depths.  Figure 0-30 shows that welded 

specimen (A), both nickel (B) and aluminum (C) filled in the groove was pushed out as seen in 

the smaller width grooves.   
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Figure 0-31:  An image of the specimen used to qualitatively characterize the powder discharged 
from welding the powder filled groove skewed to the advancing and retreating side of the weld 
(A).  The close up views of the retreating (B) and advancing (C).  Notice how there is more 
powder discharged from the weld by welding on the retreating side (B). 

 

 Figure 0-31 was welded with an aluminum filled groove with a width of 0.017” and a 

depth of 0.050”.  The tool bit yaw was orientated such that at the start of the weld the groove was 

on the advancing side and progressed to the retreating side.  This was done to see if the 

advancing or retreating side discharges more powder. Looking at Figure 0-31 (A), the specimen 

used can be seen.  The horizontal black line shown represents the groove location, and as the 

weld progresses, it moves from the advancing side to the retreating side.  Figure 0-31 shows 

close up views of the both the retreating (B) and advancing (C) sides.  From these two images it 

can be seen that much more powder is ejected out of the weld on the retreating side then the 

advancing side.  
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Figure 0-32:  The press tool Figure 0-33:  Side angle of the 
press tool 

 

Figure 0-34:  
Specimen being 
pressed. 

 

 

Figure 0-35:  Nickel powder pressed into a groove with a width of 0.017” and a depth of 0.050”.  
Notice very little powder came out of the groove. 

 

 To study the effects of loose powder and compacted powder, a pressing process was 

utilized to increase the density.  The powder was pressed into the groove by use of a press tool as 
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seen on Figure 0-32 and Figure 0-33.  Figure 0-34 shows the powder being pressed to 0.5 tons or 

30 tons/inch2.  Figure 0-35 is a specimen that has nickel powder that was pressed 30 tons/in2 in a 

groove with a width of 0.017” and depth of 0.050”.  Looking at Figure 0-35 (A), it can be seen 

that there is very little nickel particles discharged.  Also, image (B) shows a larger image of the 

starting point where the groove is centered, but as it progress the welding tool moved to the 

retreating side as is seen on image (B).  Both the advancing and retreating sides show very little 

powder discharge.   

 

Figure 0-36:  Nickel powder pressed into a 
groove and welded on the retreating side.  
Notice that large amount of particles are on the 
top of the weld. 

 

Figure 0-37:  Nickel powder pressed into a 
groove and welded in the middle of the tool 
bit.  Notice there is no agglomeration and good 
distribution of particles. 

1.20 Powder Distribution vs. Advancing and Retreating Sides  

 Figure 0-36 shows a metallography of Figure 0-36 (C) or the nickel pressed specimen 

welded on the retreating side.  It can be seen that there is a large amount of particles distributed 

on the top of the weld.  Figure 0-37 is a metallography of Figure 0-35 (B) where the groove was 

welded in the center of the tool.  There are some concentrated particles on the top of the weld.  
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However, there is good distribution of particles throughout the rest of the weld, but mostly 

concentrated on the advancing side.  

 

Figure 0-38:  Nickel pressed in a groove with a 
depth of 0.1 in. 

 

Figure 0-39:  Nickel pressed in a groove with a 
depth of 0.1 in. 

1.21 Large Groove Depths Filled with Nickel 

Figure 0-38 and Figure 0-39 are metallographies taken on a specimen that has nickel powder 

pressed at 30 tons/in2, groove width of 0.017” and a depth of 0.100”.  Looking at both images it 

can be seen that large agglomerations stay in the upper-advancing side of the weld.  Once again 

as in the nickel pressed with groove depth of 0.050” the particles are well distributed with a 

higher concentration on the advancing side in the mid and lower parts of the weld. 
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Figure 0-40: Nickel pressed in a groove with a 
depth of 0.15 in. 

 

Figure 0-41: Nickel pressed in a groove with a 
depth of 0.15 in. 

 

Figure 0-40 and Figure 0-41 are metallographies of a FSW specimen with a 30 ton/in2 pressed 

nickel filled groove of 0.150”.  Figure 0-40 is a metallography at the beginning of the weld, and 

Figure 0-41 is a metallography at the end of the weld.  A pattern of large agglomerated particles 

can be seen going from the top advancing side to slightly lower areas of the retreating side.  Both 

images show approximately the same pattern.  The distribution of nickel particles on the 

retreating side is much more prominent than in the shallower grooves. 
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1.22 Plastic Deformation of Particles Characterized by Magnetic Force Microscope 

 

Figure 0-42:  Magnetic force microscopy of nickel particles FSW in a 0.025” depth groove (not 
pressed).    

 

 Figure 0-42 shows magnetic force microscopy (MFM) of nickel particles in aluminum.  

The nickel particles were not pressed into the specimen due to the possibility of plastic 

deformation to the particles.  A groove with a depth of 0.025 and width of 0.032” or specimen 
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2M1 was characterized with MFM.  Images A, D, E, I, J, M and L show very little plastic 

deformation, however images B, C, F, G, and H appear to show significant amount of plastic 

deformation.   Image B and C seem to be deformed at an angle with the higher side on the 

retreating side and lower side toward the advancing side.  These two images are also located 

together on the bottom retreating side of the weld.  F, G, and H appear to have plastic 

deformations occurring too, but instead of looking like they were cold rolled; these images look 

more like a tear drop formation, specifically image H. These images are all located in the top-

middle advancing side of the weld. Since the as-received powder was examined under 

magnification and was found to be uniform in shape, it would appear that the noted particles 

were deformed in the FSW process.   

1.23 Aluminum Powder Sold State Diffusion in FSW 

 

Figure 0-43: A specimen where aluminum filled 
nickel groove was welded over.  Notice that not 
all the aluminum was dissolved into solid solution 
by the welding. 

 

Figure 0-44:  A specimen where an aluminum 
powder was pressed into a groove and welded 
over.  Notice that all aluminum was dissolved 
into solid state solution. 
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 Figure 0-43 shows a specimen that has a groove width of 0.017 at a depth of 0.050”.  

This specimen was not pressed into place.  It can be seen that in the upper advancing side of the 

weld the aluminum has not dissolved into the metal by solid state diffusion.  Figure 0-44 which 

has the same depth and width has Figure 0-43, but was pressed by 30 tons/in2 show no signs of 

the aluminum powder. 

1.24 The Affects of CNT/Aluminum Powder Welded into Aluminum by FSW 

  

Figure 0-45:  A specimen (FSW08005-12) FSW over a groove with a depth of 0.050” and a 
width of 0.017 filled with 50% CNT and 50% aluminum and pressed to 30 tons/in2 (A).  Notice 
that CNT are pushed out of the retreating side (B, C). 
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Figure 0-46:  Defects on the advancing side of 
the weld 

 

Figure 0-47:  A metallography of Figure 0-45.  
Notice that the CNTs are seen in the top 
advancing side, and defects are seen in the 
middle-advancing side. 

 

 Figure 0-45 shows a specimen (FSW08005-12) with a 0.017” wide, 0.050” deep groove 

filled with 50% CNT and 50% aluminum and pressed to 30 tons/in2(A).  Even though this 

specimen was pressed, the CNT/Aluminum still came out on the retreating side (B, C).  Large 

amount of voids or defects were found on the advancing side of the weld as seen in Figure 0-46.  

These defects appeared to be highly influenced by the onion rings typically seen on the top of a 

weld.  Figure 0-47 shows the metallography of this specimen.  Notice that visually there is a 

large concentration of CNTs on the top advancing side of the weld, also there is large voids in 

the center and middle-advancing side. 
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Figure 0-48: A specimen (FSW08005-13) FSW over a groove with a depth of 0.050” and a width 
of 0.017 filled with 25% CNT and 75% aluminum and pressed to 30 tons/in2 (A).  Notice that 
CNTs are not pushed out of the retreating side (B, C). 

 

Figure 0-49:  The welding tool in the process 
of welding the specimen.  Notice how there is 
minimum flash or particles around the tool. 

 

Figure 0-50:  A metallography of specimen 
FSW08005-12; notice how there is no voids, 
but CNTs can be seen in the advancing top part 
of the weld. 
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 Figure 0-48 shows the specimen FSW08005-13 (A) that has a groove width of 0.017” 

and a depth of 0.050”.  The groove is filled with 25% CNT and 75% aluminum.  Looking at 

images (B and C), it can be seen that there is little powder discharged from the welding.  Figure 

0-49 shows the tool welding the specimen and there was very little flash or particles that were 

produced during the welding.  Figure 0-50 shows the metallography of this specimen, and it 

shows no defects, but some concentrated lines of CNTs on the top advancing side.   
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Figure 0-51:  A specimen (FSW08005-14) FSW over a groove with a depth of 0.100” and a 
width of 0.017 filled with 33% CNT and 67% aluminum and pressed to 30 tons/in2 (A).  Notice 
that CNTs are not pushed out at the beginning of the weld (B), but towards the end of the weld 
the CNTs are pushed out (C). 

 

 

Figure 0-52: Pressed CNT/aluminum pushed 
out of the weld in solid blocks as can be seen 
by the long black rod in the middle of the 
image. 

 

Figure 0-53:  Metallography of Figure 0-51 
from the start of the weld.  Notice the CNTs 
are in lines going toward the top advancing 
side, and they are jumbled together in the 
upper-middle region of the weld. 
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 Figure 0-51 shows the specimen FSW08005-14 (A) that has a groove width of 0.017” 

and a depth of 0.100”.  The groove is filled with 33% CNT and 67% aluminum.  Looking at 

image (B), it can be seen that there is little powder discharged from the weld, however on image 

(C) there is some CNT and aluminum powder ejected out of the weld.  This can be seen on 

Figure 0-52.  Notice the large black rod in the middle of the image; this is the CNT/aluminum 

material that was pressed into the groove, and was “chipped” out near the end of the weld.  

Figure 0-53 is a metallography of Figure 0-51 near the start of the weld.  Notice the large clump 

of CNT/aluminum powder in the middle of the weld. The CNT/aluminum line formations are 

still on the advancing side. 

 

Figure 0-54:  A specimen (FSW08005-15) FSW over a groove with a depth of 0.100” and a 
width of 0.017 filled with 33% CNT and 67% aluminum and pressed to 30 tons/in2 (A).  Notice 
that CNTs are slightly pushed out of both the beginning and end of the weld (B and C), also 
notice that the end of the weld pressed CNT/aluminum material is kicked out. 
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Figure 0-55:  The welding specimen 
FSW08005-15 at the beginning with no 
“chipping” of the CNT/aluminum material 
filled into the groove at the beginning of the 
weld. 

 

Figure 0-56:  The welding specimen 
FSW08005-15 at the end showing “chipping” 
of CNT/aluminum material. 

 

 Figure 0-54 shows the specimen FSW08005-15 (A) that has a groove width of 0.017” 

and a depth of 0.150”.  The groove is filled with 33% CNT and 67% aluminum.  Looking at 

image (B), it can be seen that there is some powder discharged from the weld, however on image 

(C) there is more powder ejected out of the weld than at the beginning of the weld.  Figure 0-55 

shows the welding process, and no “chipping” is seen, however Figure 0-56 shows that there is 

“chipping” occurring as the tool removes large blocks of pressed CNT/aluminum material from 

the groove. 
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Figure 0-57:  The specimen FSW08005-15 ground down to a smooth finish.  Notice that every 2 
in there is a defect in the weld. 

 

 

Figure 0-58:  The white arrow is on 
the advancing side, as is the defect.  
The defect has the same roundness 
as would be expected of an onion 
ring structure. 

 

Figure 0-59:  Metallography of specimen FSW08005-15.  
Notice how on the retreating side (white arrow) the 
defects are largely in the middle and flow out the 
advancing side.  

 

 After welding and grinding down the surface of the weld to a smooth finish that will be 

used to make tensile tests, there was an ordered defect noticed.  The defects are shown in Figure 

0-57; notice how every two inches there is a defect with the exception of the last defect on the 

right side.  Figure 0-58 shows a close up view of the defect on the surface of the weld.  Figure 

0-59 shows the metallography of a position near the defect shown on Figure 0-58. 
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1.25 Characterization of mechanical properties of FSW CNT/Aluminum Powder 

Specimens 

 

Figure 0-60:  FSW08005-14 and 15 are shown 
after grinding down the surface to a smooth 
finish.  This was done to reduce tensile testing 
error due to surface defects. 

 

Figure 0-61:  In order to characterize the 
advancing (A), retreating (R), nugget (A/R) 
and transverse (T) properties the specimen was 
cut as shown above and the dog bone tested.  

 

 When tensile testing the longitudinal parts of the weld, the surface defects caused by the 

welding should be removed to reduce error, thus the specimens were taking to NIAR research 

shop and ground down to a smooth surface.  A typical finish can be seen on Figure 0-60, and 

other than the defects shown in Figure 0-57 on FSW08005-15 the surface was very clean.  In 

order to reduce error caused by the defects on the surface of FSW08005-15 the dog bones were 

taken such that the area tested would not be near the defect as is seen on Figure 0-61.  The cross 

marks represent the defect.  The middle of the weld is shown by the line going from right to left, 

and dog bones were taken on the retreating (R), advancing (A), nugget (A/R) and transverse (T). 
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Figure 0-62:  The tensile test results of 
FSW08005-10, or 0.050” depth filled with 
100% aluminum. 

 

Figure 0-63:  The tensile test results of 
FSW08005-12, or 0.050” depth filled with 
50% CNT and 50% aluminum. 

 

 

Figure 0-64:  The tensile test results of 
FSW08005-13, or 0.050” depth filled with 
25% CNT and 75% aluminum. 

 

Figure 0-65:  The tensile test results of 
FSW08005-14, or 0.100” depth filled with 
33% CNT 67% aluminum. 
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Figure 0-66:  The tensile test results of 
FSW08005-15, or 0.150” depth filled with 
33% CNT 67% aluminum. 

 

 

 Figure 0-62, Figure 0-63, Figure 0-64, Figure 0-65 and Figure 0-66 are tensile tests taken 

from the advancing, retreating, nugget and transverse sides for all FSW08005-10, 12, 13, 14 and 

15.  All specimens have a groove width of 0.017”.   FSW08005-10 or Figure 0-62 has 100% 

aluminum in it and a groove depth of 0.050”.  FSW08005-12 or Figure 0-63 has 50% CNT and 

50% aluminum in it.  FSW08005-13 or Figure 0-64 has 25% CNT and 75% aluminum in it and a 

groove depth of 0.050”.  FSW08005-14 or Figure 0-65 has 33% CNT and 67% aluminum with a 

groove depth of 0.100”. FSW08005-15 or Figure 0-66 has 33% CNT and 67% aluminum with a 

groove depth of 0.150”.     
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Figure 0-67:  FSW08005-10 hardness profile 

 

Figure 0-68: FSW08005-12 hardness profile 

 

Figure 0-69: FSW08005-13 hardness profile 

 

Figure 0-70: FSW08005-14 hardness profile 

 

Figure 0-71: FSW08005-15 hardness profile 

 

 

 Figure 0-67, Figure 0-68, Figure 0-69, Figure 0-70 and Figure 0-71 all show the hardness 

profiles of the specimens with CNT welded into the weld.  FSW08005-14 or Figure 0-70 has a 

unique hardness profile and cannot be explained by the addition of CNTs.  It is probable that 

other variables such as the specimens were heat treated during sectioning or a different grade of 

aluminum was used for the specimen.  Disregarding FSW08005-14, FSW08005-10 with no CNT 

is the hardness while FSW08005-13 that is the CNT specimen with the least amount of defects is 

the softest. 
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1.26 Hardness Profiles of Specimens with Nickel Filled Grooves after FSW 

 

Figure 0-72: FSW08005-11 hardness profile 

 

 

Figure 0-73: FSW08005-16 M1 hardness 
profile 

 

Figure 0-74: FSW08005-16 M2 hardness 
profile 

 

Figure 0-75: FSW08005-17 M1 hardness 
profile 

 

Figure 0-76: FSW08005-17 M2 hardness 
profile 

 

 Figure 0-72, Figure 0-73, Figure 0-74, Figure 0-75 and Figure 0-76 are all hardness 

profiles of nickel containing specimens.  FSW08005-11 or Figure 0-72 is like FSW08005-14 in 

that it has a considerable different hardness profile then the rest, so it is probable that other 

variables have affected the hardness other than nickel additions.  Figure 0-73 and Figure 0-74 are 

hardness profiles of the same specimen with a nickel filled groove at 0.100” but taken at 



83 
 

different spots in the weld.  Figure 0-75 and Figure 0-76are hardness profiles of the same 

specimen with a nickel filled groove at 0.150” depth but taken at different spots in the weld.  It is 

very apparent that with large amounts of nickel in the weld, the harder the weld specimen 

becomes.  Some peak hardness values are seen.   
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Chapter V 

 DISCUSION 

1.27 Nickel Powder Distribution after FSW   

 Before any type of FSW composite can be produced, it is necessary to know the 

distribution of the secondary material.  Four tests were done to characterize how nickel powder 

was distributed throughout the weld at different depths.  The tests have the same groove widths.  

The grooves were made by machining 0.032” grooves with a CNC, and have 4 changes in depths 

as seen on Figure 0-18. Figure 0-1shows the metallography with nickel FSW into an aluminum 

specimen with a grove depth of 0.025”.  The particles are well distributed, and there is a large 

localization of well distributed nickel particles in the nugget area and on the top advancing side. 

The other three groove depths of 0.050, 0.075 and 0.100” show some agglomerations.  These 

agglomerations can prevent bonding between the matrix and particles.  Without bonding 

initiation crack sites can form.  
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Figure 0-1:  2M2 specimen which welded over 
a 0.025” groove filled with nickel.  Notice the 
good distribution of particles. 

 

Figure 0-2:  2M5 specimen which welded over 
a 0.050” groove filled with nickel.  Notice 
some agglomeration at the top of the weld. 

 

Figure 0-3:  3M2 specimen which welded over 
a 0.075” groove filled with nickel.  Notice the 
large agglomerations of nickel. 

 

Figure 0-4: 3M5 specimen which welded over 
at 0.100” groove filled with nickel.  Notice 
there are large agglomerations of nickel spread 
throughout the weld. 

 

 Even though a groove depth of 0.025” produces a good distribution of particles, the 

amount of secondary material welded into the specimen is very little.  Most applications will 

require more secondary material in the weld than the volume of a groove, 0.0008 in2 (0.025” 

deep and 0.032” wide).    The problem is compounded by the fact that not all the powder was 



86 
 

welded into the weld as is seen on Figure 0-5.  Thus, it is necessary to find a plausible method of 

retaining the powder in the groove, while welding in large amounts of secondary material. 

 

Figure 0-5:  Nickel powder was observed 
coming out of the side of the retreating side of 
the weld. 

 

Figure 0-6:  Weld parameters were adjusted to 
reduce the flash. 

 

 The metallographies also show that more particles were retained in the weld when the 

parameters were set such that there was no flash.  Figure 0-6 shows flash that occurred.   The 

flash occurred on the retreating side.  Material must have a force applied to move the material 

around the tool in order for material to flow; which requires a continuous flow of material.  The 

material built up on the retreating side outside of the weld.  A simplistic model of material not 

flowing around the tool is shown on Figure 0-7.  It is possible that by producing a large gap, the 

tool is not able to produce a steady flow of material, and the material was moved out of the weld.  

Figure 0-8 reinforces the hypothesis that larger gaps (0.094” width) will promote flash as the 

flash is much larger for the larger gap specimen with the same volume as the specimen seen on 

Figure 0-6.  Different width gaps will require different welding parameters, and it is expected 

that welding parameters can be optimized for the larger gap.   
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Figure 0-7: Material not flowing around the 
tool due to lack of material to force it back 
around.  This is showing a circular pin, where 
as the experiment was done with a tool with 
flats.  Flats will still show material not flowing 
around the retreating side [43]  

 

 

Figure 0-8:  Large amount of flash created 
during welding on a large gap groove.  (0.093” 
wide gap compared to 0.032”) 

 

Figure 0-9:  An image of the specimen used to qualitatively characterize the powder discharged 
from welding the powder filled groove  welded diagonally from the  advancing side to the 
retreating side of the weld (A).  The close up views of the retreating (B) and advancing (C); 
notice how there is more powder discharged from the weld by welding the groove on the 
retreating side (B). 
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 Figure 0-9 also reinforces the theory that material is being pushed out of the retreating 

side because of lack of force or continuous material required to carry the material around the 

tool.  Looking at Figure 0-7 the material on the advancing side goes around the tool closer to the 

tool then the retreating side, thus material is more likely to be pushed out of the weld if the 

groove is on the retreating side as is seen on Figure 0-9.   

 A groove was filled with nickel, and welded over on the retreating side.  High 

concentrations of nickel particles were located at the top-center of the weld.    Colligan et al. [2] 

showed that when welding on the top retreating side, the steel balls would move to the advancing 

side in a random end location that stayed slightly on the underside of the top surface as seen on 

Figure 0-10.  In this research, nickel powder is concentrated on the top middle part of the weld.  

It is possible that this is due to the WiperTM shoulder surface as seen on Figure 0-12.  It is well 

known that the WiperTM modifies the surface in which the surface weld is smoother.  This is a 

variable that will affect the surface, and is different than what Colligan et al. used, also welding 

parameter and the tool design can change variables resulting in different effects.  Another 

possible explanation is that smaller particles were used in this experiment.  The shoulder spiral 

grooves may affectively move small particles to the center, where as larger steel balls are too big 

to fit into the spiral groves. 
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Figure 0-10: Colligan et al. [2] used  steel balls 
and radiography to characterize the flow of 
material. 

 

Figure 0-11: Nickel particles concentrated at 
the top of the FSW welded surface when 
welding the groove on the retreating side. 

 

 

Figure 0-12: The WiperTM scroll has a continuous scroll compared where as the conventional 
FSW tool does not. 
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Figure 0-13:  FSW over pressed nickel in a groove 
depth of 0.050” and width of 0.017”.  Notice how 
there is no powder pushed out of the weld. 

Figure 0-14:  The nickel particles are well 
distributed with a slight amount of particle 
concentration at the top of the weld. 

  

 Figure 0-13 shows that after pressing nickel powder into a groove of 0.017” wide and 

0.050 deep there is no powder loss.  Since there are fewer voids in the groove due to pressing, it 

is expected that more of a continuous material flow is achieved.  Since there is a continuous 

material feed, the powder is pushed back around the tool, and powder is not lost.  Figure 0-14 

shows that the nickel is well distributed in the weld even though the powder was pressed together 

into a bulk material.  Since the powder was only pressed together compared to sintering or 

melting, FSW can easily break up the pressed powder into the original particles. 
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Figure 0-15: Typical FSW flow from conventional FSW with a cylindrical threaded tool.  Adopted 
from [43] 

 

Figure 0-16:  A typical representation of the 
sections of a FSW (A).  Pay special attention to 
the fact that the flow arm region is slanted and is 
not very deep into the weld.    Adopted from [44] 

 

Figure 0-17: The depth of the pressed nickel 
groove is 0.050”, and this is shown by the red 
line.  Notice how the nickel particles are well 
distributed, and there are no agglomerations.    
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Figure 0-18:  The depth of the pressed nickel 
groove is 0.100”, and this is shown by the red 
and blue line.  There is some agglomerations in 
the top advancing corner, but does not go 
below the red line. 

 

Figure 0-19:  The depth of the pressed nickel 
groove is 0.150”, and this shown by the red, 
blue and green line.  Notice how most of the 
agglomerated nickel particles are confined to 
above the red line, but some are below on the 
far retreating side. 

  

 It is important to establish how nickel particles flow to the different parts of a FSW for a 

given tool and process window.  Metal flow and the resulting onion ring pattern in the stir zone 

has been studied by many researchers [45-49].  For example, in Figure 15 and Figure 0-16; show 

the flow arm and nugget flow characteristics, which present a plausible flow description.  The 

observation used from Figure 10-15 and Figure 0-16, will be used to help justify a possible flow 

mechanism.  Figure 0-17 shows no agglomerations and has a very good distribution of particles.  

It is plausible to say that the flow arm penetrates to about this depth (0.050”), and the increased 

heat and mixing capabilities of the flow arm would be able to break the particles apart and 

distributed the particles throughout the weld.  Looking at Figure 10-15 the flow arm moves 

material to the advancing side, which will then move material down the weld.  However, the 

nickel particles where empirically seen to go from the starting position in the center of the tool to 

random positions in the advancing side. Simplified fluid dynamics expects the nickel particles to 
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go from the starting position of the center front part of the tool to the center on the back side.  

The WiperTM tool and other shoulder grooved tools that are designed to force material to the 

center can explain how the nickel particles are able to move from the middle of the weld to the 

advancing side.  Since basic FSW flow around a tool expects the material closest to the pin to 

end up on the advancing back side of the tool, and the tool used is designed this way it is 

possible that the curved grooves are moving the nickel near the tool where advancing material is.  

Therefore, the nickel particles cross simple fluid dynamic flow lines via the spiral grooves on the 

shoulder.   

  Nunes model[43] states there are two flow currents in friction stir welding: straight 

through current and maelstrom current.   Since maelstrom current will take material from the top, 

and move the material particles, and the nickel particles are seen in lower parts of the weld; it is 

likely that the nickel particles are in the maelstrom current.  Maelstrom current will make many 

revolutions around the pin.  When considering the tool used has flats, there can be a “jerking” 

reaction as the material flow is interrupted when a flat comes through and then pushed down by 

the threads.  The “jerking” reaction can encourage a better distributed particle distribution as the 

flow is more chaotic.          

 Figure 0-18 shows a pressed nickel groove depth of 0.100”.  There are some particles 

well distributed and some agglomerated.  The blue line represents the extra depth of 0.050”, 

which helps to visualize the inherent difference in groove depth compared to Figure 0-17.  

Notice how there is no agglomerated material below the red line.  Now that the groove depth is 

0.100” it can be expected that the flow arm has less influence in this region, yet the particles still 

end up on the advancing side when they originated from the center.  If the material made more 

than one revolution then the phenomena can be simply explained by the Maelstrom effect, 
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however the nickel particles ending position is in the top side of the weld.  The Maelstrom effect 

will move material down.   

  Looking back to Figure 10-15, it can be seen that the material flows around the center of 

the nugget which moves down the advancing side and slightly up on the retreating side.    Nickel 

powder in the blue portion of groove seen on Figure 0-18 which flows toward the top advancing 

side.  Figure 10-15 shows that in order for material to flow toward the advancing side it must be 

affected by the flow arm.   

 Figure 0-19 shows the metallography of the specimen with a 0.150” depth groove.  This 

metallography is different in that the material is agglomerated on the advancing and retreating 

side.    From Figure 10-15 the flow in the lower part of the weld will move toward the retreating 

side as there is no influence by the flow arm.  Thus, a some certain depth depending the tool 

design the nickel powder in the groove will move toward the retreating side and form a line of 

nickel powder as is seen.  .   
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1.28 Mechanical Deformation of Nickel Particles in FSW 

 

Figure 0-20:  Magnetic force microscopy used to characterize the deformation of the nickel 
particles after being FSW. 

 Figure 0-20 shows the nickel particles after being FSW.  Magnetic Force Microscopy 

(MFM) was used to characterize the nickel in an aluminum matrix.  Since aluminum is 

paramagnetic and nickel is ferromagnetic, the difference in magnetic properties can be 

characterized by MFM.  MFM will map the topography, than go over the surface a second time 

http://en.wikipedia.org/wiki/Paramagnetism�
http://en.wikipedia.org/wiki/Ferromagnetism�
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using the previous topography scan to stay the same distance above the specimen.  The second 

scan will measure the magnetic force being applied to the tip by the specimen.  The color white 

describes high magnetic properties while black is low magnetic properties, thus the white spots 

are nickel particles.  The optical, amplitude (AFM) and MFM imaged particle can be seen on 

Figure 0-21.  It is important to note, that the nickel oxidized very fast and as can be seen on (D).  

A closer examination of this can be seen on Figure 0-22.  It was found that by polishing or 

etching before characterizing with MFM the contrast would be much greater, thus it was 

necessary to polish or etch the sample before characterization to remove any oxide present.   

 

Figure 0-21:  An optical image of the nickel 
particle, amplitude AFM image and MFM 
image of nickel particle. 

 

Figure 0-22:  A high resolution image of image 
D on Figure 0-20.  Notice there are 500 nm 
oxides blocking the high magnetic properties 
of nickel. 

  

 Another difficulty with MFM was that after repeated use or fast scanning speed, the 

surface energy would increase to where it would interfere with the tip, thus slower speeds were 

used.  It was found that approximately 3 hours and 30 minutes was needed to make a good scan.    
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 Since nickel has yield strength of 8,560 psi[50], the material flow pressure can be 

qualitatively understood.  If a nickel particle is deformed, and another particles is not; it can be 

concluded that the deformed particle is in a higher stressed part of the weld.  It should be 

understood that the welding process can heat the nickel up to 500 C˚, thus the yield strength of 

the welded nickel is much lower.  Nickel is much harder than aluminum and the pressure would 

have to be great enough to deform the nickel without using aluminum as a cushion.  From Figure 

0-20 on images A, J, K and L it can be seen that the nickel particles have no plastic deformation.     

 Particles B and C are on the retreating bottom side and have considerable deformation.  

The particles are elongated horizontally with a slight angle lifting up the left side.  Since the 

particles are located at the bottom of the pin, it is possible that the particles went under the tool.  

A large amount of pressure is expected to be applied to particle being pinched between the anvil 

and the tool.  The actual distance between the anvil and tool was not checked, but the particle 

could have been deformed between the two.  Also, there is a large heat difference between 

plastically deformed material and material near the weld.  If the material under the tool is 

significantly cooler then the flow material the hot nickel could be softer then the cool aluminum.  

Particle D is near the same spot, but closer to advancing side, and has not been plastic deformed.  

It is possible that particle D didn’t go under the tool, but around.   Particle E has little, if no 

plastic deformation which lies on the bottom advancing side.   

 H, G and F are on the top advancing side and show large amounts of plastic deformation.  

H specifically shows a tear drop formation, and G has trailing particles.  This would suggest that 

the nickel particles are flowing down.  Once again since Nickel is harder the aluminum, and it is 

possible that a temperature difference could make the pure nickel softer then the alloyed 

aluminum.  If the shoulder is moving material past the advancing side, it would contact “cold” 

http://www.matweb.com/tools/unitconverter.aspx?fromID=123&fromValue=8560�
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aluminum compared the material flowing.  This colder aluminum could be harder than the hot 

nickel, allowing for plastic deformation to occur.  Image I in the flow arm has little plastic 

damage to it.   

 It is important to know which areas have a higher forces applied to the particles as this 

could destroy the properties of the reinforcement of the composite.  The corner of the advancing 

side has much larger forces applied to this region and care must be used in tailoring a composite, 

also the same for the bottom of the weld.  CNT are very strong, yet they are still small and bulk 

force can destroy them.  Lucie et al. [32] showed that CNTs survive, yet it is unknown how 

many CNTs survived and how much deformation that CNTs would take. 
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Figure 0-23:  A metallography of a specimen 
with 50% CNT and 50% aluminum pressed 
into a 0.050” depth groove 0.017” wide.  
Notice the defects in the center-advancing side. 

 

Figure 0-24:  A metallography of a specimen 
with 25% CNT and 75% aluminum pressed 
into a 0.050” depth groove 0.017” wide.  
Notice there are not defects, however there is a 
concentration of CNT lines in the top-
advancing side. 

 

Figure 0-25:  A metallography of a specimen 
with 33% CNT and 67% aluminum pressed 
into a 0.100” depth groove 0.017” wide.  
Notice the large defect in the center below the 
surface and some concentrations of CNT on 
the advancing side. 

 

Figure 0-26:  A metallography of a specimen 
with 33% CNT and 67% aluminum pressed 
into a 0.150” depth groove 0.017” wide.  
Notice the large defects in the center and 
advancing side. 
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1.29 CNT Distribution in a FSW 

 The distribution of the reinforcement is critical in producing a nano-composite.  If 

agglomerations occur, then there will be no bonding between the matrix and reinforcement.  The 

lack of bonding will decrease the strength of the weld instead of increasing.  Also, the knowledge 

of the end position and pattern the CNTs will move to after FSW will allow for tailoring the 

properties as required.  Four tests were run to characterize the flow patterns, distribution and 

mechanical properties of the CNT/aluminum composite after welding.   

 The first tests specimen was chosen for the following reasons.  The past Nickel/Groove 

experiments carried out proved that shallow grooves produce better distributions, thus a small 

groove is desirable.  The problem with a small groove is the lack of space to add CNTs.  

Aluminum powder is also desirable to mix in with the groove as this will decrease the viscosity 

and allow for better flow of the CNTs.  It has also been shown that pressing of nickel powder 

helps the distribution of nickel in the weld.  CNTs will not deform like a metal, thus the packing 

of CNTs will not be very good.  By mixing aluminum powder with the CNTs, the aluminum can 

be pressed and fill voids; which in turn is expected to allow for better packing.  A specimen with 

a 50/50 mix of CNT/aluminum and a groove depth of 0.050” was tested.  The specimen showed 

many defects, and some CNTs were pushed out of the weld.  Figure 0-23 shows the 

metallography of the weld.  Notice there are large defects in the specimen in the middle/top 

center and top advancing side.   

 From the results of Figure 0-23, it was hypothesized that there was not enough aluminum 

in the powder to allow for proper flow of the CNTs.  The aluminum is expected to produce a 

continuous flow of material that is needed in order to carry the CNTs around the pin.  The ratio 
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of CNT to aluminum was raised to 75% aluminum and the remainder CNTs.  Figure 0-24 shows 

the metallography of the 25/75 mix of CNT and aluminum with a groove depth of 0.050”.  The 

specimen is by far the best dispersed of the specimens with CNTs in them.  No CNT/aluminum 

powder was observed outside of the weld and only a slight amount of CNT agglomeration in the 

form of lines was seen in the top advancing side metallography. 

 Since a 0.050” deep groove can hold a small amount of CNTs a deeper groove would be 

beneficial.  Figure 0-25 shows the metallography of the specimen with a groove depth of 0.100” 

and a ratio of 33/67 CNTs to aluminum.  From the figure, it can be seen that there is a 

concentration of CNTs in the top/middle center part of the weld. The concentration is large, and 

there was very little flow from the original position.  Also, there is a large formation of lines of 

CNTs on the side.   

 The depth of the groove was increased to 0.150” to allow for more CNTs mixing into the 

weld, and more defects are seen.  CNTs found after welding are located closer to the top of the 

weld; also the lines of CNTs were seen on the top advancing side.   It is expected that the lines 

were caused by adiabatic sheer bands as segregation of different material with different viscosity.  
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Figure 0-27: The top of the FSW on the 
advancing side showing onion ring structure. 
(FSW08005-15) 

 

Figure 0-28: The top of the FSW showing the 
contrast between the advancing side and the 
retreating side. 

 

1.30 Flow Mechanisms 

 Figure 0-23, Figure 0-24, Figure 0-25 and Figure 0-26 show the flow patterns of onion 

rings structure on the advancing side.  When looking at Figure 0-27 the top of the weld onion 

ring structure can be seen.  CNTs are the dark bands in the onion ring as seen from a two 

dimensional structure, however in reality they are a 3D surface or platelets.  This will be shown 

more clearly later in the paper from the tensile test fractures.  

  Figure 0-28 shows a clear separation between the advancing side and retreating side.  

The grain size on the retreating side is a common grain size; however when looking at the 

advancing side the grains are submicron in size as seen on Figure 0-22. CNTs are well known to 

have incredible thermal conductivities around 400 to 3,000 W/mK[51], while aluminum only has 

a thermal conductivity of 250 W/mK.  Thus, the carbon nanotubes may cool the metal down fast 

enough after welding that the grains are submicron.  The typical grain size on the surface of the 
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advancing side was not evaluated, and this could be a typical response in FSW.  The grains in 

nugget average about 1 micron in diameter.           

 The figures showing the metallography of varying depths and CNTs have red, blue or 

green lines on them.  The lines symbolize the depth at which the groove was before welding.  

The lines are all 0.050” long.  Figure 0-24 shows no bulk agglomerations and a possible 

explanation is as follows.  It is possible that no agglomeration of particles were seen, because the 

groove is on the surface which is affected by the FSW tool shoulder.  The tool shoulder creates 

the flow arm which has enough heat and mixing to break up the particles.  However, once the 

depth of the groove is deep enough, it penetrates into the nugget area where there is no influence 

from the shoulder.  Material is moved from the advancing side to the retreating side, and in an 

upward fashion as was explained by the nickel particle movement (Figure 10-15).  The CNTs on 

the top advancing side appear to flow down.   

 Figure 0-26 with a groove of 0.150” has the same apparent powder flow as the specimen 

with the groove of 0.100”; however there are more bulk defects, and powder is located near the 

surface. The flow arm does not appear to block the flow of CNTs as it did in the nickel particles.  

Since the CNTs are on the nano scale, it is plausible to say the small particles were carried into 

the flow are because they are so small.  Whereas, the large agglomerated nickel particles could 

not move into the flow arm.  Once again, the CNTs in the top advancing side appear to be 

flowing downward.    

  FSW material has been shown too moved material forward from its original position as 

is seen in Figure 0-30.  There is a correlation to the CNTs found in the top advancing side and 

material moved forward.  Both show the feature at the top advancing side and no were else on 
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the pin.  Since the tool is moving forward, material can be moved forward with the tool. The 

material moved forward from its original position will be affected by the travel speed and 

diameter of the pin or shoulder.  The tool used in these experiments was designed for high speed 

welding.  Based on Arbegast Metalworking Model, FSW material will flow down the front of the 

tool, thus the CNTs must start at the advancing side edge and moved down toward the middle.     

        

 

Figure 0-29:  Submicron grain size (431nm) on 
the top of the weld that could have been caused 
by CNTs incredible thermal conductivity.  
(FSW08005-15) AFM height trace with the 
measured width of an average sized grain. 

 

Figure 0-30: Material has to be moved from 
the advancing side to the retreating side (a).  
However, due to the interactions with the 
shoulder of the tool the material is dragged 
forward past its original position (b). Adapted 
from [3]; Note the dotted circle represents the 
size of the pin (a) and shoulder (b).  This is not 
a stop action marker study. 

  

 An interesting observation was noticed on the specimen with 0.150” groove depth or 

FSW08005-15.  There was a defect every two inches as is seen on Figure 0-31.  It is common 
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knowledge that defects seen in even spacing is caused by a gradient temperature affects.  As the 

pin looses heat there will be a point at which the pin can no longer affectively stir the metal due 

to the property change of the material at different temperature; this is when the defect is created.    

 

Figure 0-31:  A specimen with a groove depth of 0.150” with a defect every two inches. 

 

 

Figure 0-32: The microhardness profile the 
specimen with a 0.050” grooved filled with 
aluminum. 

 

Figure 0-33:  The microhardness profile the 
specimen with a 0.050” grooved filled with 
50/50 CNT to aluminum. 

 

Figure 0-34: The microhardness profile the 
specimen with a 0.050” grooved filled with 
25/75 CNT to aluminum. 

 

Figure 0-35:  The microhardness profile the 
specimen with a 0.150” grooved filled with 
67/33 CNT to aluminum. 
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 The hardness profiles of 4 specimens with varying amounts of CNTs and groove depth 

were analyzed for hardness.  Figure 0-32 shows the microhardness profile for the specimen with 

a groove depth of 0.050” filled with aluminum.  The hardness compared to the other specimens 

is the hardest, and this is confirmed as being the strongest specimen later in the report.  Figure 

0-33 shows the microhardness for the specimen with a groove depth of 0.050” but filled with a 

ratio of 50/50 CNTs to aluminum.  The metallography showed large concentrations of defects, 

yet the hardness profile gets only slightly softer.  The specimen is only softer in the top right 

corner of the microhardness profile compared to Figure 0-32.  Figure 0-34 shows the softest 

hardness profile from the specimen with a groove depth of 0.050” and a ratio of 25/75 CNTs to 

aluminum.  This hardness profile shows there was more heat generated during the welding as the 

heat affected zone is the softest on the left of the weld.  The heat affect zone is not influenced by 

a change in chemistry when adding CNTs, thus heat is the only explanation.  Since this specimen 

is believed to be the most successful specimen in mixing CNTs into aluminum alloy via FSW the 

addition of the CNTs appears to makes the weld softer.  More than one explanation can be made 

for this phenomenon.  The interaction between the CNTs and aluminum may create friction that 

will increase the heat.  CNTs are known for their incredible thermal conductive properties, and 

could be transferring more heat at a faster rate to the heat affected zone.  Figure 0-35 is the 

microhardness of the specimen with 0.150” groove and a ration of 33/67 CNT to aluminum.  The 

hardness seems to be in between the pure aluminum filled groove and the 25% CNT groove.  

This specimen’s metallography shows a large amount of defects, and the defects could be 

affecting the amount of CNTs actually mixed into the weld.  It is possible since this specimen 

was less successful in distributing the CNTs the weld was cooler, thus harder. 
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Figure 0-36:  The tensile specimens taken 
from specific spots to characterize the tensile 
strength.  R = retreating, A/R = nugget, A = 
advancing and T = Transverse (FSW08005-
15). 

Figure 0-37:  The tensile specimens and there 
location of fracture from specimen FSW08005-
15. 

 

 

Figure 0-38:  The nugget 
specimen fractured with a 
fracture that appears like the 
screws on the FSW tool; 
however the retreating side 
looks like a typical aluminum 
fracture. 

 

Figure 0-39:  The transverse 
fracture shows large amount of 
cleavage fracture with an 
angled break. 

 

Figure 0-40:  The retreating 
side fracture, showing typical 
aluminum fracture. 
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 Figure 0-36 shows how the tensile test specimens were cut out of the FSW.  The line 

from right to left symbolizes the weld.  The weld was broken up into four sections and the 

mechanical properties tested via a tensile testing device.  The four sections are advancing (A), 

retreating (R), nugget (A/R) and transverse (T).  The sections were cut out and tested on a MTS 

tensile tester.  The fractures of all four specimens can be seen on Figure 0-37.  The nugget and 

transverse side broke offset from the center.  In a typical tensile test, most stress is applied to the 

center of the specimen, thus the test specimen should break in the middle.  Since the tensile 

specimen broke offset from the center of the dog bone; it means that there was a defect there due 

to the fact that the test specimens broke offset.  The advancing side specimen splintered off from 

the top advancing side.  Figure 0-38 shows the nugget fracture.  Interesting the advancing side 

fracture resembles the tool screws, and the retreating side looks like a typical aluminum fracture.  

It is probable that the adiabatic shear bands are forming with the tool screws and the cracks are 

following the adiabatic shear bands.  This would give the appearance shown above.  The 

advancing side is brown while the retreating side is not.  This could be the affect of maelstrom 

current and straight through current, also the CNTs may affect the way the aluminum oxidizes.  

Figure 0-39 shows the transverse specimen.  The crack that caused the fracture is highly 

cleavage, and has a slight twist to the fracture.  The crack occurs along the weld edge as is seen 

with most FSW transverse fracture with the tool and parameters used.  Figure 0-40 shows the 

retreating side which has fractured like a typical FSW with parameters used even with the added 

CNTs.  This is a good predictor that very few CNTs ended up in the retreating side.  Figure 0-41 

shows the fractured tensile dog bone for the advancing side.  This specimen is unique in that it 

has two failures.  The first failure is on the advancing side, and this area “splintered” along the 

edges as the dog bone was deformed.  Multiple cracks formed because of this splintering (A), but 
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stopped when the crack was in line with the force.  The failure eventually occurred in the bulk 

material (B).  Looking back to the metallography of the specimens filled with CNTs, these 

specimens had large amount of CNTs on the top advancing side.  These CNTs were in the form 

of lines that could be more like platelets.  If so, this can explain the platelet fracture seen in 

Figure 0-41 (A). 
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Figure 0-41:  The advancing side fracture. 

 

Figure 0-42:  The ultimate tensile strength of retreating, advancing, advancing/retreating and 
transverse specimens vs. the groove depth and different amount of CNTs used.  
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Figure 0-43:  The 2% yield strength of retreating, advancing, advancing/retreating and transverse 
specimens vs. the groove depth and different amount of CNTs used. 

 

Figure 0-44:  The percent elongation of retreating, advancing, advancing/retreating and 
transverse specimens vs. the groove depth and different amount of CNTs used. 

 

 The bar chart found on Figure 0-42 shows the ultimate tensile strength for all four tensile 

specimens at different locations and groove depth/Percent CNTs.  The general trend shows that 

the retreating sides is the strongest while the advancing side is the second strongest.  The nugget 

or advancing/retreating side has a dramatic drop off in the strength as does the transverse side.  

The weld with the strongest properties is the 0.050” groove with only aluminum.  As CNTs are 

added the properties go down.  An interesting aspect of this data shows that the specimen with 

50% CNT has approximately the same properties as the specimen with 25% CNTs.  The weld 

with 25% CNTs had less welding defects.      

 Figure 0-43 displays a column chart showing the 2% yield strength of retreating, 

advancing, advancing/retreating and transverse specimens vs. the groove depth and different 

amount of CNTs used.  As with the ultimate tensile strength the 2% yield strength going from 
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strongest to weakest is the retreating, advancing, retreating/advancing and transverse sides.  

Unlike with ultimate tensile strength, the 0.050” 25% CNT/Al specimen has superior yield 

strength compared to the same depth specimen with 50% CNT/Al in the advancing/retreating 

specimen.  This is most likely due to the less defects seen in the metallography.  The 2% yield 

strength of the transverse specimen with a groove of 0.150” shows a larger strength than 

expected trend.  It is however weaker then the pure Aluminum specimen, thus it is still 

considered to have poor strength. 

 Figure 0-44 is a column chart showing the percent elongation of retreating, advancing, 

advancing/retreating and transverse specimens vs. the groove depth and different amount of 

CNTs used.  Once again as the ultimate tensile strength and 2% yield strength the percent 

elongation goes down in this order retreating, advancing, retreating/advancing and transverse.  

The retreating/advancing or nugget specimen with just aluminum filling the groove has a larger 

elongation then other parts of the weld.  This is expected as the nugget area should have less 

internal strains due to recrystallization.  The specimen with a groove of 0.100” and 33% CNTs 

show an unusual amount of ductility then the rest of the specimens.  Because of the hardness data 

and the observed different size of the bulk material used it is expected to be from a different lot 

number and the elongation data should be disregarded.   
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CONCLUSION 

 The characterization of flow and distribution of nickel powder and carbon nanotubes 

(CNT) in friction stir welding (FSW) is novel, and is introducing a new area for further 

exploration.  If the powders are not pressed into place in the open groves on the shoulder side of 

the weld then a significant percentage of the powder will be lost, however powders can be 

pressed to 30 tons/in^2 into a surface grove and welded over to distribute the particles inside the 

weld.  The depth and width of the groove is critical to the distribution of the particles.  A groove 

width and depth of 0.017 and 0.05 to 0.150 was found to work the best depending on the needs 

of the application.  Wide depths would promote weld flash that would in turn push more powder 

out of the weld.  Shallow depths increased the normal distribution of particles in the weld, 

however there will be less powder put into the weld due to the reduced cross-sectional area.  

Deeper grooves, on the other hand, show more agglomerated particles.   

 Nickel and CNTs have different flow characteristics which suggest that different 

materials will flow differently.  It is possible that the flow arm of FSW is contributing to the 

break up and distribution of the powder.  Once the groove depth goes below the flow arm, nickel 

powder is agglomerated and remains below the flow arm.  It is possible that the flow arm is 

acting as a barrier to large particles.  The distribution of powder in the weld also depends on how 

the powder is oriented with respect to the pin tool centerline.  Welding with the powder on the 

retreating side of the pin tool will keep the powder on the surface of the weld.  Magnetic force 

microscopy was used to characterize the distribution of nickel particles that were not pressed into 

the groove, but instead deposited via acetone slurry. Some evidence of deformation of the nickel 

particles was found in the weld nugget.  These particles were flattened parallel with the tool 

bottom, suggesting that the particles passed a high temperature and strain rate region in close 
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proximity to the pin tool.  The nickel particles distribution was concentrated on the advancing 

side.  Below the flow arm the particles seem to be well distributed through the advancing side of 

the weld.  By adding nickel powder to the weld, the weld hardness was increased. 

 CNTs have a different flow characteristic than the nickel particles.  A powder mix of 

aluminum and CNTs were made to increase the flowability of the CNTs and to attempt to reduce 

or prevent agglomeration.  If less aluminum powder was added to the mix then there where large 

voids and defects seen.  It is believed that the CNTs did not keep a steady stream of material 

flowing throughout the welding and when the percentage of aluminum powder was increased the 

defects when away however, CNTs were seen in lines in the upper advancing side of the weld.  

The lines appear to be laminar and follow along the top part of the weld wall and flow 

downward.  When groove depths are below the flow arm the carbon nanotubes flow around the 

pin going from the advancing side to the retreating side in an upward fashion.  Unlike the nickel 

powder, the CNTs were able to penetrate through the flow arm.  The strength of the 

CNT/Aluminum composite made via FSW was weaker than the typical weld.  The cause of the 

low strength is the concentrations of CNTs along the top advancing part of the weld.  The 

agglomerated CNTs do not bond well to the matrix and create a stress concentration.  Defects 

were found in two inch increments which suggests that further process optimization may be 

required. 
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       FUTURE WORK 

 This research has shown that a FSW composite can be made, and there are many 

applications that can utilize this research.  For example by welding tungsten powder, or Bucky 

balls on the retreating side the particles will be concentrated on the surface, thus the hardness on 

the top of the weld can be increased.  A more corrosion resistant weld can be produced by 

modifying the conductivity and oxide resistance of the surface.  It may also be possible to add 

particles to change the way metal grains grow.  

 For a FSW CNT composite, the CNTs must be well distributed throughout the weld with 

no agglomerations.  It has been shown that CNTs collect in the top advancing side for the 

specific weld tool and processing parameters utilized in this study.  The tool used in this study is 

meant for high welding speeds.  At slower rates of welding, the defects of the CNT lines found in 

the top advancing side may be reduced.   

 It may be possible to weld CNTs into the nugget of the weld by filling a hole with CNTs 

in the center of the specimen in the longitudinal direction.  This will prevent the shoulder 

interaction, and possible the CNTs lines produced in the top advancing side.  The problem is that 

the straight through flow will most likely agglomerate the CNTs under the conditions used in this 

study, thus new welding parameters are needed.   

 CNTs will potentially strengthen a metal when the CNTs extend across grain boundaries 

and hinder transgranular cracking.  As grains are broken down and reformed the process must 

allow for CNTs be encompassed within grains, thus the CNTs may act as nucleation sites for 

grains.  Otherwise the CNTs will be pushed out of the grain as the lattice structure develops.  

High welding temperatures are expected to improve the possibility of breaking down original 
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grains and allowing for new grains to develop off of CNTs.  A tool designed for producing a 

FSW/CNT composite would move slow, weld at high temperatures and maximize the maelstrom 

current.     

 Low melting metals can also increase the strength and stiffness of aluminum, and may be 

used to make the weld stronger and stiffer.  The low melting point will help with flow of the 

metal and bonding between the base metal and reinforcement.  Bronze would be a good 

candidate as it has an approximately the same melting temperature as aluminum and is much 

stronger and stiffer. 

Aluminum powder can be added to a groove and welded over without any significant loss 

in mechanical properties.  FSW can be used to fix cracked frames and body panels in aircraft by 

filling the crack with aluminum powder and welding over the powder and crack.  Cracks repaired 

in this way are expected to have properties comparable to other FSW joints in pristine material. 
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