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Abstract 

The automotive industry requires numerous joints in light dissimilar materials. Since the 

automotive industry, as well as many others, is in need of improvements in this area, this project 

is focused on developing a new process that joins dissimilar materials with maximum strength 

conceivable by in part minimizing any brittle intermetallic region that may be formed.  If 

successful, this research would produce a strong, lightweight, and efficient joint. 

Potentially, the Friction Stir Forming process can meet these criteria and overcome all of 

the current challenges that other processes are facing in a cheaper way without additional mass 

from rivets, bolts, or other fasteners.  Fillers, chips, and substantial energy for heating can also be 

avoided.  The concept of this process is to heat the top sheet by friction generated by a rotating 

tool, which simultaneously applies a downward force causing the top sheet to deform into a pre-

fabricated hole in the bottom sheet.  A mechanical interlocking joint can be formed with 

relatively simple machinery and techniques. 

The first part of this research was focused on exploring the concept feasibility and finding 

optimized processing parameters such as: spindle and plunge speed, torque, geometrical 

dimensions of the tools, etc.  In the next part of the research, the knowledge gathered from the 

first part of the research was carried forward and the focus was applied to adjusting the FSF 

process for industrial conditions.  An appropriate industrially relevant joint was evaluated once 

optimized processing parameters had been defined.  These experiments were conducted at the 

General Motors Research and Development facility.  The final part was material characterization 

using optical and electron spectroscopies.  This provided a deeper insight into the macro and 

microstructural situation and the materials dynamics during the process including information 

about grain size, existing phases and their distribution, chemical uniformity, and deformation.   
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Chapter  1: Introduction 

The primarily goal of this process is to produce a high quality joint for dissimilar materials 

having high strength and ductility which translates microstructurally to minimizing or 

eliminating any interfacial intermetallic regions.  In order to find out what parameters are 

important for the process and to optimize them, experimental and metallurgical analyses were 

completed on joints made from aluminum and steel workpieces.  

 

1.1. Background 

1.1.1. An Overview 

Dissimilar metal joints are being increasingly applied as part of a mass savings approach 

within the automotive industry as well as many other industries such as aerospace, and rail.  The 

critical problem is that dissimilar metal joint strengths from traditional joining methods such as 

fusion processes are limited by the presence of brittle intermetallics which are typical stable 

phases as can be seen in the Aluminum-Iron phase diagram.  

Friction Stir Forming is a new and environmentally friendly process for joining dissimilar 

materials.  In the process, a modified friction stir welding (FSW) tool is plunged into the top 

workpiece, simultaneously frictionally heating, stirring, and forming it into a new shape.  The 

new shape has many possible applications.  However, the major application studied in this 

research is a mechanical joint between two dissimilar workpieces.   

Through heating one sheet and forming it into a prefabricated hole in the second sheet the 

formation of a brittle intermetallic layer could possibly be reduced.  In addition, this process does 

not require rivets, bolts, weld wire, and additional fluid.  Therefore, it saves on mass and cost.  It 

is environmentally friendly because there are no fumes, unsightly soot, shielding gas, spatter, and 

ultraviolet light. Thus, there is no need for a fume exhaust system either, and it is a relatively 

quiet process.  

 

1.2. Motivation 

Dissimilar metal joints are being increasingly applied as part of a mass savings approach 

within the automotive industry.  In particular, the use of aluminum alloy sheets and high strength 
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steel is in high use.  Although resistance spot welding is usually used to join steel sheets for 

automobile body panels, the resistance spot welding of aluminum alloy sheets is not easy 

because of the high thermal conductivity, low melting point, and natural surface oxide layer.  

Moreover, it is difficult to weld aluminum alloy and steel sheets together because the two 

melting points are very different, more than 700°C.  Therefore, it is desirable to develop new 

joining processes to combine aluminum alloys and steel sheets [Ravshanbek].  The critical 

problem is that joint strength from traditional joining methods such as fusion processes are 

limited in dissimilar metal joint applications by the formation of brittle intermetallics.  It is 

hypothesized that dissimilar materials can be effectively joined by friction stir forming 

processes.  By heating one sheet and forming it into a pre-punched or a pre-drilled hole in the 

second sheet, the overall thermal input is significantly less than fusion processes which reduces 

the probability for brittle intermetallic formation and furthermore, avoids the addition of a 

separate joining mechanism such as a rivet or bolt saving both mass and cost.  The technical 

challenge centers on using friction stir processes to heat and form material instead of mixing it as 

in conventional friction stir welding.  For friction stir forming, there are numerous applications 

that can be done by this process.  This is especially the case in the transportation industry 

because the industry employs aluminum structures.  Therefore, the potential market is in the 

applications for automotive, aerospace, rail, and nautical vehicles. 

The research objective of this study is to measure the process-material structure-mechanical 

property relationship for the new friction stir forming (FSF) process.  The nature of the work 

focuses on full characterization of the material formed at elevated temperature during the 

process.  In order to accomplish this, the FSF process is studied by both experimental and 

material analyses.  This research is forecasted to be continued, whereupon it will incorporate a 

modeling approach to the process-structure-property relationship. 

 

1.3. Literature Review 

Welding of dissimilar metals has been attempted; however, it is difficult to achieve a sound 

steel/aluminum joint by using fusion welding processes [Sun and Khaleel, 2007; Sun and Karppi, 

1996; Pasic et al., 2007].  Pasic et al. [2007] outline the basic attention to welding between steel-

aluminum, and at the same time Sun and Khaleel had significant improvements in understanding 

self-piercing rivets and resistance spot for dissimilar materials.  It is possible to weld dissimilar 
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metals by diffusion bonding with significant shortcomings of cost, time, and temperature 

[Kalpakjian and Schmid, 2008].  FSW of dissimilar materials has been studied as well [Murr et 

al., 2000; Chen and Kovacevic, 2004; Tanaka et al., 2009; Watanabe et al., 2005; Choi et al., 

2011; Najafabadi et al., 2010; Jana et al., 2010].  The major challenge in welding dissimilar 

metals is the fusion and bonding, which is circumvented with the FSF joining technique.  The 

research indicates that joining materials by fusion or stir welding becomes more difficult as they 

become more dissimilar, i.e., their composition, thermal and mechanical properties diverge. The 

preliminary results for FSF joining suggest that this process becomes easier as the materials 

become increasingly different. 

This thesis aims to evaluate the possibility of FSF as a new process for joining dissimilar 

metals such as aluminum, a malleable metal with a relatively low melting point, and steel, a 

stronger metal with a relatively higher melting point.  Since this is a new methodology, there is 

very little in the published literature.  Balakrishnan et al., [2007] successfully joined aluminum to 

nylon by a mechanical interlock formed by a FSW tool.  However, nothing beyond this has been 

found. 

 
1.4. Research Issues and Thesis Organization 

The ultimate goal of this research is to determine the feasibility of the FSF process, as well as 

gain a fundamental understanding of the process and any correlation to intrinsic material 

characteristics.  The major research issues anticipated in the realization of this goal are: (1) 

determination of the process feasibility and while doing so gather a fundamental understanding 

of the process; (2) adaptation abilities, challenges, and potentials of the process on an industrial 

level; (3) deeper insight of the macro and micro-structural relationships to mechanical properties 

and the materials properties changed during the process. 

 

1.4.1. Feasibility 

The current dissimilar metal joining solution is the use of self-piercing rivets, SPR, which 

add cost and mass as compared to resistance spot welding such as is the mainstream solution for 

like-metal joining.  Unfortunately, for reasons previously outlined, this process has a 

fundamental roadblock in the formation of a brittle inter-metallic layer at the joint.  Therefore, 

feasibility is defined as developing the process to a point where the dissimilar material joint has 
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comparable mechanical strength as SPR.  Therefore, the feasibility will be investigated 

experimentally focusing on the characterization of the resulting microstructure as a function of 

process parameters using the metric of mechanical properties for measuring relative 

performance.  In order to penetrate deeper into the characteristics of the process, a Design of 

Experiments (DOE) methodology will be used for the operational parameters with peak load 

from the lap shear testing as the measured output. 

 

1.4.2.  Industrial Potentials and Challenges 

This part of the experimental research will be performed at General Motors Technical Center 

located in Warren, Michigan.  The machine that will be used for the research will be borrowed 

from the Friction Stir Spot Welding process.  Carrying the knowledge gathered from the 

preceding part of the research, the focus here must be concerning adjusting the FSF process for 

industrial conditions.  In order for that to be satisfied, improving the understanding of the main 

parameters of the process must be an impetus.  It will be a necessity to lap joint shear tests the 

samples as well.  After analyzing the challenges and solutions for the industrial environment, a 

second DOE will be required in which peak load from the lap shear test and the machine 

parameters will be compared.  

 

1.4.3. Microstructural and Thermal Analysis  

To gather the fundamental understanding of the material properties and microstructural 

transformations, metallographic techniques will be used on single and multi-pin specimens.  In 

addition to that, a single pin specimen that contains steel without an anti-corrosion layer will also 

be analyzed so the specimens and its properties can be compared.  This comparison is needed 

since the anti-corrosion layer forms intermetallics.  This material characterization will be 

performed at the University of Hawaii at Manoa (UH) by using optical and electron 

spectroscopies.  In order to get a better understanding of the thermal generation and its effect, a 

third DOE needs to be completed at General Motors Company (GM).  For this DOE, temperature 

measurement on three different locations in between the two welded materials must be done. 
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Chapter  2: Experimental Investigation of FSF Tooling 
 
2.1. Introduction 

The first step of this research was to develop a basic understanding of the process-structure 

property relationship by first investigating various tool designs complimented by subsequent 

process parameter investigations.  This work was completed at the CNC machining center at the 

UH.  The underlying hypothesis driving development of higher joint strengths is 1) formation of 

brittle intermetallic layer at the joint is detrimental to joint strength and 2) the top sheet needs to 

be deformed sufficiently into the prefabricated hole in the bottom sheet so as to provide a 

mechanical inter-lock.  

 

2.2. Elements of the Weld 

Every specimen made by the FSF process contains the elements presented in Fig. 2.1.  This 

section provides a detailed description of these elements starting from the top surface of the 

weld.  

  
                                    (a)                                                                    (b)                                                  (c) 

Fig. 2.1: A single pin sample and a tool (a) Schematic view of a sample joint cross-section with A - steel 
coupon, B - aluminum coupon, C - shoulder diameter, D - neck diameter, E - head diameter, F – Flash i.e. 
upsetting of top surface, G – Brazed joint, and H – Core i.e. bottom surface of weld. (b) Top view of the weld 
exhibiting the indention made by the tool shoulder surrounded by a thin ring of flash. (c) The top view of a 
used tool. The arrow shows the diameter of the tool.  

 

When the shoulder of the rotating tool contacts the upper sheet surface, friction generates 

heat thereby raising the temperature of the upper sheet and reducing the force level required to 

form the material.  This frictional heat is also a significant factor affecting the temperature at the 

faying interface and consequently, the formation of any intermetallic interlayer since 

intermetallic formation is a nucleation and growth phenomena.  Therefore, any process 
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parameter affecting the generation of the frictional heat will influence our first hypothesis 

concerning the intermetallic interlayer. 

As the tool advances into the upper sheet, the bottom surface of the upper sheet begins to fill 

the prefabricated hole having a neck diameter D - refer to Fig. 2.1 (a), in the bottom sheet. 

However, since there is no constraint on the top surface of the upper sheet adjacent the rotating 

tool shoulder, flash F – refer to Fig. 2.1 (a), will form as the tool advances into the top sheet. 

Although flash does not affect the strength of the specimen, it detracts from the perceived weld 

quality.  Flash can be removed by grinding but at an additional process cost. 

Continued advance of the rotating tool will “extrude” the upper sheet into the cavity 

machined into the anvil beneath the bottom sheet having a diameter E.  One important aspect to 

note is that although there is a separate anvil beneath the bottom sheet, the sidewalls of the pre-

fabricated hole in the bottom sheet also act as an extrusion tool.  Therefore, there may be 

significant frictional interaction of the deforming upper sheet as it is being “extruded” into the 

anvil cavity thereby forming the head. 

With respect to the second hypothesis of the current research, the aluminum upper sheet is 

pushed and eventually “extruded” through the pre-fabricated hole in the bottom steel sheet to 

make a mechanically interlocking joint.  The assumption is that the neck should carry as much of 

the load as possible in the interlocked specimens as would a self-piercing rivet.  Therefore, 

increasing the diameter, D-refer to Fig. 2.1 (a), would increase the joint strength.  However, it is 

not straightforward to assume that reducing the shoulder diameter, C-refer to Fig. 2.1 (a), would 

reduce the heat input and possibility for intermetallic formation since rotation speed of the tool 

and rate of advancement of the tool also influence heat input. 

The head is made of the aluminum that was extruded through the steel hole.  While the head 

is forming, the steel hole might start to deform.  This can be seen in many samples under an 

optical microscope since the deformation is usually too small for the naked eye.  That is the case 

if the diameter of the hole in the steel to anvil cavity diameter ratio is correct.  After the trial and 

error approach, it was found that for a steel hole of 2.54 mm (0.1”) the appropriate diameter of 

the head is 3.0 mm (0.11811”).  

The core is a circular affected area of diameter H, refer to Fig. 2.1 a), on the bottom of the 

weld and of diameter G, refer to Fig. 2.1 (a), at the faying interface both of which are comparable 

to the tool diameter, refer to Fig. 2.1 (c). If the steel is zinc coated, the applied force and 
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frictional heat will melt the low melting point zinc forming a circular brazed joint of diameter G 

at the faying interface.  Furthermore, the applied force of the tool will act to “coin” the bottom 

surface of the steel sheet against the bottom die leaving a circular mark of diameter H i.e. core, in 

the area directly beneath the upper rotating tool.  This may also cause some of the zinc on the 

bottom surface of the steel to stick to the anvil.  Surrounding the core is a heat-affected zone we 

call the corona. Since the corona highly depends on the temperature, this phenomenon is not 

present in all samples.  

 

2.3. Joint Design 

Since the mainstream competing technology is a single rivet, the obvious design is a sample 

having a single neck i.e. pin which is the material within the pre-fabricated hole in the bottom 

sheet and connecting the top sheet to the newly formed head on the opposite of the pin.  This 

design is comparable to a rivet and as such was chosen as the initial design.  However, the 

concept of a multi-pin design was also investigated.  The following paragraphs are the detailed 

description of the designs.  

 

2.3.1. Single Pin Samples 

A single pin sample design is presented in Fig. 2.1.  During the FSF process, the tool is 

stirring on top of the aluminum coupon and plunging down at the same time.  The aluminum is 

extruded through the prefabricated hole in the steel coupon.  This makes the pin or the neck and 

the head.  This is the crucial part since it is ensuring the mechanical strength of the joint.  The 

main purpose for forming the head is that this part of the weld ensures the mechanical 

interlocking.  Without the head, the samples will be easily separated since the neck would not be 

able to secure the aluminum to the steel on its own.  

 

2.3.2. Multi Pin Samples  

There are three main reasons for exploring a multi-pin model, refer to Fig. 2.2 presenting a 4-

pin concept: 1) Eliminating centering problems, 2) Increase overall neck area and therefore 

strength, and 3) Minimizing the opportunity for intermetallic formation.  
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              (a)                                                                      (b) 

Fig. 2.2: Multi pin sample (a) Schematic view of joint cross-section of the multi-pin sample with A - steel 
coupon, B - aluminum coupon, C - shoulder diameter, D – smaller concave diameter, E – bigger concave 
diameter, F – Flash i.e. upsetting of top surface, and G – Brazed joint. (b) The closer look on the bottom of 
the weld.  Here it can be seen that the cavities in the steel were not filled up. 

	  

 First, in order to eliminate centering problems, conical versus through holes were drilled in 

the steel coupons so the extruded aluminum forms the neck and head within the steel sheets.  The 

anvil for this method is flat with no cavities.  This makes positioning of the coupons much easier.  

The next motivation for a different model is to increase the number of the necks/heads.  

Therefore, multi-pin should produce a greater strength from the mechanical interlocking 

component.  At the same time, under the same tool diameter, there would be less space for the 

intermetallic formation.  All of these represent improvements over the single neck model in some 

respects.  Nevertheless, the multi-pin model introduces additional problems using the equipment 

available at the University of Hawaii.  First, drilling can be difficult since conical drilling might 

be more inconsistent than is needed.  It is hard to make every hole into a good shape and with the 

same dimensions as other holes.  However, these items can be overcome using commercial 

machining centers.  During the drilling, the tip of the drill passes through the aluminum sheet and 

drills the holder that supports the coupon as well. Therefore, the drilling does contribute to mass 

loss since it destroys the holder beneath the coupons during the drilling.  Second, steel is much 

more prone to deformations compared to single pin model since the conical parts decrease the 

steel’s thickness.  Next, since the necks are relatively close together, this can weaken the steel in 

between the holes.  This also represents a problem for aluminum since now four necks/heads 

need to be filled up instead of one like in the previous model.  Simply, the process has more 

constraints when it comes to controlling the extruded mass in the correct way.  As a product of 

that, the pin formation could be a problem.  
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2.4. Experimental Setup  

Figure 2.3(a) shows the set up in the CNC machine.  

 
 (a)                                                                           (b) 

Fig. 2.3:  Setup of CNC FSF experiments at UH (a) Setup in CNC with measurement equipment  (b) close 
up view of tool and fixture 

Next to the machine is the station where torque and force was measured and recorded.  On 

the left, the control desk and data acquisition hardware can be seen. Figure 2.3(b) shows the 

close up look of the major components of the operating part of the setup.  The CNC machine is a 

Bridgeport Discovery 308 with a max spindle speed of 6000 rpm.  This CNC system is a position 

and speed-controlled machine.  The variables in the FSF process were the spindle speed, plunge 

speed, tool design, tool depth, tool diameter, bottom sheet hole diameter, and anvil design (cavity 

geometry).  The fixed parameters throughout this part of the research were 2250 rpm spindle 

speed and 0.254 mm/min vertical feed rate (0.1 in/min). 

 

2.4.1. Coupons’ and Tool’s Materials 

The materials used in the experiments were 0.7 mm thick GMW2 steel and 1.0 and 1.4 mm 

6014 Aluminum.  GMW2 steel has a layer that provides a hardwearing surface and a good anti-

corrosive property.  The layer is made by the Hot Dipped Galvanizing (HDG) process.  This 

process involves the dipping of steel into a bath of molten zinc to create an iron-zinc mixture.  

The molten zinc contains a small addition of aluminum to ensure suitable coating adhesion 

during forming of these sheets.  This percent is typically around 0.1-0.3% [Porter et al., 1991].  

During the brief galvanization, a couple of seconds in duration, diffusion makes an intermetallic 

compound.  This compound is an excellent bond between the zinc coating and the steel.  The 
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galvanization is possible due to zinc’s relatively low melting point (419.58°C).  In addition to 

this steel, there were samples done with the same steel but without the zinc layer.  That was done 

in order to find out what and how big is the strength contribution of the zinc layer.  Table 2.1 

shows the chemical composition of the aluminum used in the experiments.   

  Al Cr Cu Fe Mg Mn Other, 
each 

Other, 
total Si Ti V Zn 

AA6014 ≤97.0 ≤0.20 ≤ 0.25 ≤ 0.35 0.4 - 0.8 0.05 - 0.2 ≤ 0.050 ≤ 0.15 % 0.3 - 0.6 ≤ 0.10 0.05 - 0.2 ≤0.10 

Table 2.1 The chemical composition of AA 6014 coupons [ASM handbook Vol. 3 et al., 1990].   

 All the tools that were used for welding had a cylindrical shape.  Even though the tool has 

shoulder, since the shoulder does not touch the specimen, this can be considered as pin-less tools. 

Figure 2.4 shows one of these tools with aluminum work material deposited.  When the layer of 

deposited aluminum became too thick, the cleaning of the pin was done by a lathe.  All of the 

tools were made of A2 air hardening tool steel.  During the experimentation at UH, few different 

shoulder diameters were tried in order to find out the perfect size of the tool.  

 

Fig. 2.4: One of the tools used in UH.  This is how the tool looks just before cleaning since it has 
substantial aluminum buildup. 

2.4.2. Coupons and Fixture Setup  

As shown in Fig. 2.3(b), elements of the setup were: tool, sample holder, couple of clamping 

screws, removable anvil, coupons holder, insulator, and data acquisition apparatus.  Workpieces 

of all the materials where cut into 127x38.1 mm (5”x1.5”) and the steel coupons had a pre-drilled 

hole prior to the welding.  The hole was positioned on one end of the coupons (19.05 mm away 

from the sides). 

The anvil was a steel plate that had a cavity with a certain dimensions.  A disadvantage of 

this fixture setup was the anvil could be misplaced easily.  In addition, since the anvil was tiny, 

the elevated temperature from the samples can be easily conducted towards the fixture and 

furthermore to the dynamometer.  Thus, a thermal insulator was placed under the anvil.  
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2.4.3. Data Acquisition 

For measuring axial force and torque, Kistler’s 4-component dynamometer type 9272 was 

used.  This dynamometer is capable of measure axial force up to 20 kN, which was adequate for 

the experiments with maximum axial forces that did not exceed 7 kN under normal operations.  

The working temperature range for the instrument is from zero to 70°C.  Since the coupons’ 

temperature gets well above 70°C, insulation elements were applied between the anvil and top of 

the measuring device as a necessary thermal insulation.  

The signal generated by the dynamometer was sent to a Dual Mode Charge Amplifier with 

Piezotron (type 5010) that converts the sensor signals into proportionally controlled voltage.  

After this step, the data was collected and recorded by Labview software.  The final stage of the 

signal transformation was done after the data was collected by a Matlab code that plots the data.  

 

2.4.4. Design of Experiments  

Design of Experiments (DOE) is a statistical approach for examination of a process, and the 

chosen parameters are varied simultaneously.  The software that was chosen for this task was 

Minitab 16 since it accurately analysis the data and presentation represents it numerically as well 

as graphically.  The goal at this time was to develop a basic understanding of the impact of the 

various process parameters such as: anvil cavity depth, tool offset, tool travel depth, and tool 

diameter upon the joint strength collected from lap shear testing machine.   

 

2.4.5. Experimental Procedure  

For the setup, the axis of the tool, hole in the steel, and cavity of the anvil had to be manually 

aligned, therefore, it was difficult to achieve high accuracy and consistency in this process.  The 

centering had to be done for every single specimen since the anvil changed position during the 

sample removal.  Therefore, there was a significant chance for misaligning the elements.  After 

placing the anvil in the correct way, positioning the coupons is the next step.  First, a steel 

coupon was placed on top of the anvil in such a way that the hole center was verically aligned 

with the anvil’s cavity center.  Next, the aluminum coupon was carefully positioned on top of the 

steel without moving the steel coupon.  As this is done, the cover plate was fastened with two 
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bolts on either side, as shown in Fig. 2.3(b).  All of this had to be carefully done so the 

components did not get misaligned, especially the steel coupon.  

After the entire coupon installation was completed, the vertical tool position had to be zeroed 

in the following way.  The tool was brought into contact with the coupons stackuped up while 

the the vertical force was monitored to aproach and not pass 100 N.  This point with the tool 

contacting the top aluminum sample with 100 N was recorded as the zero position for the tool.  

This was done because not every coupon pair is done in a perfect stackup way nor every coupon 

has exactly the same thickness.  In this way, the zero point was consistent, and the operation was 

more precise.  

After the zeroing step, the process was initiated and monitored. The machine rapidly moved 

the tool to a position just above the samples.  Henceforward, the tool reached the spindle and 

plunge speed according to the the g-code program loaded on the machine prior to the start of the 

process.  The entire welding procedure was completed in a few seconds.  Then, the sample was 

removed and set aside for cooling and labeling.  

  

2.4.6. Measured Thrust Force and Torque Curves 

The curves represented on the next figure are typical curves recorded during single pin 

specimens welding.  However, the profile can be significantly distorted if the specimen is not 

well centered. Therefore, there is a typical profile for a well-centered single pin samples as well 

as off centered single pin samples. 

Fig. 2.5. Typical force and torque profiles (a) 
measurement for properly aligned single pin 
specimen with spindle speed - 2250 rpm, plunge 
speed – 2.54 mm/s, tool diameter - 10.5 mm, tool 
depth - 0.504 mm, and no swelling             

Fig. 2.5. (b) Force and torque measurement 
for misaligned single pin specimen, spindle speed - 
2250 rpm, plunge speed – 2.54 mm/s, tool 
diameter - 10.5 mm, tool depth - 1.016 mm, and 
high swelling  



	  

Figure 2.5 (a). shows the typical force and torque profile for samples that are properly 

aligned.  The vertical force and the torque are spiking in the beginning.  After the spike, the force 

is increasing untill it reaches a plateau and stays there until the end of the welding procedure.  On 

the other hand, after the peaking, the torque is incresing until it reaches a local maximum, 

followed by constant and slow decline.  Figure 2.5 (b) shows the measured profiles for a test 

where centering was not done properly.  It is much noisier than it should be, possibly due to 

more “walking” vibration from the high initial force.  The multiple spikes of the torque and the 

force can be heard since the machine typically makes saddle low-pitched noise.  In future tests, 

the centering should be improved by a more consistent setup than the one that was used.    

 
2.4.7. Lap Joint Shear Strength Testing 

Lap joint shear testing was performed to determine the shear strength of the single lap joint 

test specimens.  This test was carried out using an INSTRON tension-testing machine (model # 

4206-004).  First, the test specimens were placed in the grips of the machine, and then the 

machine started with the procedure.  Following, the machine measured and recorded the pulling 

force.  The maximum pulling force that the specimens sustained before they ruptured was the 

most important information gathered from the testing, and the shear was reported as kN.  In 

addition, during the testing, the failure mechanism progression was observed.  

 
2.5. Experimental Results  

The first step towards a good weld was to determine the head and neck geometry that were 

applicable.  Then, more thorough DOE trend results were established.  Next, the zinc layer was 

found to have a significant effect on the joint strength and the results quantify its effect on the 

strength.  The results also indicated that there was a significant variation in the strength of the 

samples. This variation should be comprehended completely as well.  A detailed explanation of 

the experimental results follows in the next sections.  

 

2.5.1. Failure Modes  

The failure mechanism for single pin specimens can be classified into three types: Neck 

Shear, Aluminum Peeling, and Bonding Delamination.  However, most of the samples fail in a 

combination of these three types. 
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A Neck shear failure would be observed in cases where there is no brazing layer such as in 

the samples that contain steel without the zinc layer.  In that case, the specimens pulled on the 

lap-shear strength machine would fail in their weakest point, the neck towards the top sheet   For 

this failure mode, it is obvious that the neck diameter plays a crucial role in defining strength.   

Aluminum peeling: This type of failure is akin to weld nugget pull out and occurs in the top 

sheet where the rotating tool has advanced to such a point that the thinning caused by the 

shoulder is the point least capable of carrying load.  This mode is most prevalent for joints 

involving bare steel.  When this failure mechanism is active, the extruded material remains in the 

pre-fabricated hole in the steel.   

Bonding delamination:  The third type of failure is brazed joint breakdown.  The pulling 

force of the machine is increasing until the moment it the reaches the critical value.  In that 

instant, failure will happen at the speed of sound.  Then, the next stage is the plastic failure of the 

neck.  

 

2.5.2. Stress-Strain Curve 

A typical stress-strain curve is presented in Fig. 2.6.  After the elastic region, an aluminum 

coupon (1.0 and 1.4 mm thick) together with 0.7 mm steel coupons deforms plastically until the 

point at which the braze joint fails indicated by the sharp drop in load at approximately 2.3 mm 

extension, refer to Fig. 2.6.  At this stage the pulling force reaches the critical value and a crack 

nucleation appears.  Right at that moment, the crack propagation spreads in a catastrophic 

fashion (bonding delamination).  However, the catastrophic failure is not complete because of 

the mechanical interlock and it is accompanied with a failure of the neck as evidenced by the 

small plateau at an extension of approximately 2.3 to 2.4mm.  This would appear to mean that 

the load bearing is from the braze only and that the mechanical interlock in inconsequential.   
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Fig. 2.6: A Stress-strain curve from FSF specimens. A usual stress-strain curve would have a couple 
tenths of a millimeter longer last step that looks like a cascade.  

 

2.5.3. Multi pin Specimen Failure Mechanism 

The following is a description of a multi pin specimen on the lap joint sheer testing machine. 

As the load approaches the joint failure strength, the steel deforms and cracks around the holes as 

well as deforming in between the holes.  At the same time, the aluminum pins are being 

deformed.  When the force reaches the critical value for the brazed joint failure, the joint 

collapses catastrophically and some load is carried by the aluminum pins.  This second stage (the 

cascade shaped line part) ends by the pin failure and will be continued by aluminum deformation 

till the pins are pulled completely out of the steel coupon. 

The failure mechanism for the multi pin specimens is significantly different than in a single 

pin sample.  First, the steel deforms much more easily around the drilled holes since the conical 

shape of the holes thins the steel reducing its load-bearing capability in the vicinity of the holes.  

Therefore, the material adjacent the holes plastically deform, crack, and elongate during the lap 

shear testing.  Moreover, the steel between the four holes is significantly weakened as well.  On 

the other hand, aluminum is significantly weaker than steel and the extruded pins do not 

surviving under the testing.  The pins plastically deform and are pulled out of the steel coupon.   

Thus, multi-pin specimens have just one type of failure.   
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Fig. 2.7: A Stress-strain curve from FSF multi pin specimens.  Here are three specimens that follow a 
typical multi pin stress-strain curve.  Following the first sample (red line), bonding delamination happened 
around 2.25 mm on the extension axis.  Pin peeling happened right after 3.5 mm. 

 
2.5.4. DOE Test Results for Initial Geometry  

For this DOE, strength output was established for variables of shoulder diameter, shoulder 

depth, shoulder position, and die depth.  At this time, the following parameters were used.  Two 

different tool diameters were used 10.5, and 15.2 mm.  Next, the tool depth, the depth that the 

tool traveled into the aluminum sheet, had two different levels as well: 0.635 mm (0.025”), and 

0.889 mm (0.035”).  The shoulder position is the distance from the tool center to the vertical axis 

during the welding.  This is a measure of how well the sample is centered.  Measuring this 

parameter presented a small problem.  Since there should be some tolerance incorporated, the 

question was when is the sample well centered and when it is not.  For this DOE, the shoulder 

position had two values: zero for centered and three for off centered. The last parameter 

considered is the head height or the depth of the anvil’s cavity. For this, two values were 

considered:  0.4 and 0.6 mm.   

	  

 
           (a)             (b)    (c)       (d) 

Fig. 2.8: DOE results (a) strength dependence on tool diameter, (b) strength dependence on the tool 
depth, (c) strength dependence on the specimens offset, (d) strength dependence on anvil cavity 
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The p value for the shoulder diameter is 0.003, meaning that there is a true, direct 

relationship between the shoulder diameter and strength of the joint.  The p value for tool 

shoulder depth value is 0.001, shoulder position is 0.598, and die depth (anvil cavity depth) is 

0.063.  From here, it can be seen that the shoulder depth has a significant importance. In 

addition, the shoulder diameter in combination with the shoulder depth is important because the 

p value is for the combination is 0.001.  The shoulder position was not as important as the other 

parameters.  R2 for the DOE was 44.13%.  All the results of this DOE and all other can be seen in 

the appendix.  

Conclusions from the DOE are that the strength of the weld is dependent on the shoulder 

diameter.  If the shoulder is bigger, the strength will be higher, and vice versa. The main reason 

for this is the brazed joint.  If a bigger tool diameter is used, the bigger brazed joint diameter 

would form.  Therefore, this will result as higher resistance on the pulling force on the lap shear-

testing machine.  On the other hand, optimal values of plunge depth and the spindle speed should 

be further researched.  
 

2.6. Conclusions 

After the first step into the FSF feasibility exploration, a few things are very apparent.  

• The FSF method shows important potential for welding dissimilar materials, in particular 

aluminum and steel.  This means that with this method after further research, it could be a 

comparable technique for solving this important problem for the automobile industry.  

• For 0.7mm thick GMW2 steel and 1.0 mm as well as 1.4 mm 6014 aluminum, a pre-

fabricated hole in the steel component that is ready for welding should have a diameter of 

2.54mm.  In addition, the appropriate dimensions for the head are 3mm for the diameter 

and 0.6mm for the height.  

• Since this steel has a zinc coating as an anticorrosion defense, the coating has a 

substantial influence.  During the welding procedure, the temperature is elevated and that 

makes the zinc to bond. As a result, the strength is significantly higher since it has a 

brittle intermetallic component. The steel hole should be as big as possible so the layer is 

smaller and the neck can act as a crack propagation stopper as well 

• Positioning of the samples’ components prior to the welding has a significant importance. 

The center of the hole dictates the position of the anvil’s cavity center as well as the 
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center of the tool.  Fine-tuning of the tool in relation to the hole does not have significant 

importance. 

• The tool diameter is one of the important machining parameters.  Essentially, the bigger 

the diameter, the stronger the weld will be because there would be more bonding between 

the materials.  
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Chapter  3: FSF Experiments in Force Controlled C-Arm Robot 

 
3.1. Introduction 

The previous experimental analyses that were done at UH improved the understanding of the 

process and staged the next step of the research.  The objective of this part of the research was to 

adapt the FSF process developed on the CNC machine to the Tool-o-matic Friction Stir Spot 

Welding System at GM.  The reason for this is to adjust the FSF process for industrially relevant 

conditions.  The result of this adaptation was practical guidelines for industrial application.  

In production there are a number of additional issues that could inflict more complex 

constraints such as gaps between the sheets, tooling not aligned perpendicular to the sheets, etc. 

These challenges could limit the industrial application of the process.  An appropriate 

industrially relevant joint was evaluated once optimized processing parameters had been defined.  

Experiments were proposed for joints made between a steel bracket and sheet aluminum, 

simulating the process to join the hood or other panel structures.  Possible issues for the various 

applications could include accessibility of the tooling and fixture with the bracket, residual 

stress, and material property changes.  In conclusion of the experiments, a window of feasible 

process parameters for correct joint formation needed to be established.  In this part, the major 

goal was to gain familiarity with the machine and to perfect the technique. 

 
3.2. Experimental Setup 

 
3.2.1. Work-Materials 

In the initial experimentation, aluminum 6014 and 5182 were used.  However, all the 

experimentation done for the two DOEs were done with aluminum 5182 because of its 

availability.  Table 3.1 gives the material compositions of these materials.   

  Al Cr Cu Fe Mg Mn Other, 
each 

Other, 
total Si Ti V Zn 

AA6014 ≤97.0 ≤0.20 ≤ 
0.25 

≤ 
0.35 

0.4 - 
0.8 0.05 - 0.2 ≤ 0.050 ≤ 0.15 % 0.3 - 0.6 ≤ 0.10 0.050 

- 0.2 ≤0.10 

AA5182 93.2 - 
95.8 ≤0.10 ≤0.15 ≤ 

0.35 
4.0 - 
5.0 

0.20 - 
0.50 ≤ 0.050 ≤ 0.15 ≤ 0.20 ≤0.10 - ≤ 0.25 

Table 3.1: The chemical composition of AA6014 and AA5182 coupons used in GM [ASM Vol. 2 et al., 
1990].  Densities of the alloys are 2.70 and 2.65 g/cm3, respectively.  From the table, it can be seen that 
amount of magnesium is the biggest difference between these two alloys.  
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3.2.2. Overview of the Setup and Procedure 
 

The basic elements of the setup are: tool, anvil, sample holder, coupon fixture, clamping 

device, C-frame, and the friction stir spot welding (FSSW) actuator.  

 
 (a) (b) 

Fig. 3.1: The FSSW machine (a) side view of the machine without coupon fixture, (b) the machine with 
workpiece in place for welding. 

 
In Fig. 3.1 above, the black part of the machine is the actuator made of the three parts 

described from the bottom up: a spindle motor that spins the tool, a forge that forces the tool into 

the work piece, and an encoder that determines location of the tool.  Figure 3.1(b) shows the 

setup prior to the start of the welding process. 

Calibration had to be done prior to the experimentation.  Calibration is required to create a 

relationship between motor torque and tool force.  In addition, prior to every specimen run, a 

zeroing process was done.  Tool zero, or zeroing, is used to get a very accurate location of the 

position of the tool tip in relation to the top of the anvil.  This machine is a position and speed-

controlled system, similar to the CNC at UH.  The only way to control the force is through the 

force limit.  The force limit for the FSSW machine must be the same or lower than the maximum 

design rating for the C-frame and the forge actuator.  It was chosen to be 7 kN since it would not 

be exceeded for a typical test.  It was learned that if the machine was not properly warmed up, it 

would introduce an error for the first few specimens.  Thus, the machine was run a few times 

without the coupons to make the system ready.   
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For the initial parameters, spindle speed ranged from 100 up to 2500 rpm.  The plunge speed 

ranged from 0.1 to 20 mm/s.  The “stackup” command determines when to transition from high-

speed motion to the plunge speed.  This command also defines the plunge depth of the FSSW 

tool and is measured from the bottom of the weld to the anvil.  The FSSW machine also has a 

dwelling option, in which the plunge could pause on a certain depth while the stirring continues 

with the same or different spindle speed for a set time.  This could be independently done up to 

two times per run.  This option was not fully explored since the main goal was to fully 

understand the primary parameters.  In the future, this function could be investigated if a benefit 

is seen.  

 

Fig. 3.2: Schematic of the setup at General Motors Tech Center  

	  

3.2.3. Positioning, Anvil, and the Tools 

Contrary to the UH set up, the anvil situation was much better as shown in Fig. 3.2, and 

proper centering was not a challenge especially after familiarity was gained with the machine.  

Throughout development of the welding procedure, there were some specimens that had certain 

positioning problems.  Nonetheless, these samples had a significant contribution to the 

understanding of the process since they brought the engineering aspect to the more obvious 

perspective.  

The anvil had a cavity with a diameter of 3.54 mm (0.13937”), and 0.55 mm (0.02165”) 

height.  Those dimensions were adequate since there was no problem associated with the cavity, 

head formation, or any head failure.  The cavity did not have a perfect circular shape, but that did 

not cause any problems. 
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There were different tools used in the GM experiments in order to find the best dimensions 

and shape of the tool.  The primary reason for trying different tools was to find a way to lower 

the bulging area, minimize the flash, lower walking (lateral movement of the tool across the 

sheet surface), and increase the weld strength. The first tool that was tried was the same type as 

in UH, the pin-less tool.  Other tool designs that were experimented with were the wiper shoulder 

and concave shoulder tool, shown in Fig. 3.3. 

 

            (a)    (b)        (c) 

Fig. 3.3: Tools (a). The wiper tool mounted in the tool holder, (b) the concave shoulder tool, (c) the pin-
less tool placed in the holder. 

	  

3.3. Experimental Results 
 

3.3.1. Observations of the Procedure  

A zeroing process was done prior to every specimen run.  The reason for zeroing for every 

specimen is that high accuracy is needed since the tool can experience wear and/or damage from 

test to test.  This is not needed to be as frequent in the industrial environment since damage or 

wear does not occur very often.  However, in the initial experiments this approach is needed so 

the results have the highest possible precision.  There are two types of zeroing.  If the tool is the 

same as in the previous welding, the procedure is very quick.  However, if the tool was changed, 

the machine needs a little more time to do the procedure since it is defining the position with a 

new tool installed.  When the tool is changed, zeroing is always needed, and it is anticipated to 

be needed even on an industrial level.  Prior to the zeroing operation, the tool had to be inspected 

since aluminum deposition might occur.  If the deposition happened, the zeroing would include it 

into the tool height, and that would introduce an error. 
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The positioning procedure is a very important step.  A bad positioning results in distortion in 

the zinc layer, corona, and flash.  These distortions have a direct effect of reducing the weld 

strength.  The clamping devices must be as close as possible to the welding area.  The applied 

force should be appropriately high and equal on both sides of the sample.  If this condition is not 

satisfied, the weld will be compromised.  It is important to notice that in the Fig. 3.1(b) the 

clamping device was not placed properly.  It should be much closer to the weld.  In addition, the 

clamping system should be improved for industrial settings.   

The anvil is one of the crucial parts of the apparatus because it accepts almost the entire 

amount of force that is applied by the tool during the welding procedure.  Therefore, the anvil’s 

design and material should be chosen carefully in regards to wear and strength at elevated 

temperatures, since this component should not experience any deformation during the operation.  

In contrast to the experiments at UH, once the left-handed thread anvil was installed into the C-

frame at the GM tech center, there was no need for removing the component for any reason 

except for cleaning or changing the anvil if a different cavity is needed.  The anvil cleaning was 

done only once when a specimen was taken out of the sample fixture improperly.  That situation 

possibly can be improved by drilling a precision cavity since this cavity did not have the best 

shape possible.  The cavity machining can be done after the anvil is installed, so that the cavity is 

perfectly aligned with the tool. 

The anvil is much more deposition resistant than all of the tools, therefore, the anvil cleaning 

is not an issue.  The only time the anvil experienced some deformation was when the wiper tool 

was not properly centered, since the pin diameter was barely bigger than the diameter of the 

cavity.  The tools and anvil did not need lubrication or any other fluid to function properly.  The 

only disadvantage of the anvil’s design is that the element cannot be changed very quickly.  This 

should not represent a significant problem in an industrial situation.  

Aluminum work material was deposited on the tools from time to time.  At this point, it is not 

clear how that can be fully avoided.  It is important to explain that if the tool is deposited 

slightly, just with a small aluminum layer, the tool will clean itself on the next weld.  Therefore, 

this does not represent a problem in a mass production setting.  If the tools have a serious 

aluminum deposition, they have to be cleaned; otherwise, it will compromise the next FSF weld.  

The cleaning could be done mechanically or chemically.  Mechanical cleaning requires using a 

lathe or an abrasive device for the aluminum deposit removal.  This method represents a quick 
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cleaning appropriate for production but the challenge comes from tools that have complicated 

features such as the wiper tool, the concave shoulder tool, or the anvil because of the cavity.  In 

addition, this method does change the dimensions since it takes a layer of the material off.  On 

the other hand, chemical cleaning is independent of the geometry but takes longer time and most 

likely would require the tool to be removed in a production setting.  For our purposes, the wiper 

tool was cleaned only by this method that entailed a solution of sodium hydroxide poured into a 

beaker with pre-heated water and allowing the solution to clean the deposits in a few hours, 

possibly overnight.  If the cleaning has to go faster, the solution should be changed every 20 to 

25 minutes.  Thus, faster cleaning is more expensive.  The time needed for the cleaning directly 

depends on the aluminum amount that was deposited on the tools.  The chemical treatment 

represents health risks as well.  If it is not handled properly, this highly caustic base will quickly 

damage skin, or lungs if it is inhaled.  This is especially true in the very beginning of the 

cleaning since the base reacts in an exothermic manner.  

Next, the procedure of taking the samples out of the sample holder could represent an issue.  

There are two reasons for this.  First, if the sample holder is too small, the flash will rise and 

interlock the specimen into the holder.  For this case, the operator can take the interlocked piece 

out of the machine and rotate the sample holder while the specimen is sheltered in a vise.  After 

the rotation starts, the specimen should be able to be disjointed.  This problem could and should 

be avoided by choosing appropriate sample holder dimensions since it is time consuming and 

manual labor intensive.  If the sample holder has a hole that is bigger than it should be, swelling 

can occur easily.  The experimentation was started with a 25.4mm (1”) diameter hole.  In order 

to alleviate the problem, the next holder was made with a 18mm (0.7086”) diameter hole for the 

14 mm (0.5512”) tool diameter.  This ratio was much improved as the swelling was lowered and 

the tool and the flash did not have any problem with the dimension.  Thus, samples could be 

taken out of the machine without any problems.  

Since aluminum was compressed into the anvil cavity, the head and the anvil were 

mechanically interlocked.  This can be solved by pushing the specimen from the bottom up.  This 

is not a significant problem but if it is not done correctly, it might damage the head in some 

specimens.  The head simply can be damaged or even detached from the sample under the 

circumstances.  Taking the specimens out should be consistent since the specimen experiences 

different cooling rates if cooled in air as opposed to cooled in the holder and the coupon fixture. 
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3.3.2. Observations of the Weld 
 

3.3.2.1. Top of the Weld  

It was noticed that the flash was lower if the vibrations were lower.  The flash roughness can 

also come from a tool that is damaged on the side of the pin or on the rim of the pin.  That is why 

the tool should not have damages in those areas.  The flash can be distorted with a walking mark.  

Walking is a mark that is made at the beginning of the weld.  When the tool initially contacts the 

aluminum coupon, the tool can struggle to go downward in a straight-line fashion since the C-

frame responds to the torque generated by the tool.  As a product, the tool wonders around for a 

short period of time before it stabilizes and finishes the FSF process.  The C-frame vibration 

should be dampened as soon as possible since it is not a desirable part of the operation.  This can 

be minimized by the correct choice of machine parameters and tools.  Flash and walking can also 

be associated with swelling (bulging). 

The bottom of the cavity that was made by the tool can even have cracks towards the center. 

They do not represent a problem when it comes to the specimen strength. They were observed 

only when a flat shoulder tool was used.  Nonetheless, this should be further explored and 

eliminated.  

 

     (a)              (b)                  (c) 

Fig. 3.4: Top of the weld made by the concave shoulder tool: (a) normal top of the weld appearance, (b) 
the rough flash is the product of the deposited tool, and it is a signature of the deposition, (c) the concave 
shoulder tool after a run on 1.0 mm thick coupon.  The deposition stays the same after the first run. 
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           (a)                  (b)            (c) 

Fig. 3.5: Tool and top of the joint anomalies: (a) unusual tool damage, (b) an unsuccessful weld, (c) rough 
flash with a walk mark on the left side.  In addition, there is a tiny ring around the flash as mark from the 
sample holder.  This specimen was done with the damaged tool that is shown on the left. This tool indention 
looks rougher than normal. 

In Fig. 3.5(a) the tool had unusually severe damage.  However, it was observed that the 

diameter of this kind of damage is usually between 5 and 7 mm.  In addition, the tool is 

deformed on the side towards the front.  The tool had two flats so that a wrench can be placed 

inside for removal and insertion of the flat tool into the tool holder.  Therefore, those flats were 

too close to the working surface.  The tool needs to be better designed.  

In Fig. 3.5(b), this specimen was done with a minimum plunge speed of 0.1 mm/s and a 

minimum spindle speed of 100rpm.  The tool did not stabilize, and the operation had to be 

prematurely stopped.  The tool diameter was 14mm, and the diameter of the flash was 19 mm.  

The walking occurred because the c-frame vibrated, and with the extremely low plunging and 

spindle speed, the tool simply could not get stabilized.  With an increase of the two speeds, the 

walking time decreases.  

	  

3.3.2.2. Bottom of the Weld 

This section describes the bottom of the weld, however, the weld in between the coupons is 

very similar so the descriptions apply to that as well. 

First is the head of the weld.  In GM, the diameter of the pre-punched hole was 3.0mm 

compared to 2.54mm previously.  Since this is the coordinate center for our system, the head 

diameter was proportionally enlarged from 3.0 to 3.54 mm in order to follow the increase of the 

diameter of the hole.  That proportional increase of 18% yielded good results.  It is important to 

point out that there were unwanted consequences if this is not respected.  If the head diameter is 

smaller than 18%, the head will be too small, causing it to fail in the lap shear test at a reduced 
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load. On the other hand, if the head diameter is bigger than this percentage, the steel will collapse 

into the cavity during the welding process and prevent the head forming in the correct way.  

Consequently, the head will be weak on the lap joint shear test as well.   

The core had the same characteristics as the joints made at UH.  The core condition and 

geometry were the same as the tool.  It is a circular area around the steel hole that shows itself on 

both sides of the steel.  The stirring tool produces an enormous thermal and mechanical effect on 

the steel coupon under the tool.  This is the influence that creates the core as a mark on the steel.  

Because of the pressure and the higher temperature, some zinc from the core will be left on the 

anvil as well.  Figure 3.6 shows the zinc deposition on the anvils left from the steel. 

  
          (a)          (b) 

Fig. 3.6: The anvil. (a) The anvil placed in the sample fixture.  On the top of the anvil, there is zinc 
deposition from the steel workpiece. The anvil’s cavity does not have a perfect circular profile, but that does 
not have an important effect on the joint since the sample will not have a head failure, (b) a closer look at an 
anvil without a cavity. As in (a), there is zinc deposition on the anvil.  

The corona usually manifests itself as a ring around the core of the weld.  This phenomenon 

represents zinc that was affected by the higher temperature.  Nonetheless, if the stirring does not 

increase the temperature to the level that the zinc is affected, the corona then will not be created.  

If the pin-less tool is used for a specimen, the circular ring on the bottom of the weld or in 

between the sheets should have an outer and inner radii difference equal in any direction away 

from the center.  However, that is not always the case.  If positioning the coupons as well as 

positioning of other elements such as the sample holder and clamping devices are not done 

accurately, the corona will indicate improper handling by unequal radii difference throughout the 

coronal circumference, and even have a frayed appearance.  This will also indicate that the state 

of the brazed joint is not strong.  The vertical force applied by the rotating tool did not have an 

equal intensity around the circumference of the weld.  That shapes the diffusion layer in an 
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uneven way.  As such, the layer will fail in the area where the thickness is the smallest under 

loading and the joint strength will be compromised.  This is why proper alignment of the 

coupons and the machine is important.  Looking at the corona, the operator can easily assess the 

condition of the weld.  This is a good, cheap, and easy way to determine quality of the weld for 

manual welding but is not directly transferable to a fully automated system. This corona problem 

is shown in Fig. 3.7.  

There is a second reason why the corona might be differently shaped.  If a different tool was 

used rather than the pin-less tool, the outcome could be different as exemplified when using the 

concave tool.  Since the pin is 0.2 mm higher from the shoulder, the pin enters the material 

before the shoulder.  That means that the temperature and stress gradient is significantly different 

than in the pin-less situation.  Under the pin, the stress is equal but higher than under the rest of 

the tool.  Thus, the zinc layer will melt under the pin prior to the zinc under the concave 

shoulder.  Furthermore, since the shoulder has the cavity, the zinc layer does not experience 

stress or temperature equally under the shoulder either.  In the moment when the zinc crosses the 

liquidus line under the entire tool, since the pressure is highest under the pin, the zinc is forced 

out of the core and corona.  This happens on the bottom of the weld as well as in the inter-

coupon space.  If the positioning was done correctly, the molten zinc is squeezed out in all 

directions, thus creating a frayed appearance. Otherwise, the melted zinc is ejected in the 

direction with the smallest resistance and smallest pressure.  This phenomenon can be seen on 

the samples where the sample holder was not centered well.  For the 14 mm concave shoulder 

tool, the observed fraying easily reached 7 mm away from the core. 

 

Fig.3.7: Irregular corona. The core experienced higher force in the lower left corner than in the upper 
right corner.   
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3.3.3. Effect of Tool Geometry 

The C-frame machine was susceptible to vibration.  One source of vibration was the Tool-o-

matic engine.  Additional unwanted vibration happened when the tool contacted the aluminum 

coupon and the C-frame reacted to the force and torque.  It is known that the FSW pin centers 

and stabilizes the tool, but the pin is undesirable for the FSF because of the indention left in the 

joint, which can reduce the joint strength.  Different tool designs were experimented with to 

solve this problem.   

The wiper tool was borrowed from the FSSW process, and because of that, it was the least 

successful tool since it was not designed for FSF.  The main reason for the failure is that the tool 

pin diameter was too small, 4 mm.  In addition, the shoulder was too small, and the distance 

between the shoulder and the pin was large.  The pin did not transform sufficient kinetic energy 

into thermal energy leading to a situation where the brazed joint did not occur at all, and the head 

did not form properly either.  However, the flash looked very good, there was no bulge, and there 

was no walking.  None of the specimens made with this tool performed well in joint strength 

tests or drop tests.  The drop test is a simple and fast mechanical test to assess if there is any 

reasonable level of joint strength.  The specimens are dropped from around a 1.5 m height and if 

everything is correct with the joint, the specimen should remain intact otherwise the two pieces 

will just fall apart.  If the tool had a much bigger pin diameter, a smaller shoulder area that 

contains the wiper figures, and a smaller distance between the pin and the shoulder, that would 

result in a much better outcome.  Once again, the wiper feature of the tool satisfied that need but 

not the rest of the tool. 

Since the flat tool is not very stable, the angular momentum should be lowered.  The 

momentum directly depends on the radius of the tool, mass of the tool, and velocity.  The 

concave shoulder had a smaller pin radius, and therefore, smaller angular momentum regardless 

of the tool geometry.  When the pin stabilized, the rim of the shoulder did not have significant 

problem continuing into the aluminum.  In that way, the flash roughness and the walking are 

considerably lowered.  

For the 1.0mm thick aluminum 5182 coupons, the concave region of the concave shoulder 

tool is badly depositing with aluminum.  This first sample made by this tool has approximately 

2/3 of the typical strength.  When the same deposited tool is used, the next samples will be 
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satisfactory.  Nonetheless, the strength will be lower than those made by the flat tool.  The tool 

has the same deposition amount for the rest of the experimentation.   

Even though the pin-less tool is harder to control, and the flash is big and rough, the vibration 

can be reduced by increasing the plunging and spindle speed of the tool.  The initial experiments 

were done with lower plunging speed, 0.3 mm/s.  However, when the speed was increased, the 

walking decreased.  Based on previous FSSW experiments at GM, the upper speed was chosen 

to be 8 mm/s from that point on.  As a result of the plunging speed increase, the walking was at 

an acceptable level.  When the experiments were done on the CNC, walking did not represent 

any problem since the machine is much more stiff, with a solid machining table in contrast with 

the C-frame of the FSSW machine at GM.  The flat tool used at this facility had a diameter of 

14.0 mm.  Even though there were two tools with the same size shoulder used for the 

experimentation but with a different height, it was observed that they did not produce the same 

weld strength.  The tool with a smaller volume produced stronger welds since the tool takes less 

heat away from the coupons.  Therefore, it allows the longer time for the diffusion.  It should be 

mentioned that materials for the tools and other elements of the setup need further study.  A 

different tool material would have an influence on the strength of the weld.   

	   	   	   	  

           (a)   (b)   (c)   (d) 

Fig. 3.8: Failures (a) this specimen was done by the concave shoulder tool.  Bonding delamination 
happened in the outside ring, on the shoulder area.  Inside of the ring is aluminum that was torn the 
aluminum sheet.  The diameter of the ring is equal to the diameter of the pin of the tool, (b) the same 
specimen as in (a), but this is a view of the aluminum piece from “inside” after the testing, (c) Aluminum 
peeling off a specimen done by a pin-less tool, (d) view of the top of the aluminum coupon.  The steel part of 
the specimen is shown on the previous picture.  The walking mark and the sample holder mark can be seen 
here as well.  The holder mark shows because swelling occurred.  The flash is elongated from the lap joint 
shear test. 
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3.3.4. DOE Results 

The DOE was made in order to determine the influence of the spindle and plunge speed, 

plunge depth, and the top sheet thickness on the strength of the joint.  The result is that two 

parameters, plunge depth and top sheet thickness, have a very significant influence on the 

strength, while the others’ influence is smaller.  The result is shown graphically in Fig. 3.9. 

From the previous DOE, the conclusion was that the tool size and the plunge depth do have a 

significant influence on the quality of the weld.  That was validated by the results of this DOE.  

However, the difference is that at this time the lower plunge depth increases the strength in 

contrast to the previous DOE results.  Consequently, the first result needs to be reevaluated. 

 
Fig: 3.9: DOE results.  The y-axes show the strength of the joints in Newtons.  For the chosen parameters 

x axes are following.  Spindle speed is in rpm.  Plunge speed is in mm/s.  Plunge depth and top sheet thickness 
is in millimeters. 

In Fig. 3.9, the peak force was compared versus spindle and plunge speed, plunge depth, and 

top sheet thickness.  Spindle speed had three factors: 1500, 2000, and 2500 rpm.  Plunge speed 

had three factors: 0.1, 1.0, and 10.0 mm.  Plunge depth factors were: 0.5, 0.7, and 0.9 mm. 

Lastly, top sheet thickness had just two factors: 1.0 and 1.4mm.  In the second DOE, p values for 

the coupon thickness and plunge depth are 0.000.  These two factors undoubtedly have an impact 

on the strength of the weld.  As thickness of the top sheet increases and plunge depth decreases, 

the joint strength increases.  P value for spindle speed is 0.397, and for plunge speed is 0.372.  

Another important p value that is not represented graphically is the combination of spindle and 

plunge speed, which is 0.004.  R2 for the DOE was 78.83%. 
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3.3.5. Failures 

The failure mechanism depends on the tools that were used for the weld.  All the previous 

explanation was for FSF with the pin-less tool.  There was another type of failure with the 

concave shoulder tool.   

As discussed previously, depending on the top sheet thickness and the tool depth, the 

important failing factor for the bonding delamination and aluminum peeling was the geometrical 

weak point and that needs to be improved in the future.  That point of the weld was the rim of the 

cavity that was made by the tool since there was a small aluminum volume for carrying the load.  

This failure mechanism appeared to be especially important for thinner aluminum pieces and 

high plunging depth.  As the load increased on the lap shear machine, a crack initialization 

occurred, and the sample failed in a ductile fashion.  The crack propagation progressed into two 

directions, around the core, and finished on the opposite side of the joint.  The aluminum peeled 

off onto the steel coupon in a cylindrical shape with a diameter equal to the tool diameter, and 

thickness of the top sheet minus the tool depth.  This cylinder is still bonded by the brazed joint.  

Sometimes, there was irregularity of this failing type, with the brazed joint partially failing but 

still removing a chunk of aluminum attached from the top sheet.  For the concave tool, the 

samples that were made by the tool have the above described failure around the cavity of the pin 

but not on the rim of the shoulder.  The aluminum under the shoulder failed through the brazed 

joint.  Therefore, that aluminum stayed with the aluminum coupon after the testing. This 

happened because the temperature and the pressure profile was different under the pin than under 

the concave shoulder. Under the pin, it was a higher temperature, and that allowed better 

bonding.  

 
Fig. 3.10: Failure DOE results.  The y-axes are representing failure mechanism. Value zero is for 

aluminum peeling. Value one is for bonding delamination. For the chosen parameters x-axes are following. 
Spindle speed is in rpm.  Plunge speed is in mm/s.  Plunge depth and top sheet thickness is in millimeters. 
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During lap shear testing the failure mechanism was observed and recorded.  The information 

was incorporated as an outcome in the previous DOE as described in section 3.3.4.  The failure 

was compared versus spindle and plunge speed, plunge depth, and top sheet thickness.  The input 

for this DOE was instead the peak load, the zero for the aluminum peeling, and one for the 

bonding delamination.  The p values for plunge depth, top sheet thickness, plunge depth and top 

sheet thickness combination, and combination of spindle speed and plunge were 0.000, 0.000, 

0.000, and 0.005, respectively.  These p values once again prove that the aluminum coupon 

thickness and the plunge depth are very important.  R2 for the DOE was 83.48%.  However, here 

is additional information that is very important that can be seen in Fig. 3.10.  The thinner the 

aluminum is, the greater the chance for the aluminum to get ripped off.  Moreover, the same 

failure mechanism will have an increased chance with the deeper plunged depth.  Therefore, the 

smaller tool depth is more desirable.  

 
3.4. FSF and Self Pierce Riveting Joint Strength Comparison 

Joints made by the FSF process were compared to joints made by the self-piercing rivet 

method (SPR) for the same coupons (0.7mm GMW2 Steel, and 1.4mm aluminum 5182).  This 

process does not require heating for joining the coupons.  A rivet is driven through the upper 

coupon and set in the lower coupon to connect two or more coupons, without penetration into the 

lower coupon.  The upper coupon was steel and the lower was aluminum during the joining by a 

self-piercing rivet.  Since this is a cold procedure, the melting temperature difference of the 

materials is not a factor.  Therefore, it is possible to use this procedure for joining of dissimilar 

metals. [Ravshanbek].  Self-piercing riveting does not require a pre-punched or a pre-drilled 

hole.  Thus, the joining speed is the same as the spot resistance welding, and the equipment is 

similar.  That means that SPR is faster than conventional riveting or FSF.  SPR does not require 

high demanding centering as well.  

A set of the specimens was made in GM.  The set was tested on the lap shear machine on the 

room temperature in order to determine the strength of the joining process.  The mean strength of 

the specimens was 2785 N, the median was 2792 N, and the standard deviation was 60.4 N.  SPR 

joint had smaller variation, but drastically lower strength than the FSF joint.  For comparison, the 

mean joint strength in Newtons for the tool of 14 mm can be seen on figure 3.9. 
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3.5. Conclusions 

The results of these experiments suggest that FSF can be used in an industrial setting, but it 

has to be significantly improved.  After all the experiments, it is clear that two things have a 

crucial importance.  One is the geometrical characteristics such as coupon thicknesses, anti 

corrosion layer or lack of, diameter of the hole that is pre-fabricated into the steel, head 

geometrics, and the positioning of the coupons in relation to other elements of the machine setup.  

The other important factor is the temperature increase in the workpieces. 

The process is sensitive to the relative positioning of the basic element: the coupons, tool, 

and anvil as well as the geometry of the main elements of the weld such as coupon thickness, 

plunge depth, and neck and head dimensions.  All of the coupons, the sample holder, and the 

coupon holder need to be aligned axially.  The clamping devices need to act in a strong and equal 

way on both of the sides of the joint.  The tool center and the center of the cavity in the anvil 

must be aligned with the center of the steel hole, and positioned 90o in relation to the coupons.  If 

the position is not done in the correct way, the strength will be lower.  For this set of materials, 

neck diameter of 3mm together with 3.54 mm head diameter and 0.55 mm height is a good 

combination.  On the other hand, if that needs to be changed, the anvil cavity’s diameter to the 

steel’ hole diameter ration of 18% should be respected since is proven to be the correct one.  The 

plunge depth has crucial importance.  This depth should be small as possible especially in thinner 

aluminum sheets.  If the plunge depth is higher, it could compromise the strength of the weld.  

Subsequently, another crucially important parameter is aluminum sheet thickness.  The thicker 

the aluminum sheet is, the stronger the weld, and vice versa.  

The second important factor is the temperature generation.  It depends on the spindle speed, 

tool diameter, and plunge speed.  If the spindle speed is bigger, the generation will be higher as 

well as lower vibration.  If the speed is higher than an optimal value, the vibration will decrease 

but the temperature will have a negative effect since the strength of the weld will decline.  

Therefore, lower spindle speed then optimal, increases the vibration and decreases the 

temperature generation.  The next important parameter for the temperature generation is the 

plunge speed.  A lower plunge speed from the optimal value increases vibration but the 

temperature will be higher since the tool spends more time stirring.  Furthermore, higher plunge 

speed decreases vibration.  The conclusion from the previous section stays the same.  The 
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temperature generation should reach an optimum value.  This optimal value should be further 

researched in order to be fully quantified.  
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Chapter  4: Metallography and Thermal Analysis  
 
4.1. Introduction 

For a better understanding of the material properties and their transformations during the FSF 

process, metallographic techniques were used on specimens made by the FSF.  Metallography is 

able to provide information about grain size, existing phases and their distribution, chemical 

uniformity, and deformations.  This was complemented by measuring the temperature during the 

joining process. 

 

4.2. Metallographic Sample Preparation 

Appropriate preparation of metallographic specimens is needed for accurate determination of 

microstructure and content of the specimens.  Sample preparation was done at UH together with 

all of the spectroscopy.  The samples that where examined are made with AA 6014 at UH.  Three 

specimens were chosen for the examination: a single pin specimen with zinc-less steel, a single 

pin specimen with steel that has the zinc layer, and a multi pin specimen with steel that has the 

steel layer.  After choosing those specimens for the examinations, they went through the 

following procedure: sectioning (cutting), mounting, course grinding, fine grinding, polishing, 

etching, coating, and the examination. 

 

4.2.1. Cutting, Mounting, and Polishing 

The formed joint was cross-sectioned by a diamond saw accompanied by a cutting fluid.  

This must be done in a way that does not further thermally process the specimens while the 

cutting progresses, so that the effects from the FSF on the material can be studied.  The cut was 

made through the center of the weld.  Then, the specimens were enclosed with epoxy resin.  

After the epoxy curing and labeling, the specimens were carefully and meticulously surface 

polished in the standard way (first silicon-carbide papers and then with emulsions of various 

particle size of the alumina). 
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Fig. 4.1: The samples before the final polishing step.  The specimen on the left and in the middle are 
single pin specimens. Therefore, the head can be seen in the middle.  The specimen on the right is multi pin 
specimen.  

 
4.2.2. Etching and Storing  

In order to reveal the micro-structural features of the polished specimen on the optical 

microscopy, Keller’s reagent was chosen since it is an excellent etchant for aluminum and 

aluminum alloys.  Keller’s etch was made of distilled water (190 ml), nitric acid (5 ml), 

hydrochloric acid (3 ml), and hydrofluoric acid (2 ml) [Walker et al., 1991].  The specimens 

experienced approximately 30 seconds of immersion in the room temperature Keller’s etch when 

important details of the microstructure appeared.  The specimens were washed with alcohol in 

order to remove the grease and dried as the last step.  Following this, the specimens were 

preserved from the atmospheric moisture by a desiccator.  The protection is important since the 

specimens without storing can rust relatively quickly, especially steel.  

 
4.2.3. Coating 

For quantitative analysis in the SEM, a carbon coating had to be applied.  This type was 

chosen because of its low atomic number.  The coating has a minimal effect on the X-ray 

spectrum in terms of producing or absorbing X-ray lines.  In addition, there cannot be any 

confusion between carbon and any other major element present in the specimens.  The carbon 

coating was applied using a vacuum evaporator at pressures of less than 13.3 mPa (10-4 torr).  

Prior to the coating a single sided adhesive copper conducting tape was applied on the surface in 

order to ensure a proper discharge from the specimens. 

 

 



	   38	  

4.3. Spectroscopies 

 

4.3.1. Optical Microscopy 

Optical microscopes were used for two different purposes.  Initially, optical microscopes 

were used to view the macro structure of the joint, especially for examination of the head 

formation.  Second, an optical microscope with a filter and a digital camera were used for 

observing and recording the micro grain structure of the etched samples.  

 
4.3.2. Electron Spectroscopies 

A scanning electron microscope (SEM) was used with the capability for Energy Dispersive 

X-ray spectroscopy (EDS), and Electron Microprobe Analysis (EMPA).  The SEM had a few 

detectors including: backscattered electrons detector (BSE), secondary electrons detector (SE), 

and visible light camera.  Visible light was used just for positioning the specimens.  Secondary 

electron imaging was not used much, since it yields only morphological and not chemical 

information.  BSE was mostly used since these pictures display compositional contrast that 

results from different atomic number elements and their distribution.  Zinc has the highest atomic 

number of all the major elements, which is 30, so zinc appears the whitest in the pictures that 

were captured by BSE detector.  This happens because it has the most backscattered electrons 

that can reach the detector as the result of the elastic scattering.  Iron, by the same principle, 

appears slightly dimmed since it has an atomic number of 26.  By the same logic, the darkest of 

all the major elements is aluminum because of its low atomic number of 13. 

EDS was used to provide rapid qualitative and quantitative analysis of elemental composition 

with a sampling shallow depth of 1 to 2 microns.  First, the areas of interest were selected, and 

then different phases were probed on the selected regions.  The depth is important since the area 

below the surface is unknown.  If the electron beam penetrates deeper into the area of interest, 

especially if in the area of a phase, the data could be easily corrupted.  

In the case of EMPA, the quantitative analysis is completed by measuring the intensity of the 

characteristic wavelengths for each element in the sample.  The tested specimens intensities are 

then compared to intensities measured on permanent standard reference materials of known 

compositions.  The spatial relation of different materials or particles is displayed by moving the 
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sample under the beam.  The accelerating voltage on the gun was 20 kV to excite all the 

elements, especially zinc. 

 

4.3.3. Mapping 

Mapping is done by EMPA, and it is a valuable way to determine elemental distribution in 

the areas of interest.  The maximum number of elements that may be analyzed at one time is five.  

For this research besides iron, aluminum, and zinc as major elements, EDS found small amounts 

of silicon and oxygen.  Therefore, the machine searched during the mapping process for those 

elements.  For every single element, a different map was made separately.  In the maps with the 

single element, presence of the element is shown by white pixels and the color black represents 

absence of the chosen element.  After collecting the maps, a further step was done by Photoshop 

software in which the maps were combined.  In order to have an effective representation of the 

results, the RGB color system was used.  The white pixels were replaced with red, green, or blue 

color pixels.  

 

4.4. Results  

4.4.1. Sample without Zinc Layer 

Steel coupons without zinc where used as a reference in contrast to the samples with the zinc 

layer.  A map of the specimen is shown in Fig. 4.2. The map shows that there is no diffusion 

occurring between the two dissimilar materials.  Iron is in blue, and represents a matrix for the 

other material to form around during the FSF process.  Next, silicon is represented on the map in 

green.  This element reveals the pathway of the extrusion since the silicon cells are a good 

indicator of that.  This is facilitated by the fact that deformation in the cells is easy to observe.  

Oxygen, represented in red, is spread throughout the aluminum head and neck.  From a careful 

observation of the given area of interest, oxygen tends to accumulate itself next to silicon cells.  

That does not represent a significant problem for oxygen since the element travels in an 

interstitial fashion.  The largest concentration of oxygen is in an area between steel and 

aluminum since it did not have enough time to go deep into the aluminum.  
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Fig. 4.2: Map of the specimen with ungalvanized steel.  The black region represents aluminum, and the 
blue region represents steel.  The black region under the blue area throughout the figure is the aluminum 
head.  The black region just right of the blue area is the aluminum neck.  The green color represents silicon, 
and the red color represents oxygen. 

In the absence of the protective layer, the process makes just a mechanical interlocking and 

the strength directly depends on the diameter of the neck since there is not the additional strength 

that comes from the brazing.  It is safe to conclude that in a situation where the different 

materials are chosen, and if the brazing joint cannot occur, that the strength depends only on the 

size of the neck and properties of the material that makes that neck.  This conclusion also 

assumes that the head formation forms in the correct way.   

 

4.4.2. Samples with Zinc Layer 

Metallography shows some differences in relation to two kinds of samples, single and multi-

pin samples.  This section describes the single pin specimen.  However, most of the description 

is the same as in the multi pin sample as well.  The differences of that specimen are described in 

section 4.4.3.  

 

4.4.2.1. Zinc Layer 

Zinc from the protection layer has enormous influence on the joint properties.  From the BSE 

imaging, it is obvious that the layer is not constant through the top of the surface since the 

thickness is not constant.  
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                            (a)                    (b) 

Fig. 4.3: The zinc layer on the bottom of the weld.  (a) The zinc layer is not uniform throughout its length 
since some amount was deposited on the anvil. (b) This is a higher magnification view at the layer that was 
not severely damaged.  Steel is located above the layer.  Since the hardness is not the same for all of the 
materials, the polishing took more of the materials the layer and the steel.  Therefore, the steel and the layer 
are not perfectly aligned. 

It is obvious from Fig. 4.3(a) that a good part of the zinc layer is missing since it was left 

behind on the anvil.  There is a certain tolerance of the layer prior to the welding as well.  

Depending on how the steel sheet was handled prior to the welding, it was observed that not 

every steel sheet or part of a sheet had the same quality of the zinc layer.  This might contribute 

to an additional volatility of the joint strength.  

In Fig. 4.3(b) the layer is soft and ductile on the surface with the hexagonal crystal structure.  

That part is left on the anvil.  The first part of the layer that stayed intact is represented as a 

lamina looking anisotropic phase on the bottom of the zinc layer that has limiting plastic 

deformation ability.  It can be seen in Fig. 4.3(b) that that part is not coherently distributed.  

However, the composition is different from the surface toward the steel.  The change in the 

crystal structure as well as the chemical composition happens when the lamina section ends.  

Closer to the steel, there are more iron atoms.  This indicates that this part of the layer has 

increased hardness and melting temperature.  That can be especially seen on the picture since the 

crack is the best indicator of the phase change.  The phase after the crack has the highest 

percentage of iron atoms, and is harder than the steel.  The tiniest part of the coating is closest to 

the steel.  This component is the hardest and most brittle, with the highest melting temperature, 

and with the highest content of iron in the rest of the zinc layer.  The iron atoms are diffused 

from steel during the process of coating, and they made the bond zone that is the intermetallic 
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compound.  Since there is typically around 0.1-0.3% of aluminum in the zinc layer, the 

aluminum with iron and the zinc form the compound that prevents further iron migration into the 

zinc layer [Porter et al., 1991].   

 

4.4.2.2. Brazed joint 

The brazing occurs during the FSF between the zinc layer and aluminum.  The high 

temperature causes the zinc from the protection layer to become more mobile, by providing the 

activation energy needed for zinc atomic diffusion.  In the manufacturing industry this situation 

is known as brazed lap joint.  In industrial applications, the two parts that are needed to be 

welded are laid on top of each other, and the capillary spacing between the two pieces will form 

the brazed joint when the brazing filler metal melts and flows in between the pieces.  The joint 

strength of a brazed lap joint is a function of overlap zone of the two components and the 

thickness of the brazed layer.  

In the case of the FSF, brazing filler metal is zinc from the anti-corrosive layer in the 

galvanized steel.  The strength of the joint comes proportionally from the tool diameter and the 

diffusion that the zinc layer experienced.  The diffusion can be explained by Fick’s laws and 

non-steady-state diffusion.  Overall, the diffusion depends on the temperature and time.  As the 

temperature and time increases, the zinc with a density of 7.13 g/cm3 diffuses deeper into the 

aluminum matrix with a density of 2.71 g/cm3.  All of the mentioned density values are for 20°C. 

Since zinc atoms are not substantially different than aluminum atoms, diffusion activation energy 

is relatively small.  Therefore, solubility is very good for these two chemical elements. 

In general, diffusion can occur in two different mechanisms: vacancy and interstitial.  Here, 

the primary mechanism is the vacancy type of diffusion where a host (aluminum) or 

substitutional atom (zinc) exchanges places with a vacancy.  The main mechanism definitely 

cannot be the interstitial diffusion method where an interstitial atom jumps into an adjacent 

unoccupied interstitial site since the two atoms are close in radius.  In addition, it is obvious that 

interfusion (impurity diffusion) plays a role, and that can be seen especially with oxygen, which 

comes from the atmosphere during the FSF process and is unavoidable. 
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Fig. 4.4: Al-Zn phase diagram [ASM vol. 3 et al., 2000] 

If the elements are near to each other in terms of atomic radii, there is good chance that those 

elements can make a solid solution.  This is best demonstrated with the Hume-Rothery rules.  If 

this role is applied for the aluminum-zinc situation, there is the following conclusion.  Since the 

atomic size of zinc differs less than approximately 15% from the aluminum as host, then it is 

likely to have a high solubility in aluminum.  The size factor is favorable.  Since the solute has a 

small difference compared with aluminum as the host, then it is less likely to form a compound.  

This is further evidence that solubility is high for these two elements.   

The information about their radii and other properties is presented in Table 4.1.  It shows the 

atomic radius difference between aluminum and zinc is nearly 7 % and that has a great influence 

on the microstructure of the alloys.  The solubility of zinc in aluminum is high.  This property is 

clearly due to the fact that zinc and aluminum do not form intermetallic phases.  The interaction 

between aluminum and zinc atoms is fairly weak.  At room temperature, 25°C, the solubility of 

Zn in an Al matrix 0.85 at%, and the one of Al in Zn is smaller than 0.5 at% [Skoko, Popovic, 

Stefanic et al., 2009].  Figure 4.4 shows that the eutectic temperature is 381°C with eutectic 

composition of 94% weight percent of Aluminum and 6% zinc.  Other important transformation 

temperatures are: 660.452°C as the melting point for FCC pure aluminum, 419.58°C as the 
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melting point for pure HCP zinc, and 277°C as the eutectoid.  The solubility of iron in aluminum 

is very limited.  Any presence of iron bigger than ~0.04% will appear as an intermetallic 

combination of aluminum and often other elements [Hatch et al., 1984]. 

 

 

	  

 

 

 

 

Table 4.1: Factors important for Hume-Rothery Rules for the chosen materials.  [Callister et al., 1997] 

	  

In the end, additional metallurgical analysis is needed to clarify the failure mechanism 

through the brazed joint since that part was not explored at this time.  A look on the neck after 

the lap joint strength testing is shown in Fig. 4.5.  

 

Fig 4.5: Failed center of the weld.  This is the center of the neck that failed plastically.  The pulling forces 

acted horizontally.  

4.4.2.3. Characterization of Zinc Behavior  

During the FSF process the aluminum from the top sheet experiences a substantial strain and 

temperature increase.  This produces the extrusion of the material though the steel hole. This 

 

 Melting Point 
(°C) 

Atomic 
Number 

Atomic Radius 
(pm) 

Crystal Structure 
(20°C) Electronegativity 

Density 
At 20°C 
(g/cm3) 

Fe 1538 26 124 BCC 1.8 7.87 

Al 660.452 13 143 FCC 1.5 2.71 

Zn 419.58 30 133 HCP 1.6 7.13 

Si 1414 14 118 DC 1.8 2.33 

O -218.789 8 60 --- 3.5 - 

Mn 649 25 112 Cubic 1.5 7.44 
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procedure also has an effect on the zinc layer.  While the aluminum is in motion, the zinc layer 

gets heated and some zinc gets mechanically pushed away by the aluminum during that 

extrusion, while some amount will diffuse into the aluminum.  The zinc amount that is pushed 

away collects at the end of the thermo-mechanically affected zone.  While the tool plunges 

down, the aluminum also tries to move away in a direction opposite from the steel hole.  This 

creates the “swelling” around the weld since the top sheet moves upwards. The zinc layer 

follows the aluminum regardless of its direction.  In the moment when the aluminum detaches 

from the steel sheet in order to create the swelling, the squeezing forces stop affecting the zinc, 

and the zinc accumulates.  The buildup contains zinc, but there is a significant amount of 

aluminum in it as well.  

 

             (a)                               (b) 

Fig. 4.6: The zinc accumulation on the end of the weld, (a) bigger picture and (b) a closer look of the zinc 
accumulation that has a significant amount of aluminum in it.  The phases that can be seen here are examined 
by EDS and the results are presented below.  

	  

	  

Fig. 4.7: A typical EDS look for the eutectic phase.  This phase contains 88.7% of zinc and the rest is 
aluminum. 
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Fig. 4.8: A typical EDS looks for the whitest phase.  This phase contains HCP zinc with a 5% atomic 
aluminum. 

	  

 

Fig. 4.9: A typical EDS look for the darkest phase.  This phase contains 59.4% zinc and the rest is 
aluminum. 

On all of the graphics, there is a peak in the beginning.  That is the carbon Kα peak at 0.277 

KeV. The carbon comes from the coating that insures discharging during the spectroscopies.  

The EDS was done with a small number of counts since the method was used for a quick check.  

When the numbers of the counts were much higher, the results were not significantly different. 
 

 

4.4.2.4. Different points of the specimen 

This sample is much more interesting than the specimen with steel that does not contain a 

zinc layer because of the bonding.  An examination of the cross section of the sample showed 

that the layer does not have the same characteristics throughout its length depending on the FSF 

parameters.  Nonetheless, the following examples were chosen because of their unusual nature. 
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Fig. 4.10: Silicon map.  This is a single map showing silicon distribution where above the layer is steel and 
below is aluminum.  

 

Fig. 4.11: Zinc map.  This is a single map that shows zinc distribution of the same region as on the 
previous map. 

 

 

Fig. 4.12: Si-Zn combined map.  This is a combined map from the two previous maps where silicone is 
green, and zinc is red.  

	  

The distribution on the map above is a direct product of Hume-Rothery predictions.  Based 

on atomic radii, crystal structure, electronegativity, and valence difference, zinc is fully soluble 

while silicon is just partially soluble into aluminum.  Therefore, the clumps of silicon represent 
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that uncomfortable relationship, while zinc has an easier migrating situation in the hospitable 

environment.  

 

Fig. 4.13: Fe-Zn-Al On this combined map.  On this map aluminum is red, iron is blue, and zinc is green. 

 
 

4.4.2.5. Inside of the Core 

It is important to mention that this area of interest was chosen because of its abnormal nature.  

Figures 4.14-16 shows a few maps from the chosen section.  This is located between the neck 

and outside of the edge of the core.  The process allowed zinc to move away from the steel into 

the aluminum.  

 

Fig. 4.14: Second zinc map. This single map shows only zinc distribution migrated downwards into 
aluminum.  Above the zinc presence area, steel is located.  
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Fig. 4.15: Fe-Al-Si combined map.  On this combined map, iron is blue, aluminum is red, and silicon is 
green.  It is obvious that zinc does not make any layer since the element diffused itself into the new host, 
aluminum. 

 

Fig. 4.16: Fe-Zn-O combined map.  This is a combined map were iron is represented in blue, migrated 
zinc is red and is located in aluminum as black.  Oxygen is green and it is uniformly spread among aluminum 
in pockets.  

 
4.4.3. Multi-pin Sample 

This sample shows important similarities with the previous sample but it also has significant 

differences.  The zinc behaves like in the previous specimen with some important modification 

since the geometry of the joint is different.  Zinc from the layer can be lost in different ways than 

in the single-pin specimens since the zinc scraping in the multi pin is carried in a slightly 

different mechanism and with more intensity.  The scraping starts as in the single pin joint.  In 

the end, some amount of the zinc finishes at the accumulation area where the swelling begins and 

some zinc stays with the aluminum while the top sheet bulges.  However, the steel in the middle 

of the weld is more prone to deformation, which increases the intensity of the scraping.  This part 

is different from the previous model.  This intense scraping removes a high percent of zinc off 

the steel, and it accumulates in the end of the motion.  That place is located between the steel, the 



	   50	  

anvil, and the aluminum pin.  It is obvious that the pin did not form properly since the steel 

significantly deformed.  

 

   (a)      (b) 

Fig. 4.17: BSE and combined map of multi pin specimen (a). look on the deformed steel in the middle of 
the weld, (b). combined map shows deposition under the deformed steel where the green color represents 
steel, blue represents aluminum, and zinc is in red.  

	  

Backscatter (Fig. 4.17) shows steel that separated a piece of aluminum with the zinc 

accumulation amount away from the rest of the pin.  

	  
   (a)      (b) 

Fig 4.18: 40x and 110x magnification BSE of the multi pin specimen. (a). 40x (b). 110x of steel that is 
located in the middle of the weld. 

A BSE image of the specimen is shown in Fig. 4.18.  It can be seen the two areas where the 

zinc deposits itself.  It also can be seen that some zinc stayed attached to the aluminum while 
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swelling occurs.  The tip experienced some deformation and there is some diffusion that 

occurred on top of that part.  Compared to the middle of the weld, the tip of the steel as in Fig. 

4.18(a) is always less deformed than the steel in the middle as in Fig. 4.18(b).  In addition, the 

pictures reveal that the zinc accumulations on the bottom of the weld have a significantly larger 

cross section than those on the beginning of the swelling area.   

 

4.5. Thermal Analysis  

4.5.1. Setup   

In order to have an improved insight of interaction between design elements such as top sheet 

thickness and plunge depth, since they have the major influence on the weld strength, another 

DOE was done at the Tech Center.  At this time, the interaction between those design parameters 

and machine parameters was compared with the temperature measured at 3 locations between the 

top sheet and bottom sheet in order to understand the temperature profile in the samples.  This 

analysis is very important for the understanding of the welding procedure and its characteristics.  

For this investigation, type K thermocouples were used.  The first point, T1, was in the core of 

the weld.  The second point, T2, was located on the edge of the core.  The final third point, T3, 

was located on the edge of the corona.  The distance between the two neighboring points was 

2.5mm, and they are all placed in a line on one side of the weld.   

 

Fig. 4.19: Three points for thermal DOE.  This was one on of the practice specimens.  The brown tape in 
the upper left corner was not used after the practice.  This is a steel coupon after the testing.  

	  

For the thermal DOE machine constant parameters were: flat tool with the diameter of 

14mm, spindle speed of 2000rpm, and plunge speed of 1.0mm/s.  The parameters that were not 

constant were the aluminum coupon thickness and the plunge depth since the previous DOE 



	   52	  

showed that they have the largest and unquestionable influence on the strength of the weld.  As 

in the previous experimentation, the thickness was 1.0 and 1.4mm thickness of AA 5182.  The 

next parameter that varied was plunge depth, and the values were: 0.5, 0.7, and 0.9 mm.  The 

thermocouples were connected to DBK84, (14-channel low-noise, high-accuracy, thermocouple 

module) which was connected to a laptop.  The data collected by the laptop was analyzed by 

Matlab, Microsoft Excel, and the DOE software.  

This part of the experiment had unique challenges.  Besides the usual focus on aligning, these 

samples had more challenges because the presence of the thermocouples increased the stickup 

and they could move with ease especially because of the vibrations that came from the machine.  

In addition, the thermocouples can be easily damaged or destroyed during the weld.  For this 

DOE, three repetitions were used.  There were measurements that needed to be redone since the 

thermocouples were damaged during the testing.  

 

4.5.2. Results 

From the DOE results, in the next stage of the research, kinetic models should reliably 

complete the picture of the situation especially the diffusion layer thickness during the welding.  

From that point, the strength will be easily controlled.  There is some uncertainty in the 

preliminary results and there should be more research done in this direction.  

 

Fig. 4.20: Combined thermal profile for the 3 points.  This is a combined temperature trend during the 
FSF welding with a forecasting for the points.  The parameters for this specimen were: 1.0mm thickness and 
0.9mm plunge depth. 
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From the thermal analysis, it can be concluded that the temperature is radially decreasing 

away from the center of the weld.  The temperature rapidly increases with the start of the 

procedure.  After the tool is removed, the temperature declines slowly.  The sample was taken 

out of the fixture four seconds after the tool stopped.  That is shown on the Figure 4.20 as a noise 

at that time interval.  Figure 4.21 shows the graphical representation of the thermal DOE. 

	  

            (a)                         (b) 

Fig. 4.21: Thermal DOE results.  These graphics are representing the point on the edge of the corona.  
The same trends are seen in the other two points.  R2 for the DOE was 28.88%. 

The temperature that the zinc layer experienced under the tool during the welding is not the 

same for the two thicknesses.  The temperature is higher in samples with the thinner top coupons 

since the layer was closer to the stirring tool.  The temperature inside of the core is higher than 

on the edge of the core.  In addition, the temperature on the edge of the core is bigger than on the 

edge of the corona.  The temperature must be higher towards the center of the joint, and it must 

reach at least 420°C since the zinc does melt during the process.  

 
4.6. Conclusions 

For single pin samples without zinc, since the materials are dissimilar, there is little 

interaction between these two materials.  The extruded aluminum will form around the steel and 

make the mechanical interlocking.  The entire strength of the joint depends on the size of the 

neck and its properties.  Thus, the neck should be as large as possible.  

In the single pin samples, the zinc layer can stay consistent or can diffuse into the aluminum 

after time and temperature permits.  Since zinc is very soluble into the aluminum, with an 

appropriate time and temperature, the zinc will diffuse into the aluminum matrix.  The zinc layer 
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on the bottom of the joint (the core) experiences severe damage from the process.  That damage 

depends on the machine parameters.  Besides the diffusion, the zinc can be lost in another way 

by scraping and depositing itself in the area where the swelling starts.  

For multi pin samples, the steel significantly deforms in the middle of the weld.  Zinc will be 

significantly scraped away and deposited as in the single pin samples and in another place as 

well.  That place is where the extruded aluminum meets the anvil, the bottom of the joint.  By 

comparison, the zinc accumulations close to the bottom of the joint have a significantly bigger 

cross section than those on the beginning of the swelling area.  In addition, steel in the middle of 

the joint experiences significant deformation, and that prevents a proper aluminum pin 

formation.  Additional metallurgical analysis is needed in order to clarify the failure mechanism.  

From the thermal analysis it can be concluded that the temperature is radially decreasing 

away from the center of the weld.  Temperature is higher than when the thinner aluminum 

coupons are used since the stirring tool is closer to the steel and the zinc layer. 
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Chapter  5: Conclusions 

 
5.1. Summary 

The FSF method shows potential to make an adequate joint between aluminum and steel and 

possibly other dissimilar materials.  This process does not require rivets, bolts, fluids, substantial 

heating energy, or additional mass addition that simplifies the process as well as makes it more 

economical and environmentally friendly.  The first part of this research was focused on 

exploring the feasibility of the concept and finding the optimal values of the important 

parameters including tool design, process parameters, and joint geometry. The critical 

consideration during the experimentation of the samples is the strength and failure mechanism of 

the joint.  Gathered peak-load data from the lap joint shear testing was used in DOE method in 

order to quantify the operational parameters. The next focus of the research was adjusting the 

FSF process for industrial conditions.  An appropriate industrially relevant joint was evaluated 

once optimized processing parameters have been defined.  Then, another lap joint shear test was 

done for the second DOE in order to quantify the operational parameters on the industrial level.  

The final part was material characterization, and it was done by using optical and electron 

spectroscopies as well as thermal profiling.  This gave deeper insight into the macro and micro 

structural situation and the materials dynamics during the process including information about 

grain size, existing phases and their distribution, chemical uniformity, and deformations.   

 

5.2. Conclusions 

This process requires pre-punched or pre-drilled holes as a prerequisite to the welding step.  

For 0.7mm thick GMW2 steel and 1.0 and 1.4 mm 6014 Aluminum, pre-fabricated hole in the 

steel component that is ready for the welding should have diameter of 2.54 mm.  In addition, the 

appropriate dimensions for the head are 3mm for the diameter and 0.6mm for the height.  If the 

hole needs to be bigger for the sets of coupons, 18% ratio diameter of the hole to head diameter 

should be applied.  For example, for 3mm steel’s hole diameter should be accompanied with 3.54 

mm diameter head and 0.6 mm height of the head.  The steel hole should be as big as possible so 

the intermetallic layer is smaller and the neck can hold bigger load.   

The strength of the samples depends on two aspects: geometrical factors, and thermal 

generation.  Geometrical factors are related to coupon thickness and the centering.  This process 
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is sensitive to relative positioning of the coupons, tool, and anvil.  If the elements are not aligned 

properly, the joint strength will be compromised.  

Besides the geometrical fact that is important for the strength another fact is temperature 

profile management.  The temperature profile depends of the materials, and the factors such as 

tool diameter, plunge, and spindle speed.  If spindle speed is bigger, the generation will be higher 

as well as the lower vibration.  If the speed is higher then an optimal value, the vibration will 

decrease but the temperature will have negative effect since the strength of the weld will decline.  

Therefore, lower spindle speed then an optimal, it is increasing the vibration and decreasing the 

temperature generation.  This optimal value depends on the diffusion of the zinc atoms into the 

aluminum, and it should be further researched.  Next important parameter for the temperature 

generation is plunge speed.  Lower plunge speed from the optimal value increases vibration but 

the temperature will rise higher since the tool spends more time stirring.  Furthermore, higher 

plunge speed decreases vibration.  The final factor is the tool diameter.  As the diameter of the 

tool increases, the brazed joint diameter increases. Thus, the strength of the joint increases as 

well.  The temperature in the weld is higher toward the center of the weld than away from it. 

When the samples without the zinc layer experience a force bigger then they can hold, their 

neck fails in a plastic fashion.  After the maximum force is reached, the brittle intermetallics fail 

catastrophically until the crack reaches the neck.  This part of the joint will absorb some of the 

energy before it fails plastically.  For multi pin samples with the zinc layer, the situation is the 

same as with the single pin samples with the zinc except after the brazed joint fails the pins are 

deforming and puling out of the steel plate. 

 

5.3. Contributions to the Literature 

The following specific contributions were made in this research: 

1. Primary influential factors of the process were determined and characterized.   
2. The failure and strength were quantified in comparison with Self Piercing Riveting 

method. 
3. Joint macro and micro structure gave deeper understanding of the forming and joining 

mechanisms.  
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5.4. Future Work 

In the previous stage of the research, a setup controlled FSF experiment was done that 

included measurement of vertical force, torque, and temperature.  In addition, there is a better 

understanding of microstructure and the effect on it.  In the next stage, the models will be used 

for estimation of work material deformation and flow during the FSF process for different tool 

and backing anvil geometries and material properties.  The high temperature material 

deformation and flow properties will be studied under controlled conditions for validation of the 

models.  Precise thermo-mechanical modeling will be done that will include the commercial 

software package Finite Element Method software (available in the Mechanical Engineering 

department at UH).  The software will be able to indicate the distribution of stresses and 

displacements throughout the sample as well as temperature gradient distribution.  This stage 

starts at the beginning of 2013. 
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Chapter  7: Appendix 

7.1. DOE done at UH 

General Linear Model: Strength versus shoulder diameter, shoulder depth, shoulder 

position, and die depth. 

   

Factor   Type  Levels  Values 

Shoulder Diameter fixed  2  10.5, 15.2 

Shoulder Depth fixed  2  0.635, 0.889 

Shoulder Position fixed  2  0, 3 

Die Depth  fixed  2  0.4, 0.6 
 

Analysis of Variance for Strength, using Adjusted SS for Tests 
 

Source      DF Seq SS       Adj SS Adj MS F 

Shoulder Diameter    1 4643155    4643155 4643155 9.64 

Shoulder Depth    1 5751978    5751978 5751978 11.95 

Shoulder Position    1 135188      135188 135188 0.28 

Die Depth     1 1725864    1725864 1725864 3.58 

Shoulder Diameter*Shoulder Depth  1 6170405    6170405 6170405 12.82 

Shoulder Diameter*Shoulder Position 1 611234      611234 611234 1.27 

Shoulder Diameter*Die Depth   1 47129        47129 47129  0.10 

Shoulder Depth*Shoulder Position  1 227920      227920 227920 0.47 

Shoulder Depth*Die Depth   1 1749071    1749071 1749071 3.63 

Shoulder Position*Die Depth   1 251452      251452 251452 0.52 

Shoulder Diameter*Shoulder Depth*  1 763752      763752 763752 1.59 

  Shoulder Position 

Shoulder Diameter*Shoulder Depth*  1 1275751    1275751 1275751 2.65 

  Die Depth 

Shoulder Diameter*Shoulder Position* 1 449562      449562 449562 0.93 

  Die Depth 

Shoulder Depth*Shoulder Position*  1 532554      532554 532554 1.11 
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  Die Depth 

Shoulder Diameter*Shoulder Depth*  1 3709          3709 3709  0.01 

  Shoulder Position*Die Depth 

Error      64 30814562  30814562 481478 

Total      79 55153286 

 

Source      P 

Shoulder Diameter    0.003 

Shoulder Depth    0.001 

Shoulder Position    0.598 

Die Depth     0.063 

Shoulder Diameter*Shoulder Depth   0.001 

Shoulder Diameter*Shoulder Position 0.264 

Shoulder Diameter*Die Depth  0.755 

Shoulder Depth*Shoulder Position  0.494 

Shoulder Depth*Die Depth    0.061 

Shoulder Position*Die Depth   0.473 

Shoulder Diameter*Shoulder Depth*  0.212 

  Shoulder Position 

Shoulder Diameter*Shoulder Depth*  0.108 

  Die Depth 

Shoulder Diameter*Shoulder Position* 0.338 

  Die Depth 

Shoulder Depth*Shoulder Position*  0.297 

  Die Depth 

Shoulder Diameter*Shoulder Depth*  0.930 

  Shoulder Position*Die Depth 

Error 

Total 

 

S = 693.886  R-Sq = 44.13% R-Sq(adj) = 31.03% 
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Unusual Observations for Strength 

 

Obs Strength  Fit  SE Fit  Residual St Resid 

 12 1769.68  3474.18 310.32  -1704.50 -2.75 R 

 37 1955.97  3826.69 310.32  -1870.72 -3.01 R 

 47 2550.65  4101.81 310.32  -1551.16 -2.50 R 

 77 3037.82  4475.80 310.32  -1437.98 -2.32 R 
 

R denotes an observation with a large standardized residual. 

 
7.2. DOE done at GM 

General Linear Model: Max Force versus Spindle Speed, Plunge Speed, Plunge Depth, 

and Top Sheet Thickness 

Factor                Type  Levels  Values 
Spindle Speed   fixed  3  1500, 2000, 2500 
Plunge Speed   fixed  3  0.1, 1.0, 10.0 
Plunge Depth   fixed  3  0.5, 0.7, 0.9 
Top Sheet Thickness  fixed  2   1.0, 1.4 
 

Analysis of Variance for Max Force, using Adjusted SS for Tests 
 

Source      DF Seq SS  Adj SS  Adj MS 
Spindle Speed     2 1108251 1108251 554126 
Plunge Speed     2 1186059 1186059 593029 
Plunge Depth     2 63459469 63459469 31729734 
Top Sheet Thickness    1 106610023 106610023 106610023 
Spindle Speed*Plunge Speed   4 9657676 9657676 2414419 
Spindle Speed*Plunge Depth   4 910075 910075 227519 
Spindle Speed*Top Sheet Thickness  2 591692 591692 295846 
Plunge Speed*Plunge Depth   4 492740 492740 123185 
Plunge Speed*Top Sheet Thickness  2 4132592 4132592 2066296 
Plunge Depth*Top Sheet Thickness  2 28736678 28736678 14368339 
Spindle Speed*Plunge Speed*  8 7094567 7094567 886821 
  Plunge Depth 
Spindle Speed*Plunge Speed*  4 4198123 4198123 1049531 
  Top Sheet Thickness 
Spindle Speed*Plunge Depth*  4 5351394 5351394 1337849 
  Top Sheet Thickness 
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Plunge Speed*Plunge Depth*   4 1076244 1076244 269061 
  Top Sheet Thickness 
Spindle Speed*Plunge Speed*  8 4569408 4569408 571176 
  Plunge Depth*Top Sheet Thickness 
Error      108 64247258 64247258 594882 
Total      161 303422249 
 

Source      F P 
Spindle Speed     0.93 0.397 
Plunge Speed     1.00 0.372 
Plunge Depth     53.34 0.000 
Top Sheet Thickness    179.21 0.000 
Spindle Speed*Plunge Speed   4.06 0.004 
Spindle Speed*Plunge Depth   0.38 0.821 
Spindle Speed*Top Sheet Thickness  0.50 0.610 
Plunge Speed*Plunge Depth   0.21 0.934 
Plunge Speed*Top Sheet Thickness  3.47 0.035 
Plunge Depth*Top Sheet Thickness  24.15 0.000 
Spindle Speed*Plunge Speed*  1.49 0.169 
  Plunge Depth 
Spindle Speed*Plunge Speed*  1.76 0.141 
  Top Sheet Thickness 
Spindle Speed*Plunge Depth*  2.25 0.068 
  Top Sheet Thickness 
Plunge Speed*Plunge Depth*   0.45 0.771 
  Top Sheet Thickness 
Spindle Speed*Plunge Speed*  0.96 0.471 
  Plunge Depth*Top Sheet Thickness 
Error 
Total 
 

S = 771.286 R-Sq = 78.83% R-Sq(adj) = 68.43% 
 

Unusual Observations for Max Force 
 

Obs Max Force Fit  SE Fit  Residual St Resid 
19 3733.60 2376.63 445.30  1356.97 2.15 R 
20 0.00  2376.63 445.30  -2376.63 -3.77 R 
26 3941.50 2616.21 445.30  1325.29 2.10 R 
36 3352.90 4618.97 445.30  -1266.07 -2.01 R 
51 2177.75 3799.91 445.30  -1622.16 -2.58 R 
67 494.32  3065.68 445.30  -2571.36 -4.08 R 
69 5039.21 3065.68 445.30  1973.53 3.13 R 
76 2631.47 4190.83 445.30  -1559.36 -2.48 R 
109 0.00  1284.73 445.30  -1284.73 -2.04 R 
111 2712.30 1284.73 445.30  1427.57 2.27 R 
136 3091.38 4461.28 445.30  -1369.90 -2.18 R 
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R denotes an observation with a large standardized residual. 
 

Least Squares Means for Max Force 
 

Spindle Speed       Mean  SE Mean 
1500        3974.4  104.96 
2000        3874.5  104.96 
2500        3771.8  104.96 
Plunge Speed 
0.1        3992.1  104.96 
1.0        3835.5  104.96 
10.0        3793.1  104.96 
Plunge Depth 
0.5        4619.5  104.96 
0.7        3913.2  104.96 
0.9        3088.0  104.96 
Top Sheet Thickness 
1.0        3062.3  85.70 
1.4        4684.8  85.70 
Spindle Speed*Plunge Speed 
1500  0.1      4406.3  181.79 
1500   1.0      3785.6  181.79 
1500  10.0      3731.2  181.79 
2000  0.1      3670.6  181.79 
2000  1.0      4236.0  181.79 
2000  10.0      3716.9  181.79 
2500  0.1      3899.2  181.79 
2500  1.0      3484.8  181.79 
2500  10.0      3931.2  181.79 
Spindle Speed*Plunge Depth 
1500  0.5      4789.2  181.79 
1500  0.7      4072.4  181.79 
1500  0.9      3061.5  181.79 
2000  0.5      4524.5  181.79 
2000  0.7      3941.4  181.79 
2000  0.9      3157.6  181.79 
2500  0.5      4544.8  181.79 
2500  0.7      3725.6  181.79 
2500  0.9      3044.9  181.79 
Spindle Speed*Top Sheet Thickness 
1500  1.0      3211.2  148.43 
1500  1.4      4737.5  148.43 
2000  1.0      3100.5  148.43 
2000  1.4      4648.6  148.43 
2500  1.0      2875.3  148.43 
2500  1.4      4668.2  148.43 
Plunge Speed*Plunge Depth 
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0.1  0.5      4642.8  181.79 
0.1  0.7      4111.3  181.79 
0.1  0.9      3222.1  181.79 
1.0  0.5      4636.4  181.79 
1.0  0.7      3862.2  181.79 
1.0  0.9      3007.8  181.79 
10.0  0.5      4579.3  181.79 
10.0  0.7      3766.0  181.79 
10.0  0.9      3034.0  181.79 
Plunge Speed*Top Sheet Thickness 
0.1  1.0      3143.0  148.43 
0.1  1.4      4841.1  148.43 
1.0  1.0      3236.0  148.43 
1.0  1.4      4434.9  148.43 
10.0  1.0      2807.9  148.43 
10.0  1.4      4778.3  148.43 
Plunge Depth*Top Sheet Thickness 
0.5  1.0      4341.2  148.43 
0.5  1.4      4897.8  148.43 
0.7  1.0      3065.9  148.43 
0.7  1.4      4760.4  148.43 
0.9  1.0      1779.9  148.43 
0.9  1.4      4396.1  148.43 
Spindle Speed*Plunge Speed*Plunge Depth 
1500  0.1  0.5    5212.3  314.88 
1500  0.1  0.7    4292.8  314.88 
1500  0.1  0.9    3713.8  314.88 
1500  1.0  0.5    4721.9  314.88 
1500  1.0  0.7    3670.5  314.88 
1500  1.0  0.9    2964.3  314.88 
1500  10.0  0.5    4433.5  314.88 
1500  10.0  0.7    4253.8  314.88 
1500  10.0  0.9    2506.3  314.88 
2000  0.1  0.5    4084.2  314.88 
2000  0.1  0.7    3832.8  314.88 
2000  0.1  0.9    3094.9  314.88 
2000  1.0  0.5    5017.6  314.88 
2000  1.0  0.7    4512.1  314.88 
2000  1.0  0.9    3178.3  314.88 
2000  10.0  0.5    4471.8  314.88 
2000  10.0  0.7    3479.4  314.88 
2000  10.0  0.9    3199.5  314.88 
2500  0.1  0.5    4631.9  314.88 
2500  0.1  0.7    4208.2  314.88 
2500  0.1  0.9    2857.6  314.88 
2500  1.0  0.5    4169.7  314.88 
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2500  1.0  0.7    3403.8  314.88 
2500  1.0  0.9    2880.9  314.88 
2500  10.0  0.5    4832.7  314.88 
2500  10.0  0.7    3564.9  314.88 
2500  10.0  0.9    3396.0  314.88 
Spindle Speed*Plunge Speed*Top Sheet Thickness 
1500  0.1  1.0    3780.7  257.10 
1500  0.1  1.4    5031.8  257.10 
1500  1.0  1.0    3272.6  257.10 
1500  1.0  1.4    4298.6  257.10 
1500  10.0  1.0    2580.2  257.10 
1500  10.0  1.4    4882.2  257.10 
2000  0.1  1.0    2586.3  257.10 
2000  0.1  1.4    4755.0  257.10 
2000  1.0  1.0    3805.7  257.10 
2000  1.0  1.4    4666.3  257.10 
2000  10.0  1.0    2909.4  257.10 
2000  10.0  1.4    4524.4  257.10 
2500  0.1  1.0    3062.0  257.10 
2500  0.1  1.4    4736.4  257.10 
2500  1.0  1.0    2629.7  257.10 
2500  1.0  1.4    4339.9  257.10 
2500  10.0  1.0    2934.2  257.10 
2500  10.0  1.4    4928.3  257.10 
Spindle Speed*Plunge Depth*Top Sheet Thickness 
1500  0.5  1.0    4599.6  257.10 
1500  0.5  1.4    4978.8  257.10 
1500  0.7  1.0    3187.9  257.10 
1500  0.7  1.4    4956.8  257.10 
1500  0.9  1.0    1846.0  257.10 
1500  0.9  1.4    4276.9  257.10 
2000  0.5  1.0    3957.9  257.10 
2000  0.5  1.4    5091.1  257.10 
2000  0.7  1.0    3347.1  257.10 
2000  0.7  1.4    4535.7  257.10 
2000  0.9  1.0    1996.3  257.10 
2000  0.9  1.4    4318.8  257.10 
2500  0.5  1.0    4466.0  257.10 
2500  0.5  1.4    4623.6  257.10 
2500  0.7  1.0    2662.7  257.10 
2500  0.7  1.4    4788.6  257.10 
2500  0.9  1.0    1497.2  257.10 
2500  0.9  1.4    4592.5  257.10 
Plunge Speed*Plunge Depth*Top Sheet Thickness 
0.1  0.5  1.0    4243.2  257.10 
0.1  0.5  1.4    5042.4  257.10 
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0.1  0.7  1.0    3305.6  257.10 
0.1  0.7  1.4    4916.9  257.10 
0.1  0.9  1.0    1880.3  257.10 
0.1  0.9  1.4    4563.9  257.10 
1.0  0.5  1.0    4702.6  257.10 
1.0  0.5  1.4    4570.2  257.10 
1.0  0.7  1.0    3080.2  257.10 
1.0  0.7  1.4    4644.1  257.10 
1.0  0.9  1.0    1925.1  257.10 
1.0  0.9  1.4    4090.5  257.10 
10.0  0.5  1.0    4077.7  257.10 
10.0  0.5  1.4    5081.0  257.10 
10.0  0.7  1.0    2811.9  257.10 
10.0  0.7  1.4    4720.2  257.10 
10.0  0.9  1.0    1534.2  257.10 
10.0  0.9  1.4    4533.7  257.10 
Spindle Speed*Plunge Speed*Plunge Depth*Top Sheet Thickness 
1500  0.1  0.5  1.0  5174.1  445.30 
1500  0.1  0.5  1.4  5250.5  445.30 
1500  0.1  0.7  1.0  3550.8  445.30 
1500  0.1  0.7  1.4  5034.8  445.30 
1500  0.1  0.9  1.0  2617.3  445.30 
1500  0.1  0.9  1.4  4810.2  445.30 
1500  1.0  0.5  1.0  4824.9  445.30 
1500  1.0  0.5  1.4  4619.0  445.30 
1500  1.0  0.7  1.0  2616.2  445.30 
1500  1.0  0.7  1.4  4724.9  445.30 
1500  1.0  0.9  1.0  2376.6  445.30 
1500  1.0  0.9  1.4  3552.0  445.30 
1500  10.0  0.5  1.0  3799.9  445.30 
1500  10.0  0.5  1.4  5067.0  445.30 
1500  10.0  0.7  1.0  3396.8  445.30 
1500  10.0  0.7  1.4  5110.8  445.30 
1500  10.0  0.9  1.0  544.0  445.30 
1500  10.0  0.9  1.4  4468.6  445.30 
2000  0.1  0.5  1.0  3065.7  445.30 
2000  0.1  0.5  1.4  5102.7  445.30 
2000  0.1  0.7  1.0  2954.5  445.30 
2000  0.1  0.7  1.4  4711.0  445.30 
2000  0.1  0.9  1.0  1738.7  445.30 
2000  0.1  0.9  1.4  4451.2  445.30 
2000  1.0  0.5  1.0  4973.2  445.30 
2000  1.0  0.5  1.4  5062.0  445.30 
2000  1.0  0.7  1.0  4278.2  445.30 
2000  1.0  0.7  1.4  4746.0  445.30 
2000  1.0  0.9  1.0  2165.7  445.30 
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2000  1.0  0.9  1.4  4190.8  445.30 
2000  10.0  0.5  1.0  3835.0  445.30 
2000  10.0  0.5  1.4  5108.6  445.30 
2000  10.0  0.7  1.0  2808.7  445.30 
2000  10.0  0.7  1.4  4150.1  445.30 
2000  10.0  0.9  1.0  2084.6  445.30 
2000  10.0  0.9  1.4  4314.5  445.30 
2500  0.1  0.5  1.0  4489.9  445.30 
2500  0.1  0.5  1.4  4773.9  445.30 
2500  0.1  0.7  1.0  3411.5  445.30 
2500  0.1  0.7  1.4  5005.0  445.30 
2500  0.1  0.9  1.0  1284.7  445.30 
2500  0.1  0.9  1.4  4430.5  445.30 
2500  1.0  0.5  1.0  4309.8  445.30 
2500  1.0  0.5  1.4  4029.6  445.30 
2500  1.0  0.7  1.0  2346.3  445.30 
2500  1.0  0.7  1.4  4461.3  445.30 
2500  1.0  0.9  1.0  1233.0  445.30 
2500  1.0  0.9  1.4  4528.8  445.30 
2500  10.0  0.5  1.0  4598.2  445.30 
2500  10.0  0.5  1.4  5067.3  445.30 
2500  10.0  0.7  1.0  2230.3  445.30 
2500  10.0  0.7  1.4  4899.6  445.30 
2500  10.0  0.9  1.0  1974.0  445.30 
2500  10.0  0.9  1.4  4818.1  445.30 
	  

7.3. Failure DOE done at GM 

General Linear Model: Failure versus Spindle Speed, Plunge Speed, Plunge Depth, and 

Top Sheet Thickness 

Factor    Type  Levels  Values 
Spindle Speed   fixed  3  1500, 2000, 2500 
Plunge Speed   fixed  3  0.1, 1.0, 10.0 
Plunge Depth   fixed  3  0.5, 0.7, 0.9 
Top Sheet Thickness  fixed  2  1.0, 1.4 
 

Analysis of Variance for Failure, using Adjusted SS for Tests 
 

Source     DF Seq SS  Adj SS  Adj MS F 
Spindle Speed    2 0.38272 0.38272 0.19136 3.44 
Plunge Speed    2 0.45679 0.45679 0.22840 4.11 
Plunge Depth    2 8.16049 8.16049 4.08025 73.44 
Top Sheet Thickness   1 12.50000 12.50000 12.50000 225.00 
Spindle Speed*Plunge Speed  4 0.87654 0.87654 0.21914 3.94 
Spindle Speed*Plunge Depth  4 0.06173 0.06173 0.01543 0.28 
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Spindle Speed*Top Sheet Thickness 2 0.03704 0.03704 0.01852 0.33 
Plunge Speed*Plunge Depth  4 0.32099 0.32099 0.08025 1.44 
Plunge Speed*Top Sheet Thickness 2 0.25926 0.25926 0.12963 2.33 
Plunge Depth*Top Sheet Thickness 2  4.70370 4.70370 2.35185 42.33 
Spindle Speed*Plunge Speed* 8 0.56790 0.56790 0.07099 1.28 
  Plunge Depth 
Spindle Speed*Plunge Speed* 4 0.25926 0.25926 0.06481 1.17 
  Top Sheet Thickness 
Spindle Speed*Plunge Depth* 4 0.25926 0.25926 0.06481 1.17 
  Top Sheet Thickness 
Plunge Speed*Plunge Depth*  4 0.37037 0.37037 0.09259 1.67 
  Top Sheet Thickness 
Spindle Speed*Plunge Speed* 8 1.11111 1.11111 0.13889 2.50 
  Plunge Depth*Top Sheet Thickness 
Error     108 6.00000 6.00000 0.05556 
Total     161 36.32716 
 

Source       P 
Spindle Speed     0.035 
Plunge Speed     0.019 
Plunge Depth     0.000 
Top Sheet Thickness    0.000 
Spindle Speed*Plunge Speed   0.005 
Spindle Speed*Plunge Depth   0.892 
Spindle Speed*Top Sheet Thickness  0.717 
Plunge Speed*Plunge Depth   0.224 
Plunge Speed*Top Sheet Thickness  0.102 
Plunge Depth*Top Sheet Thickness  0.000 
Spindle Speed*Plunge Speed*  0.263 
  Plunge Depth 
Spindle Speed*Plunge Speed*  0.330 
  Top Sheet Thickness 
Spindle Speed*Plunge Depth*  0.330 
  Top Sheet Thickness 
Plunge Speed*Plunge Depth*    0.163 
  Top Sheet Thickness 
Spindle Speed*Plunge Speed*  0.016 
  Plunge Depth*Top Sheet Thickness 
Error 
Total 
 

S = 0.235702  R-Sq = 83.48%  R-Sq(adj) = 75.38% 
 

Term        Coef  SE Coef T 
Constant       0.66049 0.01852 35.67 
Spindle Speed 
1500        -0.06790 0.02619 -2.59 
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2000        0.04321 0.02619 1.65 
Plunge Speed 
 0.1        0.06173 0.02619 2.36 
 1.0        0.00617 0.02619 0.24 
Plunge Depth 
0.5        0.30247 0.02619 11.55 
0.7        -0.06790 0.02619 -2.59 
Top Sheet Thickness 
1.0        -0.27778 0.01852 -15.00 
Spindle Speed*Plunge Speed 
1500  0.1      0.06790 0.03704 1.83 
1500  1.0      0.01235 0.03704 0.33 
2000  0.1      0.06790 0.03704 1.83 
2000  1.0      -0.04321 0.03704 -1.17 
Spindle Speed*Plunge Depth 
1500  0.5      -0.00617 0.03704 -0.17 
1500  0.7      0.03086 0.03704 0.83 
2000  0.5      -0.00617 0.03704 -0.17 
2000  0.7      -0.02469 0.03704 -0.67 
Spindle Speed*Top Sheet Thickness 
1500  1.0      -0.01852 0.02619 -0.71 
2000  1.0      0.01852 0.02619 0.71 
Plunge Speed*Plunge Depth 
0.1  0.5      -0.02469 0.03704 -0.67 
0.1  0.7      0.01235 0.03704 0.33 
1.0  0.5      -0.02469 0.03704 -0.67 
1.0  0.7      -0.04321 0.03704 -1.17 
Plunge Speed*Top Sheet Thickness 
0.1  1.0      0.03704 0.02619 1.41 
1.0  1.0      -0.05556 0.02619 -2.12 
Plunge Depth*Top Sheet Thickness 
0.5  1.0      0.24074 0.02619 9.19 
0.7  1.0      -0.12963 0.02619 -4.95 
Spindle Speed*Plunge Speed*Plunge Depth 
1500  0.1 0.5     0.00617 0.05238 0.12 
1500  0.1 0.7     -0.03086 0.05238 -0.59 
1500  1.0 0.5     -0.04938 0.05238 -0.94 
1500  1.0 0.7     -0.03086 0.05238 -0.59 
2000  0.1 0.5     -0.10494 0.05238 -2.00 
2000  0.1 0.7     0.08025 0.05238 1.53 
2000  1.0 0.5     0.06173 0.05238 1.18 
2000  1.0 0.7     -0.03086 0.05238 -0.59 
Spindle Speed*Plunge Speed*Top Sheet Thickness 
1500  0.1  1.0    -0.01852 0.03704 -0.50 
1500  1.0  1.0    -0.03704 0.03704 -1.00 
2000  0.1  1.0    0.05556 0.03704 1.50 
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2000  1.0  1.0    -0.01852 0.03704 -0.50 
Spindle Speed*Plunge Depth*Top Sheet Thickness 
1500  0.5  1.0    -0.05556 0.03704 -1.50 
1500  0.7  1.0    -0.01852 0.03704 -0.50 
2000  0.5  1.0    0.01852 0.03704 0.50 
2000  0.7  1.0    -0.00000 0.03704 -0.00 
Plunge Speed*Plunge Depth*Top Sheet Thickness 
0.1  0.5  1.0    0.00000 0.03704 0.00 
0.1  0.7  1.0    0.03704 0.03704 1.00 
1.0  0.5  1.0    0.03704 0.03704 1.00 
1.0  0.7  1.0    0.01852 0.03704 0.50 
Spindle Speed*Plunge Speed*Plunge Depth*Top Sheet Thickness 
1500  0.1  0.5  1.0  0.09259 0.05238 1.77 
1500  0.1  0.7  1.0  0.05556 0.05238 1.06 
1500  1.0  0.5  1.0  -0.00000 0.05238 -0.00 
1500  1.0  0.7  1.0  0.01852 0.05238 0.35 
2000  0.1  0.5  1.0  -0.09259 0.05238 -1.77 
2000  0.1  0.7  1.0  0.09259 0.05238 1.77 
2000  1.0  0.5  1.0  0.03704 0.05238 0.71 
2000  1.0  0.7  1.0  -0.05556 0.05238 -1.06 
 

Term        P 
Constant       0.000 
Spindle Speed 
1500        0.011 
2000        0.102 
Plunge Speed 
0.1        0.020 
1.0        0.814 
Plunge Depth 
0.5        0.000 
0.7        0.011 
Top Sheet Thickness 
1.0        0.000 
Spindle Speed*Plunge Speed 
1500  0.1      0.070 
1500  1.0      0.740 
2000  0.1      0.070 
2000  1.0      0.246 
Spindle Speed*Plunge Depth 
1500  0.5      0.868 
1500  0.7      0.406 
2000  0.5      0.868 
2000  0.7      0.506 
Spindle Speed*Top Sheet Thickness 
1500  1.0      0.481 
2000  1.0      0.481 
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Plunge Speed*Plunge Depth 
0.1  0.5      0.506 
0.1  0.7      0.740 
1.0  0.5      0.506 
1.0  0.7      0.246 
Plunge Speed*Top Sheet Thickness 
0.1  1.0      0.160 
1.0  1.0      0.036 
Plunge Depth*Top Sheet Thickness 
0.5  1.0      0.000 
0.7  1.0      0.000 
Spindle Speed*Plunge Speed*Plunge Depth 
1500  0.1  0.5    0.906 
1500  0.1  0.7    0.557 
1500  1.0  0.5    0.348 
1500  1.0  0.7    0.557 
2000  0.1  0.5    0.048 
2000  0.1  0.7    0.128 
2000  1.0  0.5    0.241 
2000  1.0  0.7    0.557 
Spindle Speed*Plunge Speed*Top Sheet Thickness 
1500  0.1  1.0    0.618 
1500  1.0  1.0    0.320 
2000  0.1  1.0    0.137 
2000  1.0  1.0    0.618 
Spindle Speed*Plunge Depth*Top Sheet Thickness 
1500  0.5  1.0    0.137 
1500  0.7  1.0    0.618 
2000  0.5  1.0    0.618 
2000  0.7  1.0    1.000 
Plunge Speed*Plunge Depth*Top Sheet Thickness 
0.1  0.5  1.0    1.000 
0.1  0.7  1.0    0.320 
1.0  0.5  1.0    0.320 
1.0  0.7  1.0    0.618 
Spindle Speed*Plunge Speed*Plunge Depth*Top Sheet Thickness 
1500  0.1  0.5  1.0  0.080 
1500  0.1  0.7  1.0  0.291 
1500  1.0  0.5  1.0  1.000 
1500  1.0  0.7  1.0  0.724 
2000  0.1  0.5  1.0  0.080 
2000  0.1  0.7  1.0  0.080 
2000  1.0  0.5  1.0  0.481 
2000  1.0  0.7  1.0  0.291 
 
 

Unusual Observations for Failure 
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Obs Failure  Fit  SE Fit  Residual St Resid 
9 1.00000 0.33333 0.13608 0.66667 3.46 R 
31 0.00000 0.66667 0.13608 -0.66667 -3.46 R 
50 0.00000 0.66667 0.13608 -0.66667 -3.46 R 
55 1.00000 0.33333 0.13608 0.66667 3.46 R 
63 0.00000 0.66667 0.13608 -0.66667 -3.46 R 
95 0.00000 0.66667 0.13608 -0.66667 -3.46 R 
112 0.00000 0.66667 0.13608 -0.66667 -3.46 R 
135 1.00000 0.33333 0.13608 0.66667 3.46 R 
151 1.00000 0.33333 0.13608 0.66667 3.46 R 
 
R denotes an observation with a large standardized residual. 
 
Least Squares Means for Failure 
 

Spindle Speed       Mean  SE Mean 
1500        0.59259 0.03208 
2000        0.70370 0.03208 
2500        0.68519 0.03208 
Plunge Speed 
0.1        0.72222 0.03208 
1.0        0.66667 0.03208 
10.0        0.59259 0.03208 
Plunge Depth 
0.5        0.96296 0.03208 
0.7        0.59259 0.03208 
0.9        0.42593 0.03208 
Top Sheet Thickness 
1.0        0.38272 0.02619 
1.4        0.93827 0.02619 
Spindle Speed*Plunge Speed 
1500  0.1      0.72222 0.05556 
1500  1.0      0.61111 0.05556 
1500  10.0      0.44444 0.05556 
2000  0.1      0.83333 0.05556 
2000  1.0      0.66667 0.05556 
2000  10.0      0.61111 0.05556 
2500  0.1      0.61111 0.05556 
2500  1.0      0.72222 0.05556 
2500  10.0      0.72222 0.05556 
Spindle Speed*Plunge Depth 
1500  0.5      0.88889 0.05556 
1500  0.7      0.55556 0.05556 
1500  0.9      0.33333 0.05556 
2000  0.5      1.00000 0.05556 
2000  0.7      0.61111 0.05556 
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2000  0.9      0.50000 0.05556 
2500  0.5      1.00000 0.05556 
2500  0.7      0.61111 0.05556 
2500  0.9      0.44444 0.05556 
Spindle Speed*Top Sheet Thickness 
1500  1.0      0.29630 0.04536 
1500  1.4      0.88889 0.04536 
2000  1.0      0.44444 0.04536 
2000  1.4      0.96296 0.04536 
2500  1.0      0.40741 0.04536 
2500  1.4      0.96296 0.04536 
Plunge Speed*Plunge Depth 
0.1  0.5      1.00000 0.05556 
0.1  0.7      0.66667 0.05556 
0.1  0.9      0.50000 0.05556 
1.0  0.5      0.94444 0.05556 
1.0  0.7      0.55556 0.05556 
1.0  0.9      0.50000 0.05556 
10.0  0.5      0.94444 0.05556 
10.0  0.7      0.55556 0.05556 
10.0  0.9      0.27778 0.05556 
Plunge Speed*Top Sheet Thickness 
0.1  1.0      0.48148 0.04536 
0.1  1.4      0.96296 0.04536 
1.0  1.0      0.33333 0.04536 
1.0  1.4      1.00000 0.04536 
10.0  1.0      0.33333 0.04536 
10.0  1.4      0.85185 0.04536 
Plunge Depth*Top Sheet Thickness 
0.5  1.0      0.92593 0.04536 
0.5  1.4      1.00000 0.04536 
0.7  1.0      0.18519 0.04536 
0.7  1.4      1.00000 0.04536 
0.9  1.0      0.03704 0.04536 
0.9  1.4      0.81481 0.04536 
Spindle Speed*Plunge Speed*Plunge Depth 
1500  0.1  0.5    1.00000 0.09623 
1500  0.1  0.7    0.66667 0.09623 
1500  0.1  0.9    0.50000 0.09623 
1500  1.0  0.5    0.83333 0.09623 
1500  1.0  0.7    0.50000 0.09623 
1500  1.0  0.9    0.50000 0.09623 
1500  10.0  0.5    0.83333 0.09623 
1500  10.0  0.7    0.50000 0.09623 
1500  10.0  0.9    0.00000 0.09623 
2000  0.1  0.5    1.00000 0.09623 



	   79	  

2000  0.1  0.7    0.83333 0.09623 
2000  0.1  0.9    0.66667 0.09623 
2000  1.0  0.5    1.00000 0.09623 
2000  1.0  0.7    0.50000 0.09623 
2000  1.0  0.9    0.50000 0.09623 
2000  10.0  0.5    1.00000 0.09623 
2000  10.0  0.7    0.50000 0.09623 
2000  10.0  0.9    0.33333 0.09623 
2500  0.1  0.5    1.00000 0.09623 
2500  0.1  0.7    0.50000 0.09623 
2500  0.1  0.9    0.33333 0.09623 
2500  1.0  0.5    1.00000 0.09623 
2500  1.0  0.7    0.66667 0.09623 
2500  1.0  0.9    0.50000 0.09623 
2500  10.0  0.5    1.00000 0.09623 
2500  10.0  0.7    0.66667 0.09623 
2500  10.0  0.9    0.50000 0.09623 
Spindle Speed*Plunge Speed*Top Sheet Thickness 
1500  0.1  1.0    0.44444 0.07857 
1500  0.1  1.4    1.00000 0.07857 
1500  1.0  1.0    0.22222 0.07857 
1500  1.0  1.4    1.00000 0.07857 
1500  10.0  1.0    0.22222 0.07857 
1500  10.0  1.4    0.66667 0.07857 
2000  0.1  1.0    0.66667 0.07857 
2000  0.1  1.4    1.00000 0.07857 
2000  1.0  1.0    0.33333 0.07857 
2000  1.0  1.4    1.00000 0.07857 
2000  10.0  1.0    0.33333 0.07857 
2000  10.0  1.4    0.88889 0.07857 
2500  0.1  1.0    0.33333 0.07857 
2500  0.1  1.4    0.88889 0.07857 
2500  1.0  1.0    0.44444 0.07857 
2500  1.0  1.4    1.00000 0.07857 
2500  10.0  1.0    0.44444 0.07857 
2500  10.0  1.4    1.00000 0.07857 
Spindle Speed*Plunge Depth*Top Sheet Thickness 
1500   0.5  1.0     0.77778 0.07857 
1500  0.5  1.4    1.00000 0.07857 
1500  0.7  1.0    0.11111 0.07857 
1500  0.7  1.4    1.00000 0.07857 
1500  0.9  1.0    0.00000 0.07857 
1500  0.9  1.4    0.66667 0.07857 
2000  0.5  1.0    1.00000 0.07857 
2000  0.5  1.4    1.00000 0.07857 
2000  0.7  1.0    0.22222 0.07857 
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2000  0.7  1.4    1.00000 0.07857 
2000  0.9  1.0    0.11111 0.07857 
2000  0.9  1.4    0.88889 0.07857 
2500  0.5  1.0    1.00000 0.07857 
2500  0.5  1.4    1.00000 0.07857 
2500  0.7  1.0    0.22222 0.07857 
2500  0.7  1.4    1.00000 0.07857 
2500  0.9  1.0    0.00000 0.07857 
2500  0.9  1.4    0.88889 0.07857 
Plunge Speed*Plunge Depth*Top Sheet Thickness 
0.1  0.5  1.0    1.00000 0.07857 
0.1  0.5  1.4    1.00000 0.07857 
0.1  0.7  1.0    0.33333 0.07857 
0.1  0.7  1.4    1.00000 0.07857 
0.1  0.9  1.0    0.11111 0.07857 
0.1  0.9  1.4    0.88889 0.07857 
1.0  0.5  1.0    0.88889 0.07857 
1.0  0.5  1.4    1.00000 0.07857 
1.0  0.7  1.0    0.11111 0.07857 
1.0  0.7  1.4    1.00000 0.07857 
1.0  0.9  1.0    0.00000 0.07857 
1.0  0.9  1.4    1.00000 0.07857 
10.0  0.5  1.0    0.88889 0.07857 
10.0  0.5  1.4    1.00000 0.07857 
10.0  0.7  1.0    0.11111 0.07857 
10.0  0.7  1.4    1.00000 0.07857 
10.0  0.9  1.0    0.00000 0.07857 
10.0  0.9  1.4    0.55556 0.07857 
Spindle Speed*Plunge Speed*Plunge Depth*Top Sheet Thickness 
1500  0.1  0.5  1.0  1.00000 0.13608 
1500  0.1  0.5  1.4  1.00000 0.13608 
1500  0.1  0.7  1.0  0.33333 0.13608 
1500  0.1  0.7  1.4  1.00000 0.13608 
1500  0.1  0.9  1.0  0.00000 0.13608 
1500  0.1  0.9  1.4  1.00000 0.13608 
1500  1.0  0.5  1.0  0.66667 0.13608 
1500  1.0  0.5  1.4  1.00000 0.13608 
1500  1.0  0.7  1.0  0.00000 0.13608 
1500  1.0  0.7  1.4  1.00000 0.13608 
1500  1.0  0.9  1.0  0.00000 0.13608 
1500  1.0  0.9  1.4  1.00000 0.13608 
1500  10.0  0.5  1.0  0.66667 0.13608 
1500  10.0  0.5  1.4  1.00000 0.13608 
1500  10.0  0.7  1.0  0.00000 0.13608 
1500  10.0  0.7  1.4  1.00000 0.13608 
1500  10.0  0.9  1.0  0.00000 0.13608 
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1500  10.0  0.9  1.4  0.00000 0.13608 
2000  0.1  0.5  1.0  1.00000 0.13608 
2000  0.1  0.5  1.4  1.00000 0.13608 
2000  0.1  0.7  1.0  0.66667 0.13608 
2000  0.1  0.7  1.4  1.00000 0.13608 
2000  0.1  0.9  1.0  0.33333 0.13608 
2000  0.1  0.9  1.4  1.00000 0.13608 
2000  1.0  0.5  1.0  1.00000 0.13608 
2000  1.0  0.5  1.4  1.00000 0.13608 
2000  1.0  0.7  1.0  -0.00000 0.13608 
2000  1.0  0.7  1.4  1.00000 0.13608 
2000  1.0  0.9  1.0  0.00000 0.13608 
2000  1.0  0.9  1.4  1.00000 0.13608 
2000  10.0  0.5  1.0  1.00000 0.13608 
2000  10.0  0.5  1.4  1.00000 0.13608 
2000  10.0  0.7  1.0  -0.00000 0.13608 
2000  10.0  0.7  1.4  1.00000 0.13608 
2000  10.0  0.9  1.0  0.00000 0.13608 
2000  10.0  0.9  1.4  0.66667 0.13608 
2500  0.1  0.5  1.0  1.00000 0.13608 
2500  0.1  0.5  1.4  1.00000 0.13608 
2500  0.1  0.7  1.0  -0.00000 0.13608 
2500  0.1  0.7  1.4  1.00000 0.13608 
2500  0.1  0.9  1.0  0.00000 0.13608 
2500  0.1  0.9  1.4  0.66667 0.13608 
2500  1.0  0.5  1.0  1.00000 0.13608 
2500  1.0  0.5  1.4  1.00000 0.13608 
2500  1.0  0.7  1.0  0.33333 0.13608 
2500  1.0  0.7  1.4  1.00000 0.13608 
2500  1.0  0.9  1.0  0.00000 0.13608 
2500  1.0  0.9  1.4  1.00000 0.13608 
2500  10.0  0.5  1.0  1.00000 0.13608 
2500  10.0  0.5  1.4  1.00000 0.13608 
2500  10.0  0.7  1.0  0.33333 0.13608 
2500  10.0   0.7  1.4  1.00000 0.13608 
2500  10.0  0.9  1.0  0.00000 0.13608 
2500  10.0  0.9  1.4  1.00000 0.13608 
 
	  

7.4. Thermal DOE done at GM 

General Linear Model: T1, Q1, versus Blocks, Top Sheet Thickness, and tool depth 

Factor   Type  Levels  Values 
Blocks   fixed  3  1, 2, 3 
Top Sheet Thickness fixed   2  1.0mm, 1.4mm 
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Tool Depth  fixed  3  0.9mm, 0.7mm, 0.5mm 
 

Analysis of Variance for T1, using Adjusted SS for Tests 
 

Model Reduced 
Source      DF DF Seq SS 
Blocks      2 2 7458.8 
Top Sheet Thickness    1 1 1600.7 
Tool Depth     2 2 17264.2 
Top Sheet Thickness*Tool Depth  2 0+ 0.0 
Error      10 12 64828.7 
Total      17 17 91152.3 
 

+ Rank deficiency due to empty cells, unbalanced nesting, collinearity, or an undeclared 
covariate.  No storage of results or further analysis will be done. 
 

S = 73.5009   R-Sq = 28.88%   R-Sq(adj) = 0.00% 
 

Analysis of Variance for Q1, using Adjusted SS for Tests 
 

Model Reduced 
Source      DF DF Seq SS 
Blocks      2 2 42198962251 
Top Sheet Thickness    1 1 4.45284E+11 
Tool Depth     2 2 5.85821E+11 
Top Sheet Thickness*Tool Depth  2 0+ 0 
Error      10 12 4.03845E+12 
Total      17 17 5.11175E+12 
 
+ Rank deficiency due to empty cells, unbalanced nesting, collinearity, or an undeclared 
covariate.  No storage of results or further analysis will be done. 
 
S = 580118 R-Sq = 21.00% R-Sq(adj) = 0.00% 
 
Analysis of Variance for T2, using Adjusted SS for Tests 
 

Model Reduced 
Source      DF DF Seq SS 
Blocks      2 2 481.0 
Top Sheet Thickness    1 1 6144.0 
Tool Depth     2 2 5282.2 
Top Sheet Thickness*Tool Depth  2 0+ 0.0 
Error      10 12 31505.3 
Total      17 17 43412.5 
 

+ Rank deficiency due to empty cells, unbalanced nesting, collinearity, or an undeclared 
covariate.  No storage of results or further analysis will be done. 
 

S = 51.2391 R-Sq = 27.43% R-Sq(adj) = 0.00% 
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Analysis of Variance for Q2, using Adjusted SS for Tests 
 

Model Reduced 
Source      DF DF Seq SS 
Blocks      2 2 6999230480 
Top Sheet Thickness    1 1 4.94428E+11 
Tool Depth     2 2 3.84990E+11 
Top Sheet Thickness*Tool Depth  2 0+ 0 
Error      10 12 2.53301E+12 
Total      17 17 3.41943E+12 
 

+ Rank deficiency due to empty cells, unbalanced nesting, collinearity, or an undeclared 
covariate.  No storage of results or further analysis will be done. 
 
S = 459439   R-Sq = 25.92%   R-Sq(adj) = 0.00% 
Analysis of Variance for T3, using Adjusted SS for Tests 

Model Reduced 
Source      DF DF Seq SS 
Blocks      2 2 3106.8 
Top Sheet Thickness    1 1 4320.2 
Tool Depth     2 2 3604.2 
Top Sheet Thickness*Tool Depth  2 0+ 0.0 
Error      10 12 46669.3 
Total      17 17 57700.4 
 

+ Rank deficiency due to empty cells, unbalanced nesting, collinearity, or an undeclared 
covariate.  No storage of results or further analysis will be done. 
 
S = 62.3627 R-Sq = 19.12% R-Sq(adj) = 0.00% 
 

Analysis of Variance for Q3, using Adjusted SS for Tests 
Model Reduced 

Source      DF DF Seq SS 
Blocks      2 2 1.15951E+11 
Top Sheet Thickness    1 1 4.54265E+11 
Tool Depth     2 2 3.09162E+11 
Top Sheet Thickness*Tool Depth  2  0+ 0 
Error      10 12 3.32898E+12 
Total      17 17  4.20836E+12 
 

+ Rank deficiency due to empty cells, unbalanced nesting, collinearity, or an undeclared 
covariate.  No storage of results or further analysis will be done. 
 

S = 526702 R-Sq = 20.90%  R-Sq(adj) = 0.00% 
 

 


