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Abstract 

The formation of subsurface voids during friction stir welding has limited process adoption 

in high-reliability applications and high-volume production. Process adoption can be increased by 

developing robust methods of in-process void monitoring, as well as designing the process for 

higher travel speeds while avoiding void formation. A fundamental physical understanding of how 

sub-surface voids form during friction stir welding of aluminum alloys must be developed in order 

to advance the state of the art in these two areas. The objective of this work is to develop said 

fundamental physical understanding of how voids form, as well as how they alter process 

interaction forces and subsequent tool motions during void interaction. This fundamental 

understanding will form the basis for more robust methods of defect monitoring that are 

transferable across changes in process parameters and will help drive more accurate numerical 

simulation of the sub-surface defect formation process. 

An advanced experimental setup allowed for the synchronization of the tool-workpiece 

interaction forces with the angular position of features on the tool probe such as the flats and the 

most eccentric point of the tool due to its natural runout.  This led to the observation that it is the 

geometric imperfections (tool runout and shoulder levelness with respect to rotational axis) that 

drive the oscillatory forces at the tool rotational frequency in friction stir welding. During void 

formation, there are two distant interactions between two of the peaks on the tool probe and the 

void volume that create a momentary reduction in the oscillatory forces due to the lack of contact 

between the probe features and the workpiece material. The distortions in the force signals were 

enhanced by isolating the probe runout as the major driving feature by eliminating the unlevel 

nature of the tool shoulder with respect to the rotational axis. This led to a more direct relationship 

between the amplitude at the third harmonic in the force signals and the size of voids in the weld. 

It was found that a void will remain in the weld once the amplitude of the third harmonic exceeds 

30% of the amplitude at the rotational frequency in a full-contact condition. Additionally, the 
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amplitude at the third harmonic will saturate at 70% the full contact amplitude since the third 

harmonic is generated by a reduction in contact pressure. These results show that even a small 

amount of tool runout must be considered when developing a force transient based void 

monitoring method.  

Tool motion measurements during welding were captured via a laser vibrometer in order 

to complement the observations from the force measurements. It was determined that the 

eccentric motion of the tool is constrained during welding, which supports the observation that the 

eccentric motion of the tool applies the oscillatory force because the equal and opposite reaction 

force will constrain the tool. Additionally, it was observed that the tool momentarily deflects into 

void volumes during feature interaction. This deflection generates an amplitude at the third 

harmonic in the motion signal that matches the third harmonic in the force signal. This suggests 

that an accelerometer instrumented toolholder holds the potential to be used in a void monitoring 

method. In order to develop a physical understanding of the tool motion during void interaction, a 

simple mass-spring-damper model was used to describe the motion of the tool side of the system. 

Good agreement between the modeled and experimentally measured tool acceleration at three 

times the tool rotational frequency was shown. The modeling led to the observation that the 

dynamics of the system at three times the tool rotational frequency are driven by the stiffness of 

the system and that the stiffness is driven by the stiffness of the toolholder itself. Damping does 

not appear to be relevant because the frequency of interest is significantly lower than the natural 

frequencies of the systems studied. Also, the effective mass of the system is too small to play a 

role. This understanding will expedite the development of the accelerometer instrumented 

toolholder based void monitoring method that is currently under investigation. Additionally, 

substantial progress has been made towards developing the capabilities of capturing in situ void 

imaging using the high-speed X-ray beamline at Argonne National Laboratory’s Advanced Photon 

Source.  
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Chapter 1: Introduction 

The friction stir welding (FSW) process (Figure 1) consists of plunging a rotating non-

consumable tool into two metallic workpieces and traversing the tool along a joint line in order to 

mechanically intermix the two workpieces [1]. The plastic deformation of the workpieces 

generates heat which produces temperatures on the order of 80-95% of the solidus temperature 

of the alloy. The elevated temperature is instrumental in facilitating plastic deformation of the 

workpieces but with the key aspect that the process does not melt the material. The solid-state 

nature of the process provides distinct advantages over fusion-based welding processes. These 

advantages include a less severe heat affected zone, minimal distortion and residual stresses, 

avoidance of hot cracking, reduction/elimination of shielding gas, energy efficiency, and grain 

refinement within the stir zone due to dynamic recrystallization. A significant amount of research 

has shown that FSW can be used as an energy efficient method of creating high-quality joints in 

lightweight alloys such as aluminum and magnesium [2, 3]. 

 

Figure 1: Schematic of friction stir welding process defining 3-axis coordinate system 

However, specific limitations have hindered process adoption in certain applications. 

These limitations include the need for updated design of components for friction stir welding, lack 

of standardization, more robust fixturing, and higher capital costs of equipment. Currently, the 

process is limited in terms of travel speed, which has hindered its adoption in high volume 
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production settings. An increase in travel speed is more likely to result in an inadequate 

thermomechanical state which prevents the material from successfully deforming around the tool 

probe to be deposited in the weld. The breakdown in material flow results in volumetric voids 

within the weld which are detrimental to joint performance. Voids tends to form in the probe driven 

region of the weld resulting in sub-surface defects which cannot be detected visually and therefore 

require a post-process non-destructive evaluation technique (e.g. ultrasonic testing [4, 5], eddy 

current testing [6, 7]) to determine if the weld is compromised. In many cases, the additional step 

of applying a post process non-destructive evaluation technique is cost prohibitive. Development 

of a robust in situ void detection method based on a measured process output has the potential 

to address this limitation. Additionally, real time detection will provide the opportunity for in-

process corrective action, which can prevent a part form being scrapped. The goal of this work is 

to both further the fundamental understanding of how sub-surface voids are formed as well as 

advance the development of process measurement-based void detection methods and process 

design for void avoidance.  

 1.1 Intermittent Flow of Material during Friction Stir Welding 

One of the more prominent features observed in the microstructure of most friction stir 

welds is the layers (or bands) of material that form in the cross sections of welds in the plane of 

welding (X-Y plane in Figure 1). The banded features that form at the distance that the tool 

advances in one revolution (Figure 2), are resultant of material flow around the tool probe in an 

intermittent manner per revolution. The mechanisms driving this intermittent flow are not 

completely understood. Researchers have proposed that it stems from a change in contact 

condition (sticking vs. sliding) between the material and the tool [8, 9]. Abergast [10] initiated a 

hypothesis, which was later articulated by Boldsaikhan et al. [11], involving the opening and filling 

of a cavity once per revolution in the wake of the tool probe. Nunes [12] proposed that strain 

localization propagates a batch-wise flow of material around the tool similar to the shear banding 
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process observed in machining chips. Fonda et al. [13], measured a change in shear textures 

within a single band which led the researchers to propose that the banded nature comes from an 

oscillatory motion (precession) of the tool due to the natural eccentricity (i.e., tool runout) as well 

as an oscillatory deflection of the tool due to the oscillation in process forces during friction stir 

welding. Gratecap et al. [14], tested tools with different levels of eccentricity (runout) and showed 

that tools with larger runout moved more material around the tool per revolution, leading the 

researchers to propose that the banded structure stems primarily from tool runout.  Reynolds [15] 

proposed that even small amounts of tool runout can create differences in strain rates from one 

side of the tool to the other (most eccentric side to least eccentric side). The difference in strain 

rates can then produce the difference in the microstructure seen once per revolution. Chen et al. 

[16], have proposed that each band is formed by the threads on a threaded tool probe, i.e., within 

one revolution each thread groove creates a layer of material that is deposited in the wake of the 

tool. It is also possible that the banded structure is formed through a combination of several of 

the previously listed hypothesis, i.e., tool runout could initiate strain localization and/or an opening 

and closing of a cavity in the wake of the tool probe. A fundamental understanding of the 

intermittent nature of material flow is important because significant research has shown that 

breakdown in intermittent flow around the probe is what causes sub-surface voids [11, 17, and 

18]. 

 

Figure 2: Microstructure resultant of intermittent flow once per tool revolution 
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1.2 Oscillatory Component of Process Forces 

Significant research has shown that the process forces during friction stir welding tend to 

oscillate at the tool rotational frequency [11, 15-25, 33, 34]. Since the intermittent flow of material 

occurs once per tool revolution, and the process forces oscillate once per tool revolution, 

researchers have concluded that the two are fundamentally linked [11, 15-18, 22, 23, 33, 34]. 

Either the intermittent movement of material initiates the application of the oscillatory component 

of the force onto the tool, or the eccentric motion of the tool initiates the application of the force 

onto the material. Boldsaikhan et al. [23], developed a two-dimensional model that involved a 

prevailing pressure field due to the translation of the tool and a revolving pressure field due to the 

intermittent shear layer. The simulation of these two pressure fields produced similar force 

components compared to the average and oscillating components of the force signals that were 

captured during actual welding. This model was based on the concept that the formation of the 

shear layer initiates the force onto the tool. Other researchers have suggested that the eccentric 

nature of the tool (i.e., runout) initiates the oscillatory component of the forces [15, 22, 24, 25]. 

Zaeh et al. [24], have shown that for two different tool setups with different amounts of runout, the 

greater runout results in a significantly larger amplitude of the oscillating component of the forces. 

In addition, both Zaeh et al. [24], and Panzer et al. [25], have proposed that the oscillating 

components of the process forces are affected by the complex dynamics of the machine and that 

modeling the whole machine/process system is critical to the modeling of the process forces.  

1.3 Void Monitoring Literature Review 

Assuming that the oscillatory nature of the process forces is directly related to the flow of 

material around the friction stir tool probe, then a breakdown in the material flow should produce 

a change in the measured forces. If a change in force can be captured while welding and 

correlated to the presence of volumetric voids within the weld, then the need for post-weld 

inspection can be reduced/eliminated. A growing number of studies have focused on the 
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development of online defect monitoring techniques due to the potential for elimination of post 

process inspection as well as in-process corrective action. Mishra et al. [26] have prepared a 

review on sensor-based monitoring and control of the friction stir welding process. A range of 

signals have been examined as part of the development of defect monitoring methods. These 

signals include force, torque, electrical current, temperature, vibration, and acoustic emission [26]. 

Most prior studies use a form of frequency analysis in combination with a machine learning 

algorithm to correlate changes in measured outputs to the presence of defects. In the scientific 

literature, this has only been performed in experimental settings with a very specific combination 

of a tool geometry, workpiece material, parameter space, and welding machine. Additionally, 

there is a lack of significant discussion on the physical understanding of what is occurring within 

the measured output. It has been hypothesized that the limited nature of the algorithm 

development will present challenges in accurately sensing void formation when any process 

setting, e.g., tool geometry or workpiece material, is altered. Therefore, there exists a potential to 

build a more robust and transferable method of void monitoring through the development of a 

fundamental physical explanation of what is producing changes in measured process signals.   

Within the literature concerning void monitoring in friction stir welding, a large portion of 

the studies focus on the utilization of force and torque measurements due to their high sensitivity 

to the changes in stresses and pressures associated with the severe plastic deformation 

characteristic of the friction stir welding process. More specifically, a force-based measurement 

is the most directly related to the change in pressure at the interface between the tool and void 

during interaction and is not subject to the transient nature of thermal measurements. This had 

led researchers to propose that force and torque measurements are best suited for void 

monitoring [26]. Since a change in force will produce an acceleration, accelerometers also hold 

potential for capturing interactions between friction stir tools and defects. Accelerometers are 

attractive for this application due to their low cost and ease of implementation. 
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1.3.1 Force and Torque based Void Monitoring 

In terms of force and torque-based methods, Jene et al. [27], examined the frequency 

content of welding forces using a short time Fourier transform and observed a distinct change in 

the frequency content of the force signals during defective regions of the weld. Fleming et al. [28], 

investigated methods for implementing in-process fault avoidance due to workpiece gaps in 

robotic FSW. Through frequency analysis of the axial force signal, the authors showed that 

statistical methods can be used as a pre-step to derive representations of force data that provide 

insight into the state of the weld. Ramulu et al. [29], analyzed the effect of welding speed, rotation 

speed, plunge depth, and shoulder diameter on the formation of sub-surface defects during FSW. 

A criterion was developed for predicting the onset of defect formation by examining the changes 

in axial force and torque as a function of welding parameters. Kumar et al. [30], examined defect 

detection of the friction stir welding process by using a discrete wavelet transform of force and 

torque signals. Their work showed that defect formation produced sudden changes in the force 

signals which were best captured using the discrete wavelet transformation and a square of errors 

statistical tool. Kumari et al. [31], applied a continuous wavelet transformation on the measured 

axial force and a statistical feature using the variance of scale 1 to localize defects in friction stir 

welds. They suggested that a continuous wavelet transform can provide better resolution than a 

discrete wavelet transform when it comes to defect localization. Das et al. [32], used a combined 

wavelet packet and Hilbert-Huang transform to correlate measured axial loads to the formation of 

defects. They showed that the axial load has distinct undulations at frequencies lower than the 

tool rotational frequency due to a breakdown in material flow. Boldsaikhan et al. [33], utilize a 

multilayer neural network and discrete Fourier transform to correlate changes in the frequency 

content in the feedback forces and wormhole defect occurrence. They observed an increase in 

the amplitude of the signals at frequencies both lower than and higher than the tool rotational 

frequency. However, a physical description of what is occurring at those frequencies was not 

presented. In general, one of the major limitations of prior studies is that they do not provide 
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explanations as to what is physically occurring that produces the changes in process forces when 

defects are forming. They often apply a “black box” approach of correlating inputs (feedback 

forces/torques) to outputs (defect occurrence). This limits the method when altering the process 

inputs because it is difficult to know when and how a “black box” correlation approach will 

translate. It is not even known if a method that was developed based on data from 6061-T6 

aluminum welds can be applied to a different aluminum alloy. A fundamental understanding of 

what is physically occurring is crucial to developing a robust method that can be generalized and 

applied more broadly without limiting it to a specific machine, tool, weld configuration, workpiece 

alloy, and parameter space combination.  

The current work is an expansion on the work by Shrivastava et al. [18, 34], in which 

evidence was shown that voids created with tools consisting of various numbers of flats on the 

tool probe can distort the oscillating component of the force signal. The distortion generates an 

amplitude at the frequency equal to the tool rotational frequency multiplied by the number of flats 

(harmonics of rotational frequency). In [18], the researchers used a tool with a three flat probe 

and quantified the amplitude of the force signal at the third harmonic of the tool rotational 

frequency using a discrete Fourier transform. The amplitude of the third harmonic was used to 

develop a correlation between the process forces and the volume of voids within welds measured 

through X-ray imaging. The physical explanation of the force oscillation at the tool rotational 

frequency is described as a cavity opening and filling in the wake of the tool. The explanation of 

the third harmonic is stated as an interaction between the flats on the tool probe and the voided 

region. However, a detailed physical description of said interaction is not provided. One focus of 

the current work is to provide a fundamental explanation of what is physically occurring in terms 

of the interaction between the tool and workpiece at both the tool rotational frequency and at the 

third harmonic. This fundamental understanding is critical when expanding the method to different 

tool geometries, fiction stir welding machines, and workpiece alloys. 
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1.3.2 Accelerometer based Void Monitoring 

It has been hypothesized that an accelerometer inseminated toolholder holds potential to 

serve as the hardware for a void monitoring method since the distinct changes in process forces 

should lead to accelerations during the void interaction process. Therefore, another objective of 

the research is to advance the knowledge that forms the basis of utilizing an accelerometer-based 

measurement for sub-surface void monitoring. Several prior researchers have utilized 

accelerometer measurements in void monitoring schemes. Rabi et al. [35] developed a method 

of sensing void formation during friction stir welding by attaching an accelerometer to the 

workpieces fixture. The researchers developed a signal processing scheme to extract features 

from the accelerometer signal corresponding to void formation. It was determined void formation 

generates disturbances in the signal that can be extracted as frequencies near to and lower than 

the tool rotational frequency. A fundamental physical understanding of what was occurring at 

these low frequencies was not presented. Hartl et al. [36] also utilized an accelerometer fixed to 

the workpiece in combination with force and temperature measurements to develop a process 

monitoring method. The objective of the work was to examine if convolutional neural network is a 

superior to a Fourier convolutional network or recurrent neural network for defect predicting in 

friction stir welding. One important conclusion from the work was that the force measurements 

produce higher classification accuracy when used as the input as compared to using vibration or 

temperature as the input. Additionally, it was determined that the classification accuracy 

plateaued once the sampling rate of the measurements exceeded 600 Hz. This suggests that the 

frequencies of interest were relatively low (less than 600 Hz). The frequencies of interest were 

not discussed because a physical description of what occurs within the measured signals was not 

provided. 
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1.4 Objective 

The overall objective of this body of work is to develop fundamental knowledge of how 

sub-surface voids form during friction stir welding of aluminum alloys. This fundamental 

knowledge will be developed through novel methods of measuring process forces, measuring FS 

tool motion during welding, and capturing real-time X-ray images of the defect formation process. 

This body of works seeks to explain what occurs at the frequency of the tool rotational rate that 

generates the oscillations in process forces, as well as what occurs during process force 

distortions during void interaction. Additionally, this body of work seeks to explain the nature of 

the microscale motions of the friction stir welding tool during welding and void interaction and how 

they relate to the process forces. Lastly, a significant effort has been put towards developing the 

process of real-time imaging of the subsurface void formation process within aluminum alloys in 

order to physically observe the void formation process. The fundamental knowledge gained will 

be moved toward application through two avenues. First, it will be used to develop more robust 

and transferable methods of void detection, which will help address the issue of costly post weld 

inspection and will allow for in process corrective action. Second, the fundamental knowledge will 

drive numerical simulation of the defect formation process that will help advance process design 

for void avoidance. This will help address the process speed limitations that have prevented the 

friction stir welding process from being adopted in high volume production. Advances in these two 

areas will lead to increased process adoption, which may benefit various manufacturing sectors 

of the United Sates economy.  
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Chapter 2: Understanding Process Force Transients 

 The fundamental basis of the force-based defect detection method is rooted in the 

hypothesis that the oscillatory process forces are linked to the intermittent flow of material around 

the tool probe, and that a breakdown in material alters the force oscillation. Therefore, the 

development of a robust method requires a fundamental understanding of the mechanisms driving 

the force oscillations. It was hypothesized that the geometric imperfections (slant and runout) in 

the friction stir tool depicted in Figure 3 drive the oscillation. This was examined by performing 

welds with several tools that were nominally the same (all manufactured by Friction Stir Link Inc. 

with three flats and a threaded tapered probe) but had differences in the shoulder slant and tool 

runout due to variations during manufacturing. The variations (reported in Table 1) were 

measured by rotating the tools freely in the machine spindle while measuring runout and slant 

with a dial indicator. The in-depth examination of force transients contained in this chapter was 

enabled through a novel experimental setup that was developed by previous researchers at UW-

Madison. The setup consisted of a force dynamometer below the workpiece that measured the 

process forces within the same timing scheme as a magnetic angular encoder mounted to the 

tool spindle which measured the angular position of the friction stir tool. This provided the ability 

to resolve the force that the tool applies to the workpiece at a given point in time with the angular 

position of features on the FS tool (e.g. flats on tool probe, most eccentric point of the tool). 
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Figure 3: Depiction of the two primary tool imperfections studied  

Table 1: Values of kinematic tool runout and shoulder slant measured via a dial indicator 

 Tool 1 Tool 2 Tool 3 

Runout 
46 μm 

(0.0018 in) 

74 μm 

(0.0029 in) 

183 μm 

(0.0072 in) 

Slant 
10 μm 

(0.0004 in) 

5 μm 

(0.0002 in) 

15 μm 

(0.0006 in) 

 

2.1 Methods 

2.1.1: Experimental Apparatus  

Friction stir welding was performed on a 3-Axis CNC Mill (HAAS, TM-1). A magnetic 

angular encoder (HAAS, Part #: 30-30390, 1024 pulses per revolution) mounted on the top of 

the spindle was used to measure the angular position of the friction stir tool during welding. 

Differential signals from the magnetic encoder were fed to an optical isolator (AutomationDirect, 

FC-ISO-C) for noise rejection. The optical isolator serves to isolate the electrical grounds 

between the data acquisition system and the CNC mill, as well as convert the differential 

encoder signals to single ended signals.  Workpieces were mounted on a three-axis 

piezoelectric force dynamometer (Kistler, model 9265). Charge signals from the dynamometer 

were fed to charge amplifiers. Outputs from the optical isolator and charge amplifiers were 

connected to the data acquisition system (National Instruments, BNC-2090A, PCI-6014, PCIe-

6320). The system provided the ability to measure the net forces that the friction stir tool applies 
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to the workpiece (in the X, Y, and Z directions in Figure 1) in conjunction with the angular 

position of the friction stir tool. This provided the capability of resolving the angular position of 

features on the tool (e.g., flats, eccentric points) at a given point in time with measured force 

values. The data acquisition system was triggered to sample the force signals at every pulse of 

the encoder, which produces 1024 data points per revolution. A full schematic of the data 

acquisition system can be found in the Appendices.   

2.1.2: Experimental Procedure  

All welds were performed as bead-on-plate welds in aluminum 6061-T6 workpieces that 

were 203 mm (8 inches) long, 102 mm (4 inches) wide and 6.35 mm (0.25 inches) thick. All 

welds were performed at a length of 150 mm, at a 3-degree travel angle, and with a backing 

plate made of 6.35 mm thick mild steel. To set the reference point for the tool plunge depth, a 

preload of 20 N was applied to a precision ground gage block placed at the trailing edge of the 

tool shoulder. All welds were performed with a commanded shoulder plunge depth of 0.2 mm at 

the center of the tool. However, the machine compliance in the axial (Z) direction (approximately 

0.05 mm/kN) results in the center of the tool shoulder residing at approximately the top surface 

of the workpiece during welding. Prior to starting the data acquisition system, a reference point 

for the tool’s angular position data was set by positioning one of the tool probe flats against the 

front face of the workpiece fixture (perpendicular to the weld direction). 

To examine the effect tool runout and slant on the oscillatory component of the process 

forces, welds were first performed with the tools in their baseline state as described in Table 1. 

Two welds were performed for each tool at 1,000 rpm and 200 mm/min.  Subsequently, the 

slant in the tool shoulder with respect to the true rotational axis of the tool was eliminated by 

fixing a turning tool to the table of the CNC mill used for friction stir welding, and turning the 

shoulders of each of the tools to make them level with respect to the true rotational axis of the 

tool as it spins in the milling machine spindle. The slant in all tools after machining was less than 
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the resolution of the dial indicator (2.5 μm), leaving only a significant runout of the tools. After 

leveling the tool shoulder with the rotational axis of the tool, the same welds were performed at 

1,000 rpm and 200 mm/min with two replications for each tool. Post welding, a discrete Fourier 

transform was used to extract the amplitude of the oscillating component of the force signals in 

the X and Y directions over a period of 20 tool rotations once a steady-state condition, in terms 

of process forces, had been reached (100 mm into the weld length).  

To examine the effect of tool runout on defect formation and force-based defect 

detection, welds were performed at increasing amounts of advance per revolution (APR) in 

order to create welds without defects (low advance per revolution) and welds with defects (high 

advance per revolution). Welds were performed at three rotational rates: 800, 1,000, and 1,200 

rpm. The travel speed was then set to produce welds with advance per revolutions ranging from 

0.3 to 0.8 mm/rev for each spindle speed. The full range of welding parameters that each 

individual tool was tested at is shown in Table 2. For Tool 3 (183 μm runout), the highest three 

advance per revolution conditions were not performed since this particular tool started to form 

defects at lower travel speeds than Tools 1 and 2. A total of 54 welds were performed. 

 
Table 2: Parameters used to create defective and non-defective welds for all three tools 

APR 800 rpm 1,000 rpm 1,200 rpm 

0.3 mm 240 mm/min 300 mm/min 360 mm/min 

0.4 mm 320 mm/min 400 mm/min 480 mm/min 

0.5 mm 400 mm/min 500 mm/min 600 mm/min 

0.6 mm 480 mm/min 600 mm/min 720 mm/min 

0.7 mm 560 mm/min 700 mm/min 840 mm/min 

0.75 mm 600 mm/min 750 mm/min 900 mm/min 

0.8 mm 640 mm/min 800 mm/min 960 mm/min 

 

Post welding, three cross sections (each 15 mm apart) were cut from each weld (in the 

X-Z plane in Figure 1) at a distance approximately halfway along the weld to ensure the weld 

had reached a steady state condition in terms of process forces. All cross sections were 

mounted, ground, and polished in order to expose the presence of sub-surface defects. Images 

of all defects were capture using white light optical microscopy (Alicona Infinite Focus). The 
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areas of the defects within each cross section were determined using an image analysis method 

developed in Mathworks MATLAB. The images were converted to black and white, where the 

aluminum becomes white (pixel values close to 255), and the defects become black (pixel 

values less than 100). A threshold value of 250 was set for segmenting all images. The images 

were then cleaned so that all artifacts smaller than 5 pixels in diameter are converted to the 

surrounding medium. An example of the segmentation process along with a sample histogram 

of the image is contained in the Appendices. The number of defect pixels was then counted and 

converted to an area value using the number of pixels in the scale bar outputted from the 

microscope software.   

2.2 Explanation of Oscillatory Process Forces 

 The oscillation in process forces was examined by comparing the direction of the resultant 

process force in the plane of welding (X-Y plane) in relation to the angular position of features on 

the FS tool (enabled through the encoder data). The focus of this analysis to isolate the direction 

of the oscillating part of the process forces, i.e., the parts of the force signals that rotate with the 

tool. Figure 4 illustrates the progression of deriving the direction of the resultant force from the 

measured X and Y force signals. The compass plots shown in this section are the result of taking 

the measured forces signals in the X and Y directions, eliminating the average components of the 

force signal, and then combining the normalized X and Y components for a singular point in time 

to form a resultant force in the X-Y plane. The arrow in the compass plot shows the direction and 

amplitude of the oscillatory component of the force that the tool is applying to the workpiece 

material. The tool will typically apply an average force to the workpiece in the direction of travel 

and toward the advancing side of the weld, which are due to the travel of the tool and shearing of 

colder material in front of the tool. Both average forces are removed from the force depicted in 

the compass plots in order to isolate the direction of the oscillatory component itself. The angular 

position of the features on tool probe at the given time when the resultant force is calculated can 
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be overlaid on the compass plot since the angular encoder pulses were used to trigger the force 

measurements. 

  

  

Figure 4: Generation of the resultant direction of the oscillatory component of the process forces in the X-
Y plane: (a) the full measured Y force signal, (b) the normalized Y force with selected point of interest, (c) 

the normalized X force with selected point of interest, and (d) combination of selected X and Y force at 
point of interest in the plane of welding. 

The resultant force for each tool prior to leveling the tool shoulder with the CNC mill is 

illustrated at a point in time (when the reference flat is at the trailing edge) during the steady-state 

portion of the weld in Figure 5. The angular positions of the tool features at this specific point in 

time are overlaid on the compass plot. The tool is represented as a cross-section of the probe in 

the X-Y plane showing the angular location of the three flats. The dashed line labeled “RO” 

represents the angular position of the most eccentric point of the tool and the dashed and dotted 

line labeled “S” represents the angular position of the lowest point of the slanted tool shoulder. 

The dashed circle represents the tool path for the motion for an eccentric tool. Note that the 

eccentric tool path is not to scale. For Tools 1 and 2 (lower tool runout) the direction of the resultant 
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force is perpendicular to the angular position of the low point in the tool shoulder slant and leads 

the slant in the direction of rotation (counterclockwise). This suggests that the low point of the 

shoulder is digging into the workpiece material and applying a force to the material in the direction 

of rotation. In contrast, for Tool 3, the large amount of runout outweighs the effect of the shoulder 

slant and forces the direction of the resultant force to be towards the most eccentric part of the 

tool. This suggests the eccentric motion of the tool probe applies a normal force to the workpiece 

material as it rotates. The directions of the resultant forces with respect to the features were 

confirmed by performing multiple repetitions of each weld. Additionally, within a rotation, the 

direction of the force with respect to the angular position of the tool remains constant, i.e., there 

is no significant change in phase between the direction of the force and the tool within one rotation. 

   
(a) (b) (c)  

Figure 5:  Direction of resultant force with respect to angular position of tool features prior to leveling of 
tool shoulder for (a) Tool 1, (b) Tool 2, and (c) Tool 3. Note that the circle representing eccentric tool path 

is not to scale. 

Figure 6 shows the direction of the resultant force with respect to tool features during 

welding after the shoulders of each tool had been machined level will the CNC mill. Without the 

low point of the tool shoulder digging down into the material, only the eccentric motion of the tool 

probe can apply an oscillatory force to the surrounding material. This is observed for Tools 1 and 

2 where the direction of the resultant force now points to the peak of the tool probe that is nearest 

the most eccentric point of the tool. Additionally, for all three tools, the amplitudes of the oscillatory 

forces (magnitude of vector) reduced after leveling the tool shoulder. This is seen more clearly in 



17 
 

Tool 1 and 2 as the amplitude was first driven by the shoulder slant (before leveling) which was 

larger than the force applied by the eccentric probe. With the slant removed, the smaller force 

applied by the eccentric probe manifests itself. The imperfection (slant or runout) that will drive 

the force oscillation will be dependent on the magnitude of each as well as the size of the shoulder 

compared to the size of the probe. Furthermore, specific alignment of the angular positions of the 

slant and runout would cause them to add together (runout leads slant by approximately 90°) or 

subtract from each other (runout trails slant by approximately 90°).  

   
(a) (b) (c)  

Figure 6: Direction of resultant force with respect to angular position of tool features after leveling of tool 
shoulder: (a) Tool 1, (b) Tool 2, and (c) Tool 3. 

Figure 7 shows the values of the amplitudes in the measured X and Y force signals for 

two replications 1,000 rpm and 200 mm/min (non-defective) for each of the three tools after the 

shoulder slant was removed. The amplitude of the force oscillations appears to increase linearly 

with the measured static runout. The linear relationships have Y-intercept values close to zero 

newtons of amplitude at a runout value of zero. This suggests that the majority of the force 

oscillation stems directly from the eccentric motion of the tool, i.e., there is not an apparent 

additional mechanism that generates a significant component of the amplitude. These results 

support the findings reported by Zaeh et al. [24] that examined the amplitude of the oscillating 

process forces for two different tools, one that had a runout of 300 μm, and one that had a runout 

of 1 μm, which was created by turning the tool on the same machine that welding was performed 

on. Plunging tests (friction stir spot welds) resulted in amplitudes of approximately 300 N and 10 
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N, respectively, which corroborates the current linear relationships seen. Since it appears that the 

eccentric motion of the tool is fundamental in generating the oscillatory nature of the process 

forces, it must be considered when developing a force-based detection method that relies on the 

oscillatory forces. In addition, the slant of the tool shoulder must be considered if it is the driving 

factor. 

 

Figure 7: Relationship between the magnitude of static runout of the tools and the amplitudes of the 
process force oscillations during good welding conditions. 

The aforementioned results are fundamental in understanding the underlying mechanisms 

of material flow during friction stir welding. The observation that the resultant component of the 

oscillatory process force points toward the most eccentric point of the tool (or leads the low point 

of a slanted shoulder), in combination with the linear scaling of the amplitude with increased 

runout suggests that these imperfections are the primary drivers of the oscillatory process force 

and the intermittent flow. It appears that the oscillatory process forces do not stem primarily from 

a change in contact condition between sticking and slipping, or from a forming and filling of a 

cavity once per tool revolution as have been previously proposed. However, it must be noted that 

other mechanisms can be present but secondary to the eccentric motion of the tool (for the current 

welding conditions). It is feasible that the eccentric motion of the tool instigates either strain 

localization or the opening of a small cavity which then develops into the banded features 
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observed in the microstructure of friction stir welds. Additionally, the direction of the resultant force 

suggests the equal and opposite reactionary force that the workpiece material applies to the tool 

should constrain the eccentric motion of the tool during these particular welding conditions. This 

is contrary to the hypothesis proposed by Fonda et al. [13] suggesting that the oscillatory forces 

help generate an additional oscillatory motion of the tool on top of the tool’s natural runout. The 

current results do not mean that it is not possible to have an additional oscillatory motion that is 

generated by the oscillatory forces. Prior research has shown that FSW systems can become 

unstable and a larger oscillatory motion, i.e., long-range oscillation, can be imposed on the tool. 

In situ measurement of the eccentric motion of the tool during welding is covered in Chapter 3. In 

addition, the potential for long-range oscillations due to and instability in machine dynamics must 

be considered when developing a defect detection method based on oscillatory force transients.  

2.3 Explanation of Defect and Probe Interaction 

The progression of the resultant force within one rotation of the tool during a defect interaction 

is illustrated in Figure 8, which shows the direction and amplitude of the resultant force in 30° 

increments for a weld performed with Tool 3 at a rotational rate of 1,000 rpm and a travel speed 

600 mm/min. Note that the images in Figure 8 show measured force and angular position of tool 

features, but only hypothesized deflection of the tool from its eccentric motion (not to scale) and 

hypothesized void size and location (not to scale). Welds performed with Tool 3 in a good welding 

condition have an oscillatory force amplitude on the order of 600 N. Therefore, during a good 

weld, the magnitude of the resultant force would remain a relatively consistent 600 N throughout 

the rotation and its direction would follow the most eccentric peak of the tool probe as illustrated 

in Figure 6. However, when a defect is forming the resultant force will be altered in the manner 

as described for each of the corresponding figure letters (Figure 8) as follows: 
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a) The most eccentric peak (Peak 1) is in the upper right quadrant and the resultant force is 

pointing toward that peak with an amplitude of approximately 600 N which is indicative of 

full contact between that peak and surrounding workpiece material. 

b) A similar condition to (a). In addition, note that the majority of the material that is moved 

per revolution is opposite the most eccentric peak of the tool and therefore now resides 

at the trailing edge of the tool, i.e., the majority of the material is now being extruded in 

the wake of the tool which is when a breakdown in flow resulting in a defect is most likely 

to manifest itself due to the intermittent nature of the flow. 

c) A lack of material flow into the wake of the tool due to an inadequate thermomechanical 

state results in the formation of a void volume. The void volume is represented by the 

dark dotted circle. Currently, the void is located where the peak of the tool probe leading 

the most eccentric peak (Peak 2) is located. It is hypothesized that at this point the entire 

tool starts to deflect back into this voided region since less material in that region is 

present to constrain the tool. The deflection is forced by the large average force being 

applied to the tool by the material ahead of the tool as the tool travels. This small amount 

of deflection (represented by the small arrows) results in a reduction in pressure at the 

leading edge of the tool where Peak 1 resides, which is why the magnitude of the resultant 

force at the leading edge has started to drop to near 400 N. 

d) As the void region continues to expand due to a lack of flow around the tool probe, the 

tool continues to be deflected back into the void region causing a further reduction in the 

magnitude of the resultant force at the leading edge, which is now approximately 300 N. 

e) The tool is still deflected into the void region by the average forces resulting in the reduced 

magnitude of the resultant force. 

f) Peak 2 is now starting to leave the void region and contact solid material on the advancing 

side of the weld. This contact will now prevent deflection and thus the magnitude of the 

resultant force will start to increase. 



21 
 

g) Peak 2 has now moved out of the void region and is now contacting solid material of the 

advancing side of the weld which prevents the tool from defecting from its original path 

and restores the magnitude of the force that the eccentric tool applies to the workpiece 

(back to 600 N). 

h) Neither peak of the probe is in immediate angular proximity to the voided region, which 

prevents the void from altering the resultant force. 

i) The most eccentric peak is now moving into the angular position of the void region. An 

absence of material causes a reduction in the magnitude of the force as the eccentric 

peak now has less material to push against, i.e., reduction in the direct contact force.  

j) The most eccentric peak is still in the void region resulting in a reduced resultant force. 

k) Same condition as in (j) 

l) The most eccentric peak is now contacting material in the upper right quadrant causing 

the force to increase back towards its full value of 600 N. The whole process will then 

repeat itself on the subsequent rotation. 

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

    
(e) (f) (g) (h) 



22 
 

    
(i) (j) (k) (l) 

Figure 8: The progression of the resultant component of the oscillatory process force at 30° increments 
during defect formation. The progression of (a) through (l) is described in the proceeding text. Note: the 
force and angular positions are measured but the size and location of tool deflection and voided region 

are hypothesized and not to scale. 

The fundamental understanding of the probe/defect interaction proposed in Figure 8 

illuminates how aspects of the process will affect the development of a method built on this 

concept. The hypothesis relies on the deflection of one of the peaks created by the flats of the 

tool probe into a voided volume in the wake of the tool when insufficient material is transferred 

around the trailing edge of the probe. This deflection leads to a reduction in the contact force 

between the eccentric peak of the tool probe and the material at the leading edge of the tool 

probe. This suggests that a tool design consisting of deeper flats will create sharper peaks on the 

tool probe that may deflect more significantly into a smaller voided volume, thus producing a larger 

distortion in the force signals. Tool wear on the probe features can also become relevant in friction 

stir welding applications where tool wear is significant. Additionally, deflection of the tool suggests 

the compliance of the machine is relevant, e.g., stiffer machines will not respond as readily to the 

presence of a defect as the tool cannot deflect into the voided volume as easily. The compliance 

of the CNC mill system used in this study is examined measured in Chapter 5. Given that the 

average process forces measured in the X and Y directions during the defective welds performed 

in this study range on the order of 1,000 to 3,000 N, substantial tool defections relative to the 

advance per revolution (thickness of shear layer) are assumed to be achieved during welding. 

Preliminary investigations of different aluminum alloys performed by Franke et al. [37] have shown 

that harder/stronger aluminum alloys result in larger average process forces in the X and Y 

directions during welding, and thus produce larger amplitudes at the third harmonic for a given 
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defect size. It is hypothesized that the larger average forces create a larger driving force for the 

deflection of the tool probe into the voided region causing a larger distortion for a given void 

volume. The current hypothesis suggests that it may be possible to sense defect formation 

through a deflection or acceleration measurement as opposed to a force-based measurement. 

This would provide the option of attaching an accelerometer to the tool to capture significant 

accelerations at higher harmonic frequencies during void interaction.  

2.4 Effect of Tool Runout on Defect Formation and Size 

Welds were created with all three tools in order to examine how the magnitude of runout 

affects material flow and defect formation. Interestingly, the tool with the largest runout (Tool 3) 

started to produce defects at a lower advance per revolution (0.5 mm/rev) as compared to the 

two tools with lower magnitudes of runout (Tools 1 and 2 start to form defects at 0.6 mm/rev). In 

general, defects are more likely to occur at conditions of larger advance per revolution because 

the volume of material that needs to be moved around the tool per revolution becomes larger 

while the heat input per unit length of weld becomes smaller. Additionally, Tool 3 had much larger 

measured defect areas as a whole. Tool 3 produced welds with an average defect area of 0.496 

mm2 for all welds performed at the 0.6 mm/rev conditions, while Tools 1 and 2 had average defect 

areas of 0.010 mm2 and 0.053 mm2, respectively, at the 0.6 mm/rev conditions.  When comparing 

the average areas of all the defective welds (0.6 to 0.8 mm/rev conditions) performed with Tool 1 

and Tool 2, Tool 2 (74 μm runout) had smaller defect sizes with an average defect area of 0.165 

mm2 compared to an average defect area of 0.205 mm2 for Tool 1 (46 μm runout). An example of 

the cross sections of defective welds for all three tools performed at the exact same welding 

conditions of 1,000 rpm and 600 mm/min can be observed in Figure 9. The larger runout of Tool 

2 (compared to Tool 1) appears to help paddle more material around the tool probe per revolution, 

resulting in smaller defects. However, it appears the Tool 3 has excessive runout that is 

detrimental to material flow around the tool probe leading to larger defects.  
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(a) (b) (c) 

Figure 9: Images of the defects produced at consistent welding parameters (1,000 rpm 500 mm/min) by: 
(a) Tool 1, (b) Tool 2, and (c) Tool 3. 

The results are supported by several prior studies which have shown that having a larger 

magnitude tool eccentricity can help facilitate the flow of material around the tool but only up to a 

critical point where excessive eccentricity can reduce material flow [38-40]. Chen et al. [38] 

showed that increased tool eccentricity can help prevent defect formation and results in more 

distinct onion rings in the weld microstructure. Yuqing et al. [40] determined that indeed material 

flow increases with increasing tool eccentricity but only up until a point where the eccentricity 

becomes too large and reduces material flow. The authors determined that for a tool with a 

shoulder diameter of 28 mm and a threaded probe tapering from 10 mm in diameter down to 5 

mm in diameter that a tool runout of 200 μm produced a maximum stir zone area (more material 

movement). Tools with runout larger than 200 μm resulted in a decreased stir zone size (less 

material movement). Given that the tools used in the current work (15 mm diameter shoulder) 

were approximately half the size of the tools used by Yuqing et al., it would be expected that the 

critical limit for tool runout should be on the order of 100 μm. This matches the results as Tool 

Number 3 had a runout larger than 100 μm and Tools 1 and 2 had runouts less than 100 μm. It is 

hypothesized that the excessive eccentric motion of the tool probe displaces material from the stir 

zone rather than stirring it around the tool. 
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2.5 Summary 

A fundamental understanding of the mechanisms that drive process force transients and 

changes in process force transients during defect formation has been proposed. This new 

understanding allows for a preliminary understanding of how force and torque-based monitoring 

methods need to be adapted when altering aspects of the friction stir welding process. It appears 

that small imperfections from an idealized tool (eccentricity and shoulder slant) drive the 

oscillatory process forces once per tool revolution, and thus are believed to be fundamental in 

driving the intermittent flow of material around the tool probe once per tool revolution. During sub-

surface defect formation, the peaks of the tool probe created by flats interact with voided volumes 

during each revolution of the tool resulting in a distortion of the force signal as presented in detail 

in Section 2.3. This illuminates how process factors should alter the proposed friction stir weld 

monitoring / detection method.  

  



26 
 

Chapter 3: Influence of Tool Runout on Force-Based Internal Void 

Monitoring 

The objective of any force-based monitoring method is to correlate a change in measured 

forces with the occurrence and size of voids. The most distinct change observed in the process 

forces (when using a three-flat tool) is the generation of an amplitude at the third harmonic of the 

tool rotational frequency due to the distortion in the oscillating force signals described in Chapter 

2. It has been proposed that tool runout applies a dynamic force to the workpiece each revolution, 

which generates the oscillations in the measured forces with a frequency corresponding to the 

nominal tool rotation rate. When two of the peaks of the tool probe (created by the three flats) 

each separately interact with a void volume, the interaction produces a momentary reduction in 

the amplitude at the tool rotational frequency due to the lack of contact. The distortions in the 

amplitude at the tool rotational frequency can be extracted as an amplitude at the third harmonic 

when looking at the frequency content of the signal.  

3.1 Methods 

This analysis in this chapter is performed using the welds within the void interaction 

welding conditions described in Table 2 in Section 2.1.2. Three cross-sections (in the X-Z plane) 

were cut from each weld. The cross-sections were cut near the center of the weld with 15 mm 

between each cross-section. The collected force data confirmed that the friction stir welding 

process was at a steady state (with regard to the average process forces) at the center position 

of the weld where the sections were cut. The distances of the cross-section locations from the 

start and end of the weld (in terms of where the trailing edge of the tool probe resides at each 

position) were measured with an estimated uncertainty of ±1 mm. These distances were then 

used to locate approximate points in time within the force data by examining where the force in 

the travel direction (Y direction) spiked at the start of the weld (designates start time corresponding 

to the zero position) and dropped rapidly at the end of the weld (designates end time 
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corresponding to 150 mm position). A linear relationship between position and time was used to 

calculate the time within the force data when the trailing edge of the tool probe resided at the 

position of the cross-section. At each of the three corresponding approximate points in time, a 

discrete Fourier transform was applied over three tool rotations (three cycles per cross section) 

in order to extract the frequency content of the X and Y direction force signals with respect to the 

tool rotational frequency. An illustration of the method of synchronizing cross sections to force 

data is shown in Figure 10. The method relied on the assumption that the void size and force 

transients are relatively consistent over several adjacent advances per revolution of the tool. This 

would allow the three force cycles that span the region of weld from which the cross sections were 

cut to represent the void area observed. Each cross-sectional void area and corresponding 

section of force data resulted in a singular data point in the analysis. The average force value that 

the FS tool applies to the surrounding material (about which the signals oscillate) was also 

calculated from the same force data over which the frequency content was extracted.  

 

Figure 10: Method of synchronizing the three cross sections per weld to the corresponding force data 

3.1.1 Computed Tomography Imaging of Representative Internal Voids  

 Four welds that contained voids and one fully consolidated weld (as determined by the 

cross sections) were selected for further three-dimensional computed tomography (CT) imaging 

to reveal the three-dimensional nature of the voids created in this study. The welds were selected 

based on the void cross-sectional area and the tool used. Two of the welds with voids were 
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created by Tool 1, one with void areas at the large end of all of the welds created by Tool 1, and 

one with void areas towards the small end of the range of areas. Similar welds on the large and 

small end of void sizes were chosen for Tool 2. The samples consisted of 15 mm sections of weld 

that were cut from 100-115 mm along the total weld length. All samples were scanned on a 

Siemens Inveon microCT (Siemens Medical Solutions USA, Inc., Knoxville, TN) utilizing the 

following parameters: 80kVp, 1,000 µA current, low magnification, bin factor 2, 1.5mm aluminum 

filtration, 1050ms exposure time, and 600 projections over 220 degrees. Raw data was 

reconstructed with filtered back-projection by applying the Shepp-Logan filter using the high-

speed COBRA reconstruction software (Exxim Computing Corporation, Pleasanton, CA) yielding 

isotropic voxels of approximately 31.52 microns.  The scans were analyzed in the Inveon 

Research Workplace software. All CT scan datasets were evaluated using threshold values 

ranging from -700 to 1,000 Hounsfield units. 

3.1.2 Measuring Resultant Tool Plunge Depth 

An optical profilometer (Alicona InfiniteFocus G4, Graz, Austria) was used to scan the 

surface of all welds to measure the position of the surface of the weld relative to the initial 

workpiece surface. All scans were taken with a 5X magnification lens and a vertical scan 

resolution of 1 µm. All scans were taken across the weld at the position adjacent to the last cross 

section cut from the weld (15 mm along the weld length after last cross section). A profile (Figure 

11) was extracted from each scan by averaging the height data within a 1 mm band across the 

weld in the Profile-Form Measurement module within the Alicona IF Measure Suite software. The 

step height from the top surface of the workpiece to the bottommost point of the weld surface was 

measured. This measurement gives an approximate vertical location of the trailing edge of the 

tool shoulder during welding.  
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Figure 11: Example surface profile taken from 

the profilometer scan of a weld surface 

3.2 Force Transients Measured Perpendicular to Welding (X-direction) 

The primary objective of the current research is understanding how altering the runout of 

the tool alters the relationship between the amplitude of the third harmonic and void size. Each 

cross-sectional void area is plotted against its corresponding amplitude at the third harmonic in 

the X-direction force signal for all three tools in Figure 12. The relationships for Tools 1 and 2 

(Figure 12 (a) and (b)) show similar trends. First, there is a distinct cutoff value between the fully 

consolidated welds and welds containing internal voids in terms of the amplitude of the third 

harmonic. Secondly, the void areas appear to grow exponentially with an increase in the 

amplitude of the third harmonic. This suggests that after a certain void size is reached, the 

amplitude of the third harmonic reaches a pseudo saturation limit. The cutoff values between full 

consolidation and void presence and the saturation limit are both larger for Tool 2, which had a 

larger kinematic runout. The larger runout also generated larger force amplitudes at the nominal 

rotational frequency of the tool during a welding condition with full contact between the probe 

features and the workpiece, i.e., no void interaction. During a weld with no void interactions (1,000 

rpm and 200 mm/min), when the force oscillations were purely at the tool rotational frequency (no 

substantial amplitudes at higher harmonics), Tool 1 generated an amplitude at the tool rotational 

frequency of 140 N in the X direction, whereas Tool 2 generated an amplitude of 180 N. These 
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two values have been plotted as vertical lines at the far-right end of each respective plot. The 

cutoff value for the amplitude of the third harmonic that differentiates fully consolidated welds from 

welds with voids in the cross-sections is approximately 30% of the respective amplitude at the 

fundamental frequency in a full-contact welding condition for both Tool 1 and Tool 2. Additionally, 

the saturation limit value is approximately 70% of the amplitude at the tool rotational frequency 

for a full-contact weld. It makes physical sense that the amplitude of the third harmonic saturates 

at a value less than that of the amplitude at the tool rotational frequency because it appears that 

the amplitude at the third harmonic is manifested through a reduction in the amplitude at the tool 

rotational frequency due to a reduction in contact between the probe features and workpiece 

material. Maximum contact between the probe and surrounding material leads to the maximum 

force amplitude at the tool rotational frequency in a full-contact welding condition, of which the 

amplitude of the third harmonic should not be larger than due to less contact. A depiction of how 

the amplitude at the tool rotational frequency devolves into a saturated amplitude at the third 

harmonic is illustrated in Figure 13.  

The trends observed for Tools 1 and 2 do not extend to Tool 3 (Figure 12 (c)), due to the 

abnormal flow mechanisms produced by Tool 3 as described in Chapter 2. The larger runout of 

Tool 3 resulted in void formation at lower advance per revolution conditions than with Tools 1 and 

2. Additionally, the voids generated by Tool 3 were larger across the comparative parameter 

space studied. It has been proposed that the excessively large runout of Tool 3 displaces material 

from the weld zone as opposed to shearing is around the probe to be deposited in the weld. This 

displacement mechanism appears to mask the reduction in force when a peak on the tool probe 

interacts with a voided volume. This results in relatively small third harmonic amplitudes at 

relatively large void sizes when compared to the relationships observed for Tools 1 and 2. The 

flow condition produced by excessive eccentricity should be avoided in a production setting. It 

would be harder to develop a force transient based monitoring method, and such tool conditions 

would tend to cause voids at less aggressive process parameters. 
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Figure 12: The relationships between measured third harmonic X-direction force amplitudes and void 

areas: (a) Tool 1, (b) Tool 2, and (c) Tool 3. 
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Figure 13: Force signals in X direction during welds performed with Tool 2: (a) welding condition with full 
probe/material contact within each revolution, (b) distorted signal due to a reduction in material contact 
leading to an amplitude at the third harmonic that has saturated at 70% the amplitude in the full contact 

condition. Note: the average force in this X direction has been removed from the signal, i.e., it is 
normalized around zero. 

3.3 Force Transients in the Direction of Welding (Y-direction) 

Similar trends to X-direction forces can be observed in the relationships between the 

amplitude of the third harmonic in the Y-direction and void size (Figure 14). The amplitudes at the 

tool rotational frequency in the Y-direction tend to be larger than the amplitudes in the X-direction 

for a given weld. This is due to the eccentric motion adding to the bulk travel motion of the tool. 

The larger amplitudes in the Y direction during a fully consolidated weld are plotted as vertical 

lines at the right end of the plots for Tools 1 and 2 in Figure 14 (a) and (b). The amplitudes of the 
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third harmonic for welds with voids fall within a similar 30-70% range that was previously observed 

in the X-direction trends. However, there appears to be a larger spread of the data points about 

the exponential fit as described by the smaller R-squared values. It is hypothesized that the trends 

are affected by larger variations in the average force values in the Y direction. Within the steady 

state portion of all welds, the tool applied an average force to the workpiece in the negative Y-

direction in Figure 1(travel direction), and an average force in the negative X-direction in Figure 

1(due to the shearing that occurs in front of the tool). The force transients in the X and Y directions 

oscillate around the average force values. It has been hypothesized that the magnitude of the 

average force impacts the magnitude of momentary deflection of the tool into voided volumes 

during interaction. A larger average process force will drive the tool to deflect more when an 

imbalance in the pressure field around the probe is created by the presence of a voided volume. 

The larger deflection and/or pressure file generates a larger distortion in the force signal. Across 

the welding conditions studied, the average forces in the X-direction ranged between 577 and 

1471 N with a standard deviation of 276 N for Tool 1 and ranged between 1103 to 1951 N with a 

standard deviation of 262 N for Tool 2. In the Y-direction signals, the average forces ranged 

between 1798 and 3857 N with a standard deviation of 582 N for Tool 1 and ranged between 

1717 and 3561 N with a standard deviation of 474 N for Tool 2. There is an approximate doubling 

in the range and standard deviation when comparing the X-direction average forces to the Y-

direction average forces. This coincides with a reduction in the R-squared values of the 

exponential trends by an approximate factor of two when comparing the Y-direction trends to the 

X-direction trends. This suggests that since the driving force for momentary tool deflection into 

voids is more consistent in the X-direction, it becomes the ideal direction for measuring a force 

signal that can be used for predicting void size from changes in force transients. However, utilizing 

both signals does provide more information, and the implementation of a force measurement 

system from the tool side of the process may consist of a rotating coordinate system in the X-Y 

plane. 
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Figure 14: The relationships between measured third harmonic Y-direction force amplitudes and void 
areas: (a) Tool 1, (b) Tool 2, and (c) Tool 3. 
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3.4. Force Transients in the Axial (Z) Direction 

The axial (Z-direction) force is typically the largest force during friction stir welding, and 

therefore is often the force measurement of interest. However, it has been hypothesized that the 

most substantial force distortions occur in the X and Y-directions because the eccentric motion of 

the probe, and thus the interaction of probe features with voids, occurs in said plane. Since all 

welds in the current study were performed at a three-degree travel angle, there is an oscillation 

generated in the Z-direction force signal generated by the runout of the tool. The three-axis 

coordinate system is defined by the dynamometer, which is aligned with the Z-axis of the 

tool/spindle. The workpiece itself is tilted at three degrees from the tool and dynamometer. The 

oscillation in the Z-direction formed because more pressure under the tool shoulder is generated 

when the most eccentric point of the probe was in the trailing direction of the process (resided 

deeper in the workpiece). There appears to be a momentary reduction in this pressure when a 

peak of the tool probe interacts with a void under the trailing surface of the tool shoulder. This 

also generates an amplitude at the third harmonic in the Z-force signal. However, for welds where 

the most severe void interactions were observed (when X and Y amplitudes of the third harmonic 

are on the order of 100 to150 N) the amplitude of the third harmonic in the Z-force only reached 

maximum values on the order of 50 N. The magnitude of the average force measurements in the 

Z-direction (for the parameters studied) was on the order of 10,000 N. In the plane of welding (X 

and Y), the magnitudes of the average force measurements were on the order of 1,000 to 3,000 

N. This means that the signal to total measurement ratio is reduced by approximately a factor of 

10 in the Z-direction as compared to X or Y-directions. The results suggest that it may be possible 

to develop a force transient void monitoring method using Z-direction force signals, e.g., if it is the 

only force measurement available. However, it appears that a Z-direction method would result in 

a reduction in sensitivity when compared to a method based on force measurements in the X-Y 

plane. 
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3.5 Forging of Void Volumes by the Trailing Tool Shoulder 

Research has shown that utilizing a tool travel angle (tool tilted away from the direction of 

travel) can be beneficial to material movement during friction stir welding of aluminum alloys [2, 

3]. It is hypothesized that the travel angle of the tool allows the trailing edge of the shoulder to 

provide additional forging and consolidation of the workpiece in the wake of the tool probe. This 

hypothesis would suggest that there are two main consolidation processes during friction stir 

welding, as they pertain to sub-surface void formation, when utilizing a travel angle. The first is 

the forging of material around the probe in a rotational manner (Process 1 in Figure 15), and the 

second is the subsequent forging of the material downward by the trailing shoulder surface as it 

displaces the volume of material corresponding to the projected area in front of the shoulder in 

the direction of travel (Y-direction) as the tool traverses (Process 2 in Figure 15). This hypothesis 

is relevant to the current work because the distortions in the process force transients are resultant 

of an interaction between the features (peaks created by flats) on the tool probe and voids, i.e., it 

only describes the state of the void in its condition as it interacts with the probe due to a breakdown 

in Process 1. One limitation of the force transient based detection method is that it does not 

capture how the forging action of the trailing shoulder (Process 2 in Figure 15) affects the size of 

voids that may have formed during Process 1. The force transients cannot capture shoulder 

displacement effects because the shoulder is not the primary driver of the force transients 

(eccentric motion of the shoulder occurs at and above the top surface of the workpiece), and the 

shoulder does not have features that interact with voids to produce distinct changes in contact. 

Additionally, prior literature has proposed that the shoulder never comes into direct contact with 

sub-surface voids since sub-surface voids form within the probe driven region [11, 18, 23, 34]. 

The hypothesis regarding the forging action of the trailing shoulder is supported by the 

result that there are significant amplitudes at the third harmonic (breakdown in probe driven flow 

causing void interactions) for welds that end up becoming fully consolidated in their final state 
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when sectioned. For example, multiple welds resulted in full consolidation in their final state when 

sectioned (square data points in Figures 12 and 14) while the force signals exhibited significant 

amplitudes at the third harmonic. For Tool 2 there was third harmonic values up to 60 and 77 N 

(X and Y directions, respectively), and for Tool 1 there were values up to 30 and 45 N. These 

amplitudes can be compared to the full contact conditions (exemplified in Figure 13 (a)) where 

the amplitudes of the third harmonic are generally less than 5 N. It is hypothesized that voids were 

not observed in the final state of the welds corresponding to the square data points in Figures 12 

and 14 because the forging action of the trailing shoulder compensated for the lack of material 

flow around the probe that resulted in a void temporarily forming around the probe, which 

generated the significant amplitudes at the third harmonic measured in the force signals. The 

trailing shoulder was not able to fully consolidate the temporary void once the void became large 

enough to create an interaction with the tool that generated an amplitude at the third harmonic 

greater than the 30% cutoff value observed. The trailing shoulder surface must either displace 

material down into a sub-surface void or outside the weld zone as flash. It is hypothesized that 

the plunge depth of the trailing shoulder into the workpiece will alter how the material is displaced 

to the two potential locations. The measured resultant plunge depth of the trailing shoulder (refer 

to Figure 11) for all welds performed with Tool 1 ranged between 22 and 78 µm (37 µm average 

with a standard deviation of 22 µm) below the top surface of the workpiece. The variance in 

shoulder plunge is believed to be a contributor to the spread of the data points in Figures 12 and 

14. A future systematic study of the resultant plunge depth is needed in order to understand its 

effect on void size. 

The hypothesis of the forging action of the trailing shoulder was further tested by creating 

a stop-action weld sample during a condition with voids, and then subsequently imaging the wake 

of the tool probe within the stop-action sample using high energy X-rays to examine the state of 

voids underneath the trailing tool shoulder. The workpiece sample consisted of an 8.5 mm thick 

section of aluminum alloy 6061-T6, and the tool was scaled down in size by a factor of two so that 
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the welding action could be contained in the thin workpiece section. The thin section was needed 

for improved transmission during imaging. The stop-action weld was produced by activating the 

emergency-stop button on the CNC mill during the steady-state portion of a weld, which caused 

the spindle rotation and linear travel to halt. The tool remained fully engaged with the workpiece 

and the two bodies remained in a static state that is hypothesized to be similar to their state during 

the weld. Areal density image data was collected at the X-ray Science Division Beamline 32 ID-B 

at the Advanced Photon Source, Argonne National Laboratory. The areal density image (Figure 

15 (b)) is a representation of the density of the material that the X-rays transmit through. The 

absence of material density in the voided region is clearly distinguishable. The shape of the voided 

region shows that height of the void (in the Z-direction) at the tool probe is much larger than the 

height of the void after it passes below the trailing shoulder. This observation supports the 

hypothesis presented in the previous paragraphs. 
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Figure 15: Illustration of the two consolidation processes achieved when friction stir welding with a 3° 
travel angle: (a) schematic of the hypothesized material motion with a box representing the location of the 

X-ray imaging, and (b) areal density (X-ray) image of the void region trailing the tool probe in a stop-
action weld performed with a 3-degree travel angle. 

3.6 Application of the Detection Method 

Application of the method would involve extracting the amplitude of the third harmonic 

from the X and Y force signals, comparing them to the 30% cutoff value for the particular tool to 

determine whether the weld is fully consolidated or not, then using the exponential relationships 

to estimate the size of the void. A prediction of void size is important because small voids can be 

considered acceptable if they do not affect function. Within the current state of understanding, the 

exact trends can be assumed to be valid only for the current welding setup, i.e., using the same 

machine and tool geometry while welding in aluminum 6061-T6. The geometrical properties of 

the tool probe will also influence the force transients generated during void interaction. Deeper 

flats (which create sharper peaks) may possess a greater potential to react with smaller void 
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volumes. The depth of threads on the tool probe will also affect how the features interact with a 

void. Geometric effects on force transient generation will need to be addressed in future research 

in order to fully understand the process. Additionally, the effect of different workpiece alloys on 

the force transient generation process needs further study. Different material properties of 

different alloys produce different resultant process forces under the same commanded process 

parameters. Preliminary work by Franke et al. [37] has proposed that aluminum alloys with higher 

hot strength produce larger average process forces during welding. The larger average process 

forces correspond to a higher pressure in the material around the tool probe. Within the higher 

pressure field, the effect of the disturbance created by the presence of a void will be amplified. 

The momentary deflection and force generation will also be dependent on the stiffness and 

dynamics of the machine that is used. Further details on the stiffness of the system examined in 

the current work can be found in Chapter 5. 

 The current study is a continuation in the understanding of the method proposed in 

Shrivastava et al. [18]. The prior work utilized the normalization of the amplitude of the third 

harmonic by the amplitude at the tool rotational frequency of the given force signal to produce a 

value that could be used to differentiate between voided and fully consolidated welds. It was 

determined that a weld contained a void when the normalized value became larger than 0.2. This 

normalization was utilized because examination of the amplitude of the third harmonic alone did 

not provide a strong differentiation. Additionally, the void size prediction model involved a 

relationship between the amplitude of the third harmonic normalized by the average Y-force and 

the size of the void normalized by a pseudo volume of sheared material based on the advance 

per revolution. The major difference between the current and prior work is that the geometric 

imperfections of the tool (runout and shoulder slant) were not considered previously. It is 

hypothesized that the tool used by Shrivastava et al. had a slanted shoulder surface that rotated 

with the tool. The shoulder is the primary driver of the force oscillation when a significant slant in 

the shoulder surface is present. In the current work, the shoulder slant was removed by turning 
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the shoulder while the tool was rotating in the spindle of the machine on which friction stir welding 

was performed. In the prior work, the amplitude of the third harmonic was never larger than 55% 

of the amplitude at the tool rotational frequency for a given force signal during void interaction, 

i.e., the primary component of the signal remains at the tool rotational frequency. It appears that 

the larger amplitude of the signal at the nominal rotational frequency of the tool is driven by an 

unbalanced shoulder surface. The more significant reaction at the tool shoulder surface masks 

the interactions with the voids that form at the probe level. In the current work, the amplitude of 

the third harmonic became the primary component of the force signal, i.e., much larger than the 

amplitude at the tool rotational frequency within the signal. This can be observed in the signal 

shown in Figure 13 (b), where the primary amplitude of the signal is at the third harmonic with an 

amplitude of 80 N, while the component of the signal at the tool rotational frequency is only 20 N. 

The elimination of the shoulder slant in the current work appeared to isolate the probe/void 

interaction by isolating the effect of the probe’s eccentric motion on the oscillatory forces at the 

tool rotational frequency. This isolation appears to provide a more direct relationship between the 

amplitude of the third harmonic and the void size. 

3.7 Discussion of Experimental Method Assumptions 

Cross-sectional area measurements of void areas are the most accessible way of 

quantifying void size. However, using an area measurement to describe a volumetric entity will 

introduce experimental uncertainty. In this analysis, it was assumed that voids were generated 

each revolution and that once the weld has reached a steady state, the void formation process 

remained relatively consistent over several advances per revolution. It is not readily achievable 

to match a singular void volume within the resultant weld to a singular oscillation in the force data. 

Therefore, several force cycles were used to calculate the frequency content, and a cross-

sectional area was extracted from the length of the weld corresponding to those force cycles. The 

volumetric nature of the voids was examined using X-ray computed tomography (CT) datasets of 
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selected welds in order to determine the consistency of the void size over several revolutions 

(Figure 16). The observed features at the distance of the advance per revolution confirm that the 

voids are formed on a per revolution basis. However, even at the smaller end of the void size 

range for both tools (Figure 16 (a) and (b)), the voids stack together to create a semi-continuous 

trench in the welding direction. This suggests that when sectioning the welds perpendicular to the 

travel direction a representative volume will be exposed regardless of the exact position along the 

weld length. The representative area will vary depending on the exact position of the section plane 

within each advance per revolution. The variation within these sections is illustrated in Figure 17. 

It can be observed that different sections from a singular weld expose void areas on similar orders 

of magnitude to each other and distinguishable from welds at different process parameters. 

Additionally, Table 3 reports the average and standard deviation of the area values from the three 

total cross sections cut from each singular weld performed with Tool 1. This provides additional 

quantification of the variation within the three area measurements from a single welding 

parameter. The variation introduced by the sectioning method is a contributor to the large spread 

in the data shown in Figures 12 and 14. This effect appears to be most significant in the larger 

voids created with Tool 1, as the voids appear more discontinuous (Figure 16 (c)). It appears that 

the largest voids created by Tool 2 (Figure 16 (d)) tend to be more continuous than the largest 

voids created by Tool 1 when comparing the morphology of each. The effect of the larger 

eccentricity of Tool 2 on material flow appears to affect the morphology of the voids by causing 

them to become more tunnel-like, i.e., it created a more consistent material flow pattern per 

revolution.  
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Figure 16: Images in the plane of welding extracted from CT datasets at the vertical positions (2-2.5 mm 
below top surface of welds) corresponding to the major volume of the voids within each weld: (a) small 

voids created with Tool 1, (b) small voids created with Tool 2, (c) large void created with Tool 1, (d) large 
voids created with Tool 2. Note that the advance per revolution of each weld is distinguished by the 

horizontal lines and arrows. 

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

Figure 17: Three cross sections from within a singular weld at varying weld length positions: (a) small 
voids created with Tool 1, (b) small voids created with Tool 2, (c) large void created with Tool 1, (d) large 

voids created with Tool 2. The measured area of each void section is superimposed. 

Table 3: Average and standard deviation of void areas taken from the three cross sections at each 
welding parameter performed with a singular tool (Tool 1). Note that all area values are in mm2. 

  Spindle Speed 

  800 rpm 1,000 rpm 1,200 rpm 

Advance 

Per 

Revolution 

0.6 mm 0.0017±0.0009 0.0267±0.0089 0.0009±0.0006 

0.7 mm 0.069±0.029 0.375±0.109 0.051±0.038 

0.75 mm 0.098±0.030 0.225±0.059 0.045±0.009 

0.8 mm 0.543±0.031 0.384±0.016 0.644±0.172 

 

The focus of this research is the correlation of void size to changes in process force 

amplitudes.  Prior work using the current force data acquisition system utilized a root sum square 

method to estimate an uncertainty of ±8.4 N and ±9.4 N in the measurement of the forces in the 
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X and Y direction, respectively [18]. All force signals in the current work contained a background 

noise at a primary frequency of 1,000 Hz. The source of this noise is unknown. However, the 

amplitude of the noise never exceeded 5 N in the force signals used in the current analysis. This 

noise level is an order of magnitude smaller than the amplitudes that are generated at the third 

harmonic during welds with voids. Additionally, the frequency is on the order of magnitude larger 

than the highest frequency of interest in this work which is the 60 Hz corresponding to the third 

harmonic of the 1,200 rpm cases. 

3.8 Summary 

Variations in tool runout (on the order of 10’s of μm) have a measurable effect on the force 

transient/void size relationship. This suggests that tool runout must be known and accounted for 

when implementing a monitoring method derived from the oscillatory force transients described. 

Additionally, it appears that removing the slant in an unlevel tool shoulder serves to isolate the 

interaction between the probe applied force and sub-surface voids. Therefore, any uneven nature 

of the tool’s shoulder surface must be known and addressed as well. The detailed conclusions 

from the research are summarized as follows: 

• The force amplitudes corresponding to the third harmonic of the tool rotational frequency 

grew in the measured X, Y, and Z directions with a positive correlation to the growth in 

sub-surface void size. However, the growth is more significant in the X-Y plane because 

the eccentric motion of the tool per revolution occurs in said plane. 

• For the range of tool shoulder plunge depths studied, a void remains in the final weld 

once the amplitudes of the third harmonic in the X and Y directions exceed 

approximately 30% of the amplitude at the tool rotational frequency from a full 

tool/workpiece contact welding condition with no interaction.  

• Once the voided volume becomes large enough (relative to the process), the amplitudes 

of the third harmonics saturate around 70% of the amplitude in the force signals at the 
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tool rotational frequency during a full contact welding condition with no void/tool 

interaction. 

• The correlation between the third harmonic and void size is strongest in the X-direction 

measurement because the average process force around which the transients oscillate 

is more consistent than in the travel direction. 

• Excessive tool probe eccentricity masks the generation of the amplitudes at the third 

harmonic. The tool motion appears to displace material from the weld nugget as 

opposed to shearing it around the tool. Practitioners of friction stir welding should 

consider the magnitude of tool runout relative to tool size. Based on the current results 

as well as results from Yuquing et al. [40], the runout becomes excessive when its 

magnitude is larger than 1% of the tool shoulder’s diameter when the shoulder diameter 

is approximately twice the probe diameter. 

• Forging of the voided volume by the trailing shoulder of the tool must be controlled or 

monitored as the force interaction only describes the condition of the void as it interacts 

with the probe. Additionally, the results suggest that the plunge depth of the trailing 

shoulder affects the size of the final state of sub-surface voids, i.e., the forging action 

(Process 2) shown in Figure 15 must be considered by practitioners. 
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Chapter 4: In Situ Friction Stir Tool Motion Measurements 

  One objective central to understanding the intermittent flow of material and void formation 

was the examination of the hypotheses presented in Chapters 2 and 3 through an in situ 

measurement of the motion of the friction stir tool. In Chapter 2, the results showed that the 

direction of the resultant component of the oscillatory process forces (within the X-Y plane of 

welding) points towards and rotates with the most eccentric point of the tool. This result suggests 

that the eccentric motion of the tool applies the oscillatory force to the workpiece. Additionally, it 

was hypothesized that momentary reductions in the oscillatory process forces during defect 

interactions are driven by momentary deflections of the friction stir tool from its nominally eccentric 

path. The goal is to further explain prior force measurements by adding a means of measuring 

the in situ motion of the friction stir tool. One device capable of measuring such a motion is a 

single point laser Doppler vibrometer (LDV). The laser Doppler vibrometer operates by measuring 

the velocity of a surface with a focused laser beam by using the Doppler shift between the incident 

light and scattered light returning to the measurement instrument. To the best of the author’s 

knowledge, the only prior research that has examined the motion of the friction stir tool during 

welding was performed by Yan et al. [22] by means of a linear variable differential transformer 

(LVDT). The current work seeks to provide a deeper analysis of tool motion measurements with 

a focus on tool motion during defect interaction. 

4.1 Experimental Setup 

 Real-time tool velocity measurements were captured using a Polytec PSV 400 laser 

vibrometer. The scan head was position perpendicular to the direction of welding (X-direction) as 

shown in Figure 18. The laser doppler vibrometer measures the frequency shift in backscattered 

light due to the motion of the surface that it is reflecting off of. It compares the shift between the 

backscattered light and a reference beam to determine the velocity of the surface in the singular 

dimension towards and away from the scan head. The laser beam was focused on the edge of 
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the tool shoulder just above the surface of the workpiece during welding. When the tool rotates 

eccentrically, the 1-D motion is measured as a sine wave by the vibrometer. A cumulative 

numerical trapezoidal integrator was used to convert the velocity measurements recorded by the 

vibrometer to position data. Proper operation of the vibrometer was validated by comparing the 

amplitude of the free-spinning tool position data to the kinematic runout of the tool measured with 

a dial indicator. A range of defective and non-defective welds were created in 3003-H14, 6061-

T6, and 7075-T6 using Tool 2 from Chapter 2 (74 micrometers true runout).  

 

Figure 18: Image of the experimental setup consisting of the laser vibrometer in relation to the force 
dynamometer and workpiece clamping system 

4.2 Tool Motion during Good Welding Conditions 

The single point laser vibrometer measures the motion of the surface it is focused on in a 

singular dimension corresponding to the direction in which the beam is aligned. The eccentric 

motion of the tool due to the natural tool runout occurs as a two-dimensional circular motion in 

the X-Y plane. Therefore, when the beam is aligned in the X-direction the circular two-dimensional 

eccentric motion of the tool is captured as a sinusoidal signal in the X-direction by the vibrometer. 

The amplitude of the free-spinning tool position signal captured by the vibrometer was examined 

in order to confirm that the vibrometer was capable of capturing the eccentric motion of the tool 
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at the scale on which it occurs. The average peak-to-peak value of the position data was taken to 

be double the amplitude value at the tool rotational frequency extracted from the position signals 

by a Discrete Fourier Transform. The average of the peak-to-peak value from the tool position 

signal across all free spinning vibrometer tests was 76.1 ± 2.6 µm. An example of one revolution 

of the position signal measured from the tool spinning freely at 1,000 rpm is shown as the dotted 

line in Figure 19. The small deviations in the signal from a perfect sinusoid are due to small 

inconsistencies of the shoulder surface from a perfect circle. The true runout of the tool measured 

using a dial indicator was 73.7 µm (0.0029 in), where the resolution of the dial indicator was 2.5 

µm (0.0001 in). The total position change in the vibrometer signal is equal to the dial indicator 

measured true runout within the bounds of uncertainty for each measurement. Since the 

vibrometer confirmed the dial indicator measurement, it was assumed that that the vibrometer 

system can adequately capture the eccentric motion of interest. 

The amplitude of the position data measured by the vibrometer for non-defective welds 

(1000 rpm 200 mm/min) in alloy three alloys is presented in Figure 19. In 6061-T6 and 7075-T6, 

the amplitude of the eccentric motion of the tool during welding is smaller than the amplitude of 

the free-spinning tool by 20-30%. This suggests the workpiece material constrains the eccentric 

motion of the tool during welding. This supports the results in Chapter 2, which showed that the 

direction of the oscillatory component of the process force that the tool applies to the workpiece 

in the X-Y plane tracks the most eccentric peak of the tool within each revolution (eccentric motion 

applies the force to the workpiece), and thus the equal and opposite reaction force should 

constrain the eccentric motion of the tool. This bolsters the conclusion that the eccentric motion 

of the tool due to tool runout is the primary driver of the oscillatory process forces. Prior results 

on tool motion measurements by Yan et al. [22] also showed small reductions in the periodic 

variations in tool position due to tool runout. The finding that the tool is constrained by the 

oscillatory processes forces refutes the hypothesis by Fonda et al. [13] that proposed that 

oscillatory process forces lead to the propagation of eccentric tool motion, which amplifies the 
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effect of the eccentric motion of the tool on the intermittent flow of material around the tool probe. 

However, the results still support the primary part of the hypothesis proposed by Fonda et al. that 

the eccentric motion of the tool is the primary driver of the intermittent flow of material. The only 

discrepancy is the propagation of motion. 

In the 3003-H14 welds, the tool was not substantially constrained. This is believed to be 

due to the runout of the tool (74 micrometers) being excessive in this alloy. This is similar to the 

excessive nature observed for Tool 3 in 6061-T6 (Chapter 2). Since welds in 3003-H14 have more 

plasticity in the shoulder driven region, it is easier for the eccentric motion of the tool probe to 

displace material radially as opposed to stirring it around the tool probe. When the material is 

displaced radially it cannot constrain the eccentric motion of the tool. Additionally, the average 

process forces are smaller during the welds in 3003-H14. A larger average process force would 

be more likely to constrain the motion of the tool. 7075-T6 had the largest average process forces, 

which resulted in the largest constraining effect.  

 

(a) 

 

(b) 

 

(c) 

Figure 19: Comparison of the position signal of the FS tool during non-defective welding against the 
position signal of the free spinning tool (a) 7075-T6 (b) 6061-T6 (c) 3003-H14 

4.3 Tool Motion during Defective Conditions  

In Chapter 2, the primary hypothesis focused on the physical explanation of what occurs 

within one tool revolution when features on the tool probe (peaks between flats) interact with 

subsurface volumetric defects and alter the process force transients. It was hypothesized that 

the force that the eccentric motion of the tool applied to the workpiece was momentarily reduced 
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when the peaks of the tool probe interacted with defective volumes because the tool was 

momentarily deflected from its eccentric path into the defective volumes. This hypothesis was 

tested by measuring the motion of the friction stir tool with the laser vibrometer during defect 

interaction. During a fully consolidated welding condition, the process forces oscillate primarily 

at the tool rotational frequency and the corresponding position signal is also primarily a sinusoid 

at the tool rotational frequency as shown in Figure 20 (a) and (b). However, when welding in a 

defective regime, two of the peaks on the tool probe interact with the defective volume formed 

each revolution to produce two distortions in the force and position signals as shown in Figure 

20 (c) and (d).  

For both the force and position signals, the positive X-direction is towards the advancing 

side of the weld (Figure 1). When the most eccentric point of the tool was towards the 

advancing side of the weld, one of the peaks on the probe opposite the most eccentric point 

interacted with the defective volume that had started to form on the retreating side of the weld. 

The narrow peak on the tool probe allowed the tool to be momentarily deflected towards the 

retreating side into the defective volume. This is labeled as Interaction 1 in Figure 20 (c) and (d). 

The deflection of the tool towards the retreating side momentarily reduced the force that the 

eccentric motion of the tool applied to the workpiece on the advancing side. This deflection was 

resultant of the relaxing of the tool from its nominal position in the X direction that the tool 

resided at along the length of the weld due to the average process force in the negative X-

direction. Note that in the defective welding data shown, the average process force in the X-

direction was 2000 N, which would result in significant steady-state deflection of the tool due to 

the compliance of the system in the X-direction. The second interaction (Interaction 2 in Figure 

20) occurred when a second peak on the tool probe moved into the defective volume on the 

advancing side of the weld which caused the tool to momentarily deflect towards the advancing 

side causing a momentary reduction in the force that the eccentric motion of the tool applied to 

the workpiece on the retreating side. The angular encoder data was utilized to verify that that 
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the two distortions within the two data streams align with each other in the time domain. The 

angular position of the most eccentric point of the tool is known in the encoder/force timing 

scheme. Therefore, the point in time encoder/force data when the most eccentric point of the 

tool at the advancing side edge (nearest to the vibrometer) can be approximately aligned to the 

most positive point in time in the vibrometer position signal. Precise synchronization of the force 

and position signals via the angular encoder is examined in Chapter 5.  

  

  

Figure 20: Three revolutions of (a) X-direction force fully consolidated weld, (b) X-direction tool position 
fully consolidated weld, (c) X-direction force defective weld, (d) X-direction position defective weld. Note: 

the average components of the force signals have been removed, i.e., normalized around zero. 

Prior research on the force transients generated by the interactions previously described 

has shown that the distortions in the force signals can be extracted as an amplitude at the third 

harmonic of the tool rotational frequency (the two distortions generate three peaks per 
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revolution). For the corresponding force and positions signals for each given weld, the amplitude 

at the third harmonic of the tool rotational frequency was extracted using a Discrete Fourier 

Transform. The amplitudes at the third harmonic for corresponding position and force signals 

are plotted against each other in Figure 21 (a). A direct linear relationship was observed, which 

supports the fundamental linking of the momentary deflection and momentary reduction in the 

oscillatory process forces. The relationship between the distortions in the force signal and the 

distortions in position signals should be dependent on the dynamic properties of the welding 

system, primarily the stiffness of the system. The stiffness of the system used for friction stir 

welding can vary significantly from more compliant robotic arms to more rigid dedicated gantry-

style systems. How altering the stiffness of the system alters the force and deflection 

relationship will be investigated further in Chapter 5. 

  
Figure 21: Relationship between the amplitude of the third harmonic in the tool position signal and (a) the 

amplitude of the third harmonic in the corresponding force signal, and (b) the average area of defects 
taken from cross sections. 

In Chapter 3, it was shown that a direct relationship can be drawn between the 

distortions in force signals and the size of sub-surface defects left within the weld. The result 

that the momentary deflection of the tool is fundamentally linked to the distortions in the forces 

signals suggests that a relationship between the distortions in the tool position signal and defect 

size can be developed. Figure 21 (b) shows the relationship between the amplitude of the third 

harmonic in the friction stir tool position signal and the average defect area taken from the 
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cross-sections of each of the corresponding welds. The trend is very similar to the relationship 

between the amplitude at the third harmonic in the force signal and defect size reported in 

Chapter 3. The amplitude of the third harmonic in both signals increased with defect size but 

reached a limit where the amplitude saturates above a certain defect size. The relationship 

between distortion in the tool position signal and defect size suggests that a motion-based 

measurement (accelerometer) has the potential to be used in a method of defect monitoring. An 

accelerometer-based measurement may be easier to implement from the tool side of the 

process in a production setting as compared to a force-based measurement. Future 

examinations must determine if an accelerometer can capture similar tool motions. 

In Figure 22, the third harmonic extracted from the position signal is plotted against its 

corresponding third harmonic in the measured force data for all three aluminum alloys. Across all 

three, the amplitude in the third harmonic in the position data grows at the same rate as the 

amplitude in the third harmonic in the force data. This suggests that regardless of workpiece alloy 

(which typically determines the process forces experienced) the momentary deflection of the tool 

is directly related to the momentary reduction in the force signal. This suggests that the deflection 

process is driven by the system’s dynamics, which in this case is consistent across all three alloys. 

The system can be thought of as a spring that is loaded under the average process forces. Once 

the pressure surrounding the tool is altered by the defect interaction the spring will relax and 

deflect back towards its unloaded position.  
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Figure 22: Amplitude of the third harmonic of the position data plotted against its corresponding 
amplitude in the force data in the X-direction 

4.3 Summary  

A laser vibrometer system was utilized to produce a real-time non-contact measurement 

of the microscale motions of a friction stir tool during welding of aluminum 6061-T6, 3003-H14, 

and 7075-T6 in both fully consolidated and sub-surface defective welding regimes. The 

conclusions that can be drawn from the results are: 

• In fully consolidated welds, during which the tool was in complete contact with the 

workpiece material (no void interactions that we know of), the workpiece material 

constrains the eccentric motion of the tool as compared to its eccentric motion due to its 

runout when it was spinning freely. This supports previous research that suggested that 

the eccentric motion of the tool was the primary driver of oscillatory process forces in the 

plane of welding. The magnitude of the constraining effect is dependent on alloy type, with 

harder/stronger alloys providing a larger constraining effect. 

• In defective welding regimes, when the peaks (created by flats) on the tool probe 

interacted with subsurface volumetric defects, the tool was momentarily deflected into the 

defective volume. This supports the previous hypothesis that described the physical nature 

of changes in process force transients during defect interaction.  
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• The momentary deflection of the tool during defect interaction suggests that a motion-

based measurement (accelerometer) holds potential as the basis of a defect monitoring 

system. 
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Chapter 5: Dynamic Modeling of Tool Motion during Subsurface 

Void Interaction 

The physical insights on force signals during void/tool feature interaction provided in 

Chapter 2 suggested that the tool momentarily deflects into the void volume during feature 

interaction. In Chapter 4 a real-time non-contact measurement of the motion of the tool was 

captured using a laser vibrometer in order to test this hypothesis, as well as examine the effect 

of the eccentric motion of the tool on intermittent material flow. The objective of Chapter 5 is to 

advance the fundamental understanding of what drives the dynamics of the tool motion during 

welding and void interaction. This fundamental understanding will form the basis of a more 

robust and adaptable motion-measurement-based void monitoring method. Since a change in 

force will produce an acceleration, accelerometers also hold potential for capturing interactions 

between friction stir tools and defects. Accelerometers are attractive for this application due to 

their low cost and ease of implementation. Accelerometer instrumented toolholders are 

commercially available and have been used for monitoring the end milling process [41, 42]. The 

focus of the current research is to build the foundational understanding of the relationship 

between friction stir welding process forces and motion of the friction stir tool to enable future 

development of subsurface void monitoring via an accelerometer instrumented toolholder. 

5.1 Mass-Spring-Damper-Modeling 

The primary objective of the current research was to test the hypothesis that a simple 

mass-spring-damper model can be used to develop a fundamental understanding of the 

relationship between the process forces applied to the friction stir tool and the motion that the 

tool experiences during sub-surface void interaction. The mass-spring-damper model is 

commonly used to describe the dynamics of end mills during the machining process of milling 

[43-50]. The mass spring damper model is governed by the standard equation of motion: 
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  𝑚𝑥̈ + 𝑏𝑥̇ + 𝑘𝑥 = 𝐹 (1) 

where m is the mass of the system, b is the damping coefficient of the system, k is the stiffness 

of the system, and F is the force applied to the system. In the current work, the mass of the 

system was the effective mass of the spindle side of the welding system, the damping 

coefficient was characteristic of the process damping due to the interaction of the tool and 

workpiece as well as any damping provided by the spindle structure, the spring constant was 

the stiffness of the spindle side of the system in the direction of interest, and the force was the 

force applied to the tool due to the changed in contact pressure between the tool and the 

workpiece.  

The stiffness of the spindle side of the welding system was determined by the 

combination of the stiffness of the toolholder and the stiffness of the welding machine. The two 

components can be described as springs in series using the following equation [51]: 

 1

𝑘𝑒𝑞
=

1

𝑘1
+
1

𝑘2
 (2) 

where keq is the equivalent stiffness of the entire system, k1 is the stiffness of the toolholder 

itself, and k2 is the stiffness of the welding machine. The effective mass of the spindle side of 

the system, i.e., the mass that moves when a force is applied to the tool, cannot be directly 

measured. However, the effective mass can be related to the stiffness of the system and its 

natural frequency through the equation of simple harmonic motion [51]. 
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1
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where f is the natural frequency of the system, k is the stiffness, and m is the effective mass. 

Rearranging this equation to solve for m, provided a method of estimating the effective mass of 

the system by measuring the stiffness and natural frequency.  

5.1.2 Process Damping in End Milling: 

 Mass-spring-damper modeling is commonly utilized to understand system dynamics 
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during machining in order to examine process chatter. End milling is similar to friction stir 

welding in that both involve a CNC machine tool with a rotating tool that deforms a metal 

workpiece. In chatter conditions, when the frequency of interest is at or near the natural 

frequency of the system, damping is relevant to the system’s dynamics. Several studies have 

proposed that the major source of damping in the end milling process comes from the 

interaction between the cutting tool and the workpiece material [43-46]. The damping coefficient 

is dependent on the amount of engagement between the tool and workpiece, with more 

engagement providing more damping. Huang and Wang [43] and Budak and Tunc [44] both 

reported damping coefficients for end milling up to 500 Ns/m. It was hypothesized that if 

damping is relevant to the friction stir welding process dynamics, then the damping coefficient 

should be significantly higher than the highest values reported for end milling since the friction 

stir welding process involves a tool that is fully surrounded by plasticized material, i.e., 

substantial engagement between the tool and workpiece. 

5.2 Methods 

5.2.1 Experimental Apparatus: 

Friction stir welding was performed using a 3-axis CNC Milling machine (HAAS, TM-1). 

Three different transducers were utilized to capture data during welding. A three-axis 

piezoelectric force dynamometer (Kistler, model 9265) captured the interaction force that the 

tool applies to the workpiece in the three directions labeled in Figures 1. Additionally, a 

magnetic angular encoder (HAAS, Part #: 30-30390, 1024 pulses per revolution) connected to 

the CNC mill spindle captured the angular position of features on the tool within the same timing 

scheme as the forces. The encoder and dynamometer feed signals to the same data acquisition 

system (National Instruments, BNC-2090A, PCI-6014, PCIe-6320). Additionally, the tool’s linear 

velocity in the X-dimension was measured via a one-dimensional laser vibrometer system 
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(Polytec, PSV-400 Scanning Head and Junction Box; PSV-A-420 Geometry Scan Unit; OFV-

5000 Vibrometer Controller Unit). Refer to the experimental setup shown in Figure 23.  

 
Figure 23: The experimental apparatus used to measure process force and tool motion during welding. 

Note that the angular encoder is attached to the spindle motor and not shown. 

5.2.2 Toolholders and Friction Stir Tools: 

 Two different toolholders were used in order to examine the effect of the stiffness of the 

toolholder on the dynamics of the tool. Toolholder 1 (Figure 24) was a standard CAT 40, 1-inch 

inner diameter, end mill holder (Lyndex, C4006-1000-4.00). Toolholder 2 is a custom toolholder 

designed in-house. Toolholder 2 extends approximately 100 mm further from the machine spindle 

than Toolholder 1. Both toolholder systems utilized the same friction stir tool (Figure 25) that 

consisted of a 15 mm diameter concave shoulder and a probe that tapered from 7 mm to 5mm in 

diameter with three 0.635 mm deep flats and threads. A small indentation was chiseled into the 1 

mm wide cylindrical surface that sits just above the tool shoulder and workpiece interface during 

welding (Figure 25). This is the surface that the laser reflects off of during the vibrometer 

measurement. When the indentation passes through the laser it provides a small disruption in the 

vibrometer measurement that was linked to the point in time in the force and encoder data 

corresponding to the angular position when the indentation is known to be at the same angular 

position of the laser. The toolholder 1 setup produced a natural tool true runout value of 64 µ, as 
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measured by a dial indicator at the tool shoulder when rotating freely. The Toolholder 2 setup 

produced a true tool runout value of 132 µm. Tool runout is a product of how the holders and tools 

are manufactured as described in Chapter 2. 

 

Figure 24: The two toolholders utilized in the study shown mounted in the machine spindle 

 

Figure 25: Profile of friction stir tools utilized in both toolholders 

5.2.3 Laser Vibrometer Setup: 

Welding was performed by translating the workpiece and the fixture (attached to the mill 

table) in the Y-direction through the stationary rotating tool, which allowed the vibrometer to be 

focused on the tool. The vibrometer was positioned perpendicular to the weld travel direction on 

the advancing side of the weld as depicted in Figures 23 and 26. The laser vibrometer was able 
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to capture the motion of the tool during welding between the two toe clamps on the advancing 

side of the fixture. The welds were programmed such that the table moves 130 mm in the Y 

direction to create a 130 mm weld. The vibrometer was able to capture the tool motion during 

the 90-105 mm section of the weld length within the line of sight between the toe clamps. Prior 

to testing, the laser beam had to be aligned with the tool shoulder surface (at its position during 

the weld section of interest) in three-dimensional space. Starting with a level vibrometer, the 

vertical position of the vibrometer was raised to align the beam on the center of the laser 

interaction surface (Figure 25). In the X-direction, the beam was manually focused to provide a 

beam spot diameter of 1 mm on the interaction surface to produce a bulk motion measurement 

of the tool as opposed to changes in micro imperfections in the surface. The Y-position of the 

beam was adjusted while capturing data until the velocity measurements oscillate around a 

value of zero. Oscillations around an average positive or negative value would be produced if 

the beam was not centered on the tool in the Y-dimension (non-physical). The Polytec PSV 400 

velocity scale setting was set to “VD-07” (5 mm/s/V), all filters were turned off, and the 

bandwidth value was set to 0.5 kHz with 6400 FFT lines. These specific parameters allowed for 

12.8 seconds of data to be captured at a sampling rate of 1.28 kHz. 

 

 
Figure 26: Schematic of the laser measurement process during welding 
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5.2.4 Procedure 

The natural eccentric motion of both free spinning toolholder setups was collected while 

rotating freely at 1,000 rpm both before and after all welding tests. Three welds were performed 

at a rotational rate of 1,000 rpm and 200 mm/min to produce welds with no void interaction. 

Eight defective welds (that resulted in sub-surface void interactions) were performed at 1,000 

rpm and travel speeds ranging from 500 to 850 mm/min in increments of 50 mm/min for each 

toolholder setup totaling 16 void conditions.  All welds were performed as a bead on plate weld, 

and with a 3-degree travel angle. An axial shoulder plunge depth of 0.2 mm was programmed at 

the center of the shoulder for the 6 non-void interaction conditions, and a plunge depth of 0.35 

mm was programmed for the 16 defective welds. The programmed values of plunge depth at 

the center of the tool shoulder result in the center of the tool shoulder residing near the top 

surface of the workpiece during welding due to the compliance of the system. All workpieces 

were 6061-T6 aluminum and were 200 mm long, 100 mm wide, and 6.35 mm thick. Prior to 

starting the force/encoder data acquisition system, the indentation in the laser interaction 

surface was set to the far advancing side of the process, i.e., 90 degrees from the travel 

direction. This set a zero point in the encoder data so that the angular position of the 

indentation, as well as the flats and most eccentric point of the tool, can be resolved throughout 

the welding force data. During welding, the vibrometer data acquisition was started when the 

laser reached the line-of-sight gap between the two toe clamps.  

 Post welding, all tool velocity data was converted to both position and acceleration data 

using either the cumulative trapezoidal numerical integrator function “cumtrapz” in MathWorks 

MATLAB to produce a position signal, or numerical differentiation function “diff” in MathWorks 

MATLAB to produce acceleration. The dynamometer force signal and the vibrometer motion 

signal were aligned in the time domain globally by using the 105 mm weld position as a reference 

point in both data streams. At 105 mm into the weld, the laser hit the fixture (second toe clamp) 

resulting in a momentary spike in the velocity data. The 105 mm point in time in force data was 
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found based on a linear interpolation from the start time of the weld (spike in the travel direction 

force) to the end time of the weld (drop in the travel direction force). The force and velocity 

measurements were synchronized locally within one revolution using the encoder measurement 

of the indentation on the laser interaction surface of the tool. The indentation produced a distinct 

disruption in the vibrometer measurement that can be linked to the exact point in the encoder/force 

data corresponding to when the angular position of the indentation is at the advancing side 

position where the laser was focused on the tool. More details on the indentation effect can be 

found in the supplemental material file. Five cycles of the synchronized force and motion signals 

(taken around the 100 mm point in both data streams) were analyzed in combination. The 

frequency content (amplitudes at harmonics) was extracted from the acceleration signal via a 

Discrete Fourier Transform and the corresponding force data was used as an input to a 

MathWorks Simulink model described in further detail in Section 5.2.7.   

5.2.5 Measurement of System Stiffness: 

The static stiffness of the toolholder/spindle side of the system in the direction of interest 

(X-direction) was determined by incrementing the CNC mill table in the X-direction in order to 

move the dynamometer fixture into contact with the side of the friction stir tool probe. After starting 

the force data acquisition system, the dynamometer was incremented into the tool probe while 

the deflection of the tool (in the X-direction) driven by the dynamometer was measured by a dial 

indicator that was fixed to a separate static structure. Ten stiffness tests were performed on each 

toolholder setup (1 and 2) by deflecting the tool to distances ranging between 100 to 200 µm while 

recording the total change in force. Additionally, ten tests were performed by deflecting the CNC 

mill spindle without a toolholder in it to get the stiffness of the machine spindle itself. Additionally, 

the procedure was repeated in the Y-direction for both toolholders.  
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5.2.6 Measurement of System Natural Frequency: 

The natural frequency of the tool-side of both toolholder systems was determined by 

applying an impulse to the side of the tool shoulder by means of striking it with a dead blow 

hammer and measuring the subsequent motion of the tool with the laser vibrometer focused on 

the tool shoulder. This action was performed in the X-axis direction. The region of interest of the 

motion response shown in Figure 27 was processed with a Fast Fourier Transform to determine 

the dominant frequency that the system vibrated at. Five impulse tests were performed for each 

toolholder setup.  

 

Figure 27: Impulse response of tool in the X-direction captured with vibrometer 

5.2.7 Implementation of the Mass-Spring-Damper Model: 

Dynamic modeling of the mass-spring-damper systems was implemented in MathWorks 

Simulink. The motion of the tool was modeled for all welds performed with both toolholder setups. 

A standard one-dimensional mass spring damper block diagram (Figure 28) was used. The 

measured force data that the tool applies to the workpiece in the X-direction was inverted to 

represent the reaction force that the workpiece applies to the tool. The section of force data 

corresponding to the weld region where the vibrometer acceleration was processed by the 

Discrete Fourier Transform was utilized as the input force. Seven force cycles corresponding to 
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the seven tool rotations that spanned the 100 mm weld length position were inputted into the 

block diagram as the forcing function. The relevant mass (m) and spring constant (k) estimated 

from data described in Sections 5.2.5 and 5.2.6 were loaded into the Simulink model along with 

a relevant damping coefficient (b). The damping coefficients examined in Simulink ranged from 

the maximum value reported in end milling literature (500 Ns/m) to ten times that value (5,000 

Ns/m). All Simulink simulations were performed using a variable step 4th order Dormand-Prince 

solver (Simulink: “ode45”) where the maximum time step was set to 0.001 s, with a relative 

tolerance of 0.001, and zero-crossing detection enabled. The full list of Simulink parameters is 

contained in the supplemental material file. The seven force cycles used as the forcing function 

resulted in seven output motion cycles. Within the seven cycles, the first two were ignored due to 

nonphysical initialization (moving to the average position value due to the average force), and the 

last five were used for comparison with the measured tool motion.  

 

Figure 28: Standard mass-spring-damper Simulink block diagram 

5.2.8 Three-Dimensional Finite Element Modeling of Void Interaction: 

A numerical simulation of the friction stir welding process was setup and solved in 

ABAQUS 6.16 in explicit solver, using a Coupled Eulerian-Lagrangian (CEL) governing 

equations framework. The material model (Johnson Cook), contact, boundary conditions, and 

other model assumptions were the exact same as the model setup used in prior work by Ansari 

et al. The specific goal of the current formulation of the simulation is to examine the reaction 

force and tool displacement analysis for the defect/probe feature interaction examined in the 

experimental work. The 3D numerical model was designed around the experimental 
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components described in Section 5.2.2, specifically with the measured properties (tool runout 

and stiffness) characteristic of the Toolholder 1 setup. Shown in Figure 29 (a) is the 3D Eulerian 

domain with a volume of 20×20×7 𝑚𝑚3, which was meshed with 23016 thermally coupled 

Eulerian elements (EC3D8RT) with a size of 0.5 mm and having 4 degrees of freedom per 

node.  Eulerian domain included two main regions: The blue part (full region) was assigned to 

the aluminum alloy with a thickness of 6 mm and the 1 mm thick red zone (empty region), where 

no material was assigned in order to allow flash to form above the surface of the workpiece 

during welding. The meshed friction stir tool and tool dimensions are presented in Figure 29 (b). 

The tool is modeled using Lagrangian rigid body formulation consisting of 23522 4-node 

thermally coupled tetrahedron (C3D4T) elements with a size of 0.6 mm. The simplified tool was 

modeled with a three-flat straight probe using the average diameter of the experimental probe 

and without threads in order to make the simulation more computationally efficient. The plunging 

stage of the process was not modeled to also aid in computational efficiency. This means that 

the initial startup of the process is non-physical. To avoid any overestimations due to the non-

physical startup, the numerical results were only investigated when the process’s X and Y 

forces reached a steady-state condition.  

 

Figure 29: Numerical mesh and geometrical description: (a) the workpiece domain, and (b) the friction stir 
tool.  
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Tool runout was implemented into the simulation by offsetting the body of the tool from a 

reference point around which the tool rotated at 1000 rpm. The body was offset 32 µm in order to 

achieve the true runout value of 64 µm that was measured for Toolholder 1 (Figure 30 (b)). System 

compliance was implemented through the addition of linear spring elements between the 

reference point of the tool body and three fixed points in the X, Y, and Z directions (Figure 30 (a)). 

Since the eccentric motion of the tool occurs in the X-Y plane, the spring element in the Z direction 

was set to an infinite value to isolate the deflection of the tool in the plane of welding. The stiffness 

of the spring elements X and Y direction are set to the values determined in Section 5.2.5 (6.15 

MN/m and 8.3 MN/m respectively). The welding action is simulated by passing the workpiece 

material through the Eulerian domain. This is achieved by setting the inflow and outflow velocities 

of the domain to the travel speed of the process (Figure 30 (b)), specifically 600 mm/min in this 

case. All other exterior domain surface velocities are set to zero to prevent material from passing 

through. 

 

Figure 30: Simulation setup and boundary constraints  

5.3 Results and Discussion 

5.3.1 System Stiffness: 

The average and standard deviation of static stiffness tests of each toolholder system as 

well as the machine spindle without a toolholder are reported in Table 4. The values are 
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reported only for the direction of interest (X direction). Toolholder 2 had a system stiffness of 

approximately half of Toolholder 1 because it was almost twice the length as Toolholder 1 and 

both are cantilevered beams extending from the machine spindle. The reported stiffnesses are 

on the same order of magnitude of similar systems in both end milling and friction stir welding 

applications ranging from 2.6 to 18 MN/m [47, 48, 52].  The measurement of the machine 

spindle alone allows for the determination of the lateral stiffness of each toolholder itself by 

means of Equation (2). Using Equation (2), the stiffness of Toolholder 1 alone was determined 

to be 8.6 MN/m, and for Toolholder 2, 3.1 MN/m. This suggests that the full stiffness of the tool-

side system was primarily driven by the more compliant toolholder as opposed to the stiffer 

machine. For example, given Equation 2, an infinitely stiff machine would still result in a system 

stiffness of only 8.6 MN/m when combined with Toolholder 1. This is relevant because many 

dedicated friction stir welding machines are stiffer than the milling machine used in this study, 

but many friction stir welding toolholders are long and narrow in order to fit between workpiece 

clamps, i.e., compliant in terms of beam bending. This suggests that it may be common that 

compliance of the toolholder (as opposed to machine) would determine system stiffness in the 

plane of welding where the examined tool motions occur (X-Y directions) in many friction stir 

welding applications. It is hypothesized that the opposite is true in the axial (Z) direction 

because a similar toolholder may be stiffer than the machine in the axial direction as it is not 

cantilevered in the axial direction. 

Table 4: Measured stiffness of both toolholder systems and the machine spindle alone 

 X-Direction 

Stiffness [MN/m] 

Machine 

Spindle 
21.4 ± 3.1 

Full System: 

Toolholder 1 
6.15 ± 0.42 

Full System: 

Toolholder 2 
2.68 ± 0.10 
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5.3.2 System Natural Frequency and Effective Mass: 

 The natural frequencies of Toolholder Systems 1 and 2 were determined from impulse 

testing (Section 2.3.2) to be 745 ± 2 Hz and 282 ± 4 Hz respectively. The natural frequencies 

are within the range of natural frequencies reported in literature for similar experimental setups 

on similar machines in both end milling and friction stir welding applications ranging from 60 to 

1800 Hz for systems with stiffnesses ranging from 2.8 to 18 MN/m [47-50, 52]. Within this range, 

machines with larger stiffness have a higher corresponding natural frequency. The stiffnesses of 

the two toolholder systems match well with their corresponding natural frequencies when 

considering both stiffness and natural frequencies within the ranges reported in literature. The 

natural frequency of the Toolholder 1 system was approximately double the natural frequency of 

the Toolholder 2 system because the stiffness was approximately double.  

 The stiffness and natural frequency of each toolholder system were used to calculate an 

effective mass of the system via Equation (3). The effective mass of Toolholder systems 1 and 2 

were 0.28 ± 0.02 kg and 0.85 ± 0.06 kg respectively. The effective mass represented the mass 

of the toolholders that would move under an applied force given the cantilevered nature of the 

toolholder. The effective cantilevered mass should be less than the total mass of each 

toolholder when weighed on a scale, which was 2 and 5 kg respectively for Toolholders 1 and 2.   

5.3.3 Force and Displacement 

Chapter 4 has shown that the laser vibrometer system can accurately capture the tool 

motion of interest and that the eccentric motion of the tool due to its natural runout is 

constrained during welding. In the current Chapter, an updated experimental setup utilized tools 

that had distinct indentations in the laser interaction surface that allowed the laser vibrometer 

motion measurement to be synchronized in time with the force dynamometer measurement 

using an angular encoder. Figure 31 (a) illustrates an example of the difference between the 

free spinning natural runout of the tool and the constrained eccentric motion of the tool during a 
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welding condition with no void interaction (fully consolidated weld). The difference is calculated 

as the subtraction of the welding tool position signal from the free-spinning position signal at 

every point in time. The difference in the two position signals is due to the force that the material 

applies to the tool during welding. The difference in the position signals in the X-direction is 

plotted in the same timing scheme as the force signal in the X-direction that the workpiece 

applies to the tool in Figure 31 (b).  

It was observed that the oscillation (once per tool revolution) in the difference in the 

position signal is in phase with the oscillation in the force applied to the tool (once per tool 

revolution). When examining all welds performed with both toolholder systems in the fully 

consolidate dwelling conditions, the difference in phase between the position difference signal 

and the force signal was consistently less than 8 degrees. The minor difference in phase 

suggests that the stiffness of the system governs the motion of the tool at the rotational 

frequency that is driven by the process interaction force. If there was a significant phase 

difference in the signals, it would suggest that a non-linear effect such as damping is occurring. 

This was examined further by plotting the force signal versus the position signal as shown in 

Figure 31 (c). It was observed that there is a direct linear relationship between the force and 

position signal within one revolution. The average slopes of the linear relationships (Figure 31 

(c)) for all fully consolidated welds were determined to be 6.3 ± 0.7 MN/m for Toolholder 1 and 

3.2 ± 0.6 MN/m for Toolholder 2. These values showed good agreement with the measured 

stiffness values reported in Section 3.1. This appears to confirm that the stiffness of the system 

governed tool displacement at the tool rotational frequency during welding. It also suggests that 

a stiffer system will prevent the process forces from displacing the tool from its natural eccentric 

path (runout) during welding. This would allow more available runout of the tool to occur in-

process, which has been shown to affect material flow [40]. 
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Figure 31: The synchronization of force and tool displacement in the X-direction: (a) the difference of the 

tool position during welding from the tool’s natural free spinning amplitude, (b) difference in position 
plotted in the same time scheme and the force, (c) force plotted versus displacement over several 

revolutions.  
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Distinct interactions between two of the peaks in between the three flats on the tool 

probe and void volumes occur when substantial sub-surface voids are formed. The interactions 

are resultant of a change in contact pressure between the material and tool that result in a 

momentary deflection of the tool into the void volume which corresponds to a reduction in the 

oscillatory process force that the eccentric motion of the tool applies to the workpiece. The 

synchronization of the tool motion measurement and the interaction force measurement allowed 

for the examination of the displacement of the tool in the X-direction with respect to the force 

applied to the tool in the X-direction during void interaction as exemplified in Figure 32. The 

position signal shown was calculated in the same manner as the difference in position shown in 

Figure 31 (b). It was observed that for all the void interaction welding parameters studied, the 

two distortions per revolution in both the force and position signals also have minimal difference 

in phase when examining the two signals within the same timing scheme. The observation that 

the distortions in both signals occur simultaneously supports the fundamental link between the 

amplitude in the third harmonic in the tool position and interaction force proposed in Chapter 4. 

Additionally, the observation that the force and displacement are in phase with each other 

suggests that the dynamics of the system at three times the tool rotational frequency are also 

governed primarily by the stiffness of the system as opposed to damping. This observation will 

be examined in greater depth in Section 5.3.4.  
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Figure 32: Synchronization of tool displacement and interaction force in the X-direction 

5.3.4 Friction Stir Tool Acceleration: 

The objective of the current work is to develop a fundamental understanding of the 

relationship between the process interaction forces and the motion of the tool. This 

understanding will inform the development of accelerometer measurement based void 

monitoring methods. It has been hypothesized that a simple mass-spring-damper model can 

form the basis of this understanding. The hypothesis was examined through the comparison of 

the tool motion predicted by the mass-spring-damper model (driven by measured interaction 

force) and the tool motion measured via the laser vibrometer. The tool acceleration during void 

interaction was the parameter of interest in this study since it will be the measured value when 

utilizing an accelerometer.  

It was observed that the primary amplitude in the acceleration signal derived from the 

vibrometer measurement was at three times the tool rotational frequency during all the void 

interaction welding conditions studied. An example of the acceleration signal during void 

interaction is shown in Figure 33 (a), where the amplitude of the signal at three times the tool 

rotational frequency is on the order of 1.8 m/s2. In all void interaction welding conditions studied, 

the amplitude of the acceleration signal at three times the tool rotational frequency was in the 

range of 0.6 to 3 m/s2. These amplitudes can be compared to the nominal acceleration 



74 
 

amplitudes of the tool at the rotational frequency due to its natural runout during a non-void 

interaction welding condition, i.e. the associated acceleration of the tool corresponding to the 

motion shown in Figure 31 (a), which is on the order of 0.3 m/s2 for both Toolholders 1 and 2. 

This suggests that when examining the frequency content of the acceleration signal, the 

acceleration of the tool into void volumes during the feature interactions dominates the nominal 

acceleration due to the bulk eccentric motion of the tool (for the magnitudes of runout 

considered). Based on prior work that focused on frequency content of force and position 

signals and void size (Chapters 2, 3, and 4), it is hypothesized that the amplitude of the 

component of the acceleration signal at three times the tool rotational frequency (3rd harmonic) 

will provide the strongest correlation with void size when developing a monitoring method 

utilizing an accelerometer. 

  
Figure 33: Three tool rotations of the vibrometer measured (a) and Simulink modeled (b) tool 

acceleration during subsurface void interaction for the same section of weld data. Note that the signals 
have been filtered (low-pass-filter at 100 Hz) in order to isolate the motion of the tool at the frequency of 

interest.  

The hypothesis that a simple mass-spring-damper model can provide a fundamental 

understanding of tool-side dynamics was tested by comparing the acceleration signal derived 

from the Simulink model to the acceleration signal derived from the laser vibrometer 

measurement. Shown in Figure 33 (b) is an example of the acceleration signal derived from the 

Simulink output corresponding the section of weld from which the measured acceleration is 
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shown in Figure 33 (a). Both the measured and modeled acceleration signals oscillate primarily 

at three times the tool rotational frequency and have good agreement in term of the value of the 

amplitude at that frequency. The model’s ability to predict the amplitude at the third harmonic in 

the acceleration signal was tested over a range of welding conditions for both toolholder setups 

with different stiffnesses. The range of welding parameters were produced with an increasing 

amount of tool advance per revolution in order to generate larger voids that produce larger 

distortions in process signals. A discussion on the relationship between the amplitude of the 

third harmonic in the measured motion signal and measured void area is presented in Chapter 

4.  

The relationship between the measured amplitude at three times the tool rotational 

frequency and the modeled amplitude at three times the tool rotational frequency within the 

acceleration signals for a range of void interaction conditions is shown for both toolholder setups 

in Figure 34. It was observed that the amplitude at the third harmonic in the modeled 

acceleration grew with the measured amplitude in the acceleration at a ratio close to 1:1 (dotted 

line on plot represents a slope of 1). This suggests that the model can capture the change in 

acceleration across the range of void interactions encountered. Additionally, the model was able 

to accurately account for the approximate factor of 2 difference in stiffness of the two toolholder 

setups. Note that stiffness has a linear effect on the output motion of the model. The vertical 

error bars are the uncertainty in the modeled amplitudes which were determined by modeling 

the upper and lower bounds of the uncertainties on stiffness and mass values reported in 

Sections 5.3.1 and 5.3.2. This uncertainty was dominated by the uncertainty in the stiffness 

measurement as the stiffness was considerably larger than the mass of the system. The 

horizontal error bars are the error associated with the vibrometer measurement which was 

estimated based on the alignment of the laser. The full description of the estimation of the error 

associated with laser alignment is contained in the supplemental material file. 
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Figure 34: Comparison of the amplitude of the third harmonic of the acceleration signal derived from the 

vibrometer measurement and the third harmonic of the acceleration signal derived from the Simulink 
output across a range of void interaction welding conditions  

5.3.5 Examination of Damping Coefficient: 

 The determination of the damping coefficient is a critical component of modeling the 

motion of a cutting tool in an end milling application since the occurrence of chatter occurs at a 

frequency near the natural frequency of the system. In the case of the friction stir welding 

process, the frequency of interest due to the void interaction is determined by the number of 

flats on the tool probe and the rotational frequency (both set by the user). The rotational rate 

used in all tests discussed in Section 5.3.4 was 1,000 rpm and there were three flats on the tool 

probe (3rd harmonic) which correlates to a frequency of interest of 50 Hz. As determined in 

Section 3.2, the natural frequencies of the two toolholder setups are 745 Hz and 282 Hz 

respectively, which are approximately an order of 15 and 6 times greater than the frequency of 

interest. Given that damping tends to have an effect when the frequency of interest is near the 

natural frequency of the system, it was hypothesized that damping would have a small effect on 

the motion of the tool during void interaction at 50 Hz. The damping coefficient was varied in the 

Simulink model and amplitude at the third harmonic (50 Hz) in the acceleration signal was 

examined. An example of the relationship between the amplitude and damping coefficient for 

two selected welds (one with each toolholder) that had similar vibrometer measured amplitudes 
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(1.1 m/s2) is shown in Figure 35. A difference in the amplitude on the order of 8-13% was 

observed when altering the damping coefficient from the largest value reporting in end milling 

literature (500 Ns/m) to ten times that value. The difference tended to be slightly larger for 

Toolholder 2 since the natural frequency is closer to the frequency of interest. The minimal 

change in amplitude, given the substantial factor of 10 difference in damping coefficient 

supports the hypothesis that the damping in not relevant to the dynamics of the tool for the 

welding parameters studied.  

The results also suggest that the damping coefficient that produced the best agreement 

with the vibrometer measured motion is on the order of 1000 Ns/m, which is approximately twice 

the highest value reported in end milling literature. It was expected that the damping coefficient 

would be larger in friction stir welding than in end milling because process damping is 

dependent on the amount of engagement of the tool and workpiece. A friction stir welding tool 

has substantially more engagement with the workpiece than an end mill given that it is 

surrounded by the plasticized workpiece. Process damping has the potential to become relevant 

to the dynamics of the tool if the frequency of interest becomes closer to the natural frequency 

of the system. This would be resultant of the frequency of interest becoming larger (e.g., higher 

rotational speeds), or the natural frequency of the system becoming smaller (e.g., larger 

effective mass of the system or lower stiffness).   
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Figure 35: Relationship between the input damping coefficient and Simulink modeled amplitude at the 
third harmonic for two similar welding conditions with both toolholder setups. The outputs are compared 

to the corresponding vibrometer measured amplitude. 

3.5.2 Tool Rotational Speed and Acceleration: 

 Void interaction conditions were tested with increasing rotational speed and consistent 

tool advance per revolution in order to examine the relationship between the rotational speed of 

the tool and the amplitude of the acceleration signals during void interaction. The advance per 

revolution (ratio of rotational speed over travel speed) determines the volume of material that 

must be passed around the tool probe per revolution and therefore has a strong correlation with 

void size. Holding the advance per revolution consistent was the most readily available method 

of producing voids of similar size. Shown in Figure 36 is the acceleration signal derived from the 

laser vibrometer measurement for four welds where the tool advance per revolution was held 

constant at 0.6 mm while the rotational speed was varied between 800 and 1500 rpm. Cross-

sections of the welds revealed that void sizes were consistent in terms of void area across the 

four welds. Additionally, the amplitudes at the third harmonic of the corresponding position 

signals for the four welds were all within the range of 10 ± 1 µm. As shown in Figure 36, the 

amplitude of the acceleration signal corresponding to void interaction increases (approximately 

linearly) with tool rotational speed. The void and probe feature (peaks between flats) interaction 

always occurred twice per revolution when utilizing a three-flat tool. Therefore, the time period in 
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which the two interactions must occur is determined by the tool rotational rate. As reported in 

Chapter 2, a larger void size resulted in a larger momentary deflection of the tool (change in 

position signal) for a constant rotational rate. The current results suggest that similar void sizes 

produced similar amounts of deflection (change in position), but since the deflection occurs in a 

shorter amount of time due to the higher rotational rate, the corresponding magnitude of the 

velocities and accelerations are larger. This suggests that tool rotational rate must be 

considered when developing a relationship between the amplitude of the third harmonic within a 

measured acceleration signal and the size of subsurface voids. 

  

  
Figure 36: Acceleration signals derived form vibrometer measurements for welds performed at the same 
advance per revolution but varying spindle speeds: (a) 800 rpm (b) 1000 rpm (c) 1200 rpm (d) 1500 rpm. 
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5.3.6 Three-Dimensional Numerical Simulation of Void Interaction 

The observation that the stiffness of the spindle system drives the tool dynamics allowed 

for the informed development of a numerical simulation where the stiffness of the system was 

added to the tool. The force applied to the tool in the X-direction, position of the tool in the X-

direction, and the volumetric nature of subsurface voids were all extracted from the 3D finite 

element simulation once the simulation had reached a steady state in terms of the average 

process forces. One cycle of the force and position signals extracted from the simulation were 

compared to one cycle of the measured force and position from the corresponding welding 

condition (1000 rpm, 600 mm/min) performed with Toolholder 2 as shown in Figure 37. The 

addition of the eccentric motion of the tool in the numerical simulation generated an oscillation in 

the interaction force once per tool revolution that matches what was observed in the 

experimental measurement. Furthermore, the addition of the spring element allowed the tool to 

momentarily deflect into the void region when peaks on the tool probe interact with them. This 

resulted in two distortions per revolution within the numerical simulation force and position 

signals that agree well with the distortions captured in the experimentally measured values. This 

suggests that the numerical simulation can capture the physics of the interaction process. The 

simulation has the potential to be used as a tool to examine how different parameters 

(workpiece alloy, tool runout, system stiffness, etc.) alter the void interaction process and the 

resultant process signals. 
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Figure 37: Comparison of numerical simulation extracted signals and measured signals for a 1000 rpm 

and 600 mm/min welding condition: (a) the numerical and experimental interaction force in the X-
direction, (b) the numerical and experimental position in the X-direction. The two interactions of the probe 

features and voids are labeled 1 and 2.  

Cross-sections (Figure 38) of the numerical domain at the void height were extracted 

from the numerical results at the two moments in time labeled in Figure 37. The numerical 

cross-sections illustrate the two interactions that occur per revolution that led to the signal 

distortions. The first interaction (Figure 38 (a)), occurs when the probe leading the most 

eccentric probe interacts with the void volume on the retreating side of the weld due to a lack of 

material flow around the retreating side. During this interaction, the tool moves towards the 

retreating side because the tool is nominally deflected towards the advancing side during 

welding due to the average process force in that X-direction, i.e., the motion is a relaxing of the 

loaded spring that is nominally loaded by the average process force. During the second 

interaction (Figure 38 (b)), the tool moves towards the advancing side when the most eccentric 
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peak interacts with the void on the advancing side due to a lack in the equal and opposite 

oscillatory force (Chapters 2) that constrains the eccentric motion of the tool. The two 

interactions show good agreement with the description of the distortions in the force signals 

described in detail in Figure 8 based on measured force observations. 

 
Figure 38: Examination of the interaction of peaks between the flats on the tool probe and void volumes 
in the numerical domain: (a) cross section corresponding to the simulation time of Interaction 1 labeled in 
Figure 37, (b) cross-section corresponding to Interaction 2, and (c) location of cross sections within the 

numerical domain.   

 

5.4 Summary 

A fundamental understanding of the tool side dynamics of a friction stir welding system 

was proposed. It was shown that a simple mass-spring-damper model can provide good initial 

agreement between predicted and measured tool motion (acceleration) during subsurface void 

interaction. This fundamental understanding will aid in the development of a more robust 

method of using tool acceleration measurements to sense subsurface void formation. The key 

outcomes of the current work can be summarized as follows: 

• The dynamics of the tool-side of the friction stir welding system were driven by the 

stiffness of the system. This suggests that similar systems could be modeled simply as a 

spring.  

• The stiffness of the tool-side of the system was driven by the stiffness of the toolholders 

themselves, as they were more compliant than the machine spindle. This suggests that 

toolholder design can be utilized to change tool motion during void interaction.  
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• Process damping had a minimal effect on the motion transients examined. It is 

hypothesized that this is due to the natural frequencies of the tool-side systems being 

substantially larger than the frequency of the void interactions, which was set by the 

number of features on the tool probe and the rotational rate. 

• A 3D multiphysics numerical simulation of the process could predict the complex forces 

and tool motions during void interaction when applying simple linear spring elements to 

the tool side of the process.  

The current work focused on the relationship between interaction force and tool motion. A 

fundamental understanding between void size and interaction force must also be developed in 

order to fully understand the relationship between void size and tool motion. The force applied 

to the friction stir tool was manifested through the change in contact pressure between the 

workpiece and the tool. A fundamental understanding of the pressure field must be developed in 

future work. It is hypothesized that the pressure field around the tool is dependent on the hot 

strength of the material being welded. Therefore, material dependence must be examined in 

future work as well.    
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Chapter 6: Development of Void Imaging at Argonne’s Advanced 

Photon Source 

 One objective of this body of research is to achieve real-time imaging of the sub-surface 

void formation process during friction stir welding of aluminum alloys. To date, most experimental 

work on visual observations of the void formation process has been through post factum methods 

of observation such as tracer particles [53]. Post factum observations are limited in terms of the 

information they can provide on the full evolution of the defective volume as it forms. There has 

only been one study by Morisada et al. [54], that used real time X-ray imaging to capture the 

motion of tracer particles within the workpiece. However, the authors’ method only captured the 

tracer particles within the material and not any subsurface void volumes directly. Therefore, this 

work seeks to provide novel insights as to how the sub-surface defective volumes form within one 

revolution of the tool by using real-time X-ray imaging of the void volume itself. This will provide 

critical insight into the morphological evolution of sub-surfaces defects that can be used to drive 

the numerical simulation of the void formation process. In situ imaging will be performed using 

the high-speed X-ray imaging apparatus at beamline 32ID-B at Argonne National Laboratory’s 

Advanced Photon Source (APS). This beamline has been used for radiographical studies of other 

manufacturing processes such as powder bed fusion [55]. A schematic of the intended imaging 

process for friction stir welding is shown in Figure 39. The goal is to produce areal density images 

at the trailing edge of the FS tool probe. When a void volume is present the density of material in 

the transmission direction is less than the full section of aluminum and the change in density is 

captured in the areal density image. 
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Figure 39: Schematic of the X-ray imaging process 

 Prior to performing full dynamic imaging, the feasibility of imaging cavities on the same 

order of size as the expected voids within the same thickness of material in the transmission 

direction must be proved. This was accomplished by statically imaging samples of the same 

thickness as future dynamic samples with missing volumes of material consisting of holes of 

known diameter drilled in the section, as well as voids created within welds in aluminum sections 

of interest. Figure 40 shows examples of the two types of static samples imaged. Samples were 

produced in three different thickness (8.5, 12, 16 mm) and three different aluminum alloys (3003-

H14, 6061-T6, and 7075-T6). This will test the feasibility of imaging the process at different scales 

and in different alloys where defect formation mechanisms may vary.  
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Figure 40: Two different types of static samples imaged (a) defects created in friction stir processed 
sections (b) holes of known diameter  

4.1 Effect of Sample Thickness and Alloy Type on X-ray Transmission 

Each of the three aluminum alloys examined have different alloying elements. Therefore, 

the effect of the alloying elements on X-ray transmission was examined. Aluminum 6061 has less 

than 0.5% of any alloying element that is heavier than aluminum itself, aluminum 3003 can have 

up to 1.5% Manganese (the only substantial heavier alloying element present), and aluminum 

7075 can have up to 6.1% zinc (major alloying element heavier than aluminum). Heavier elements 

will be more resistant to transmission of the X-rays and adequate transmission is necessary to 

capture the form of defects within the aluminum sections. All static imaging was performed at a 

20 kHz imaging rate with 49 microseconds of exposure and undulator gaps ranging from 13 to 17 

mm. The undulator gap sets the power of the beam with thicker sections requiring smaller gaps 

(more power). Figure 41 shows selected results of areal density images captured during static 

imaging. Holes as small as 386 micrometers (smallest holes tested in 16 mm sections) were 

distinguishable in samples 16 mm thick of 3003 and 6061, and holes as small as 100 micrometers 

were distinguishable in 8.5 mm thicknesses. However, in 7075 the 386 micrometer holes could 

only be observed up to 12 mm of thickness. As shown in Figure 41 (c), the 16 mm sample was 

(a) (b) 
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too radiographically thick due to the up to 6.1% zinc present. In general, the thinner samples 

allowed more transmission, suggesting that imaging will be easier in the thinner sections. 

However, the FSW process tends to be utilized at size scales similar to or larger than the tool size 

that was used in the 16 mm thick section. Therefore, dynamic imaging will be performed within a 

range of size scales in order to examine how the defect formation process changes when different 

size tools are used. A thinner section will require that a smaller tool is used, i.e., the tool size is 

designed as the maximum allowable that can be contained within the section width.  

6061: 

  

7075: 

  

Figure 41: Selected areal density images of static samples (a) defects in 16 mm thick section of 6061 (b) 
100 micrometer hole in 8.5 mm of 6061 (c) 386 micrometer hole in 16 mm of 7075 (d) 386 micrometer 

hole in 12 mm of 7075. 

The intensity value of the pixels in the captured images is resultant of the amount of 

transmission. A higher pixel intensity in the image means more transmission was achieved and 
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less material is present. This means that the pixel intensity value can be used to provide a 

quantification of features in the transmission direction if the pixel intensity values of the features 

during welding are compared to intensity values of known features in the same thickness and with 

the same beam settings. Figure 42 shows the pixel intensity values of a line scan around a 386 

micrometer hole in a 12 mm section of 6061. The pixel intensity value captures the density 

variation across the width of the holes, resulting in a curve of pixel intensities. The fact that the 

imaging system can differentiate the transmission through a hole on the order of 0.386 mm means 

that it should be capable of illustrating the nature of how a defect forms in the transmission 

direction when the defect is expected to be on the order of 1-2 mm in its final state.  

  

Figure 42: Example of pixel intensity across a hole: (a) areal density image of 386 micrometer hole in 12 
mm thick section of 6061 with line across hole where pixel intensity values were extracted, and (b) the 

plot of pixel intensity values across the line scan drawn in (a). 

4.2 Stop Action Welding Sample and Stainless Steel Tracer Particles 

 A specific weld was performed in an 8.5 mm thick section of aluminum where the tool was 

stopped mid-weld by pressing the emergency stop button on the machine used for welding. The 

tool and process will be frozen in a condition similar to what is occurring at that point in time in 

the weld. The stopping action cannot happen instantaneously, so the tool may rotate slightly more 

than its instantaneous angular position. The areal density image at the trailing edge of the 

(a) 
(b) 
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shoulder is shown in Figure 43. The weld was performed at a three-degree travel angle, and 

interestingly it appears that the trailing shoulder forges the material down into the defective 

volume after it has formed in the wake of the tool probe. In other words, the defect is larger when 

it interacts with the probe and is reduced to a smaller size in its final state. This concept reveals 

an important aspect of the process as it pertains to using methods of defect detection that sense 

how big the defect is at the probe but cannot describe how much the forging action of the shoulder 

changes the size of the defect. This phenomenon will be studied further in dynamic tests. 

Additionally, it can be observed that no transmission was possible through the H13 tool steel tool 

(it becomes a shadow with low to no pixel intensity). This means that to image phenomena in 

front of or behind the tool, the beam must be angle around the flats on the tool probe. Successful 

static images of 16 mm thick sections were achieved at up to 45 degrees with relation to beam 

transmission, resulting in a total average transmission length of 22.6 mm. This will allow the beam 

to image around the tool to capture the features as they form on the advancing and retreating 

sides of the process during dynamic images. 

 

Figure 43: Areal density image of the stop action welding test 
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 Shown in Figure 44 is the resultant areal density image of a sample of aluminum 356 that 

was cast with stainless steel atomized powder suspended in it. The stainless-steel powder 

(ranging in diameters from 45 to 100 micrometers) was stirred into the molten aluminum which 

was then poured into a mold. The cast part was then machined to a final shape consisting of a 

width in the transmission direction of 12 mm. The areal density image clearly shows the darker 

steel particles. These particles can be used as tracer material during dynamic tests and the 

distance they move between image frames and the time between images frames can be used to 

calculate the velocity of the material during welding. Future production of tracer material samples 

will utilize friction stir processing to stir stainless steel and tungsten tracer particles into aluminum 

workpieces.  

 

Figure 44: Areal density image of stainless steel atomized powder (dark circles) suspended in aluminum 
356. Processing of the composite material during dynamic imaging provides the opportunity of using the 

particles as tracer material. 

4.3 Development of Dynamic Imaging Apparatus and Text Matrix 

Significant progress has been made towards the realization of dynamic void imaging. In 

order to image the friction stir welding process, the process must occur at the beam height relative 
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to the hutch floor which is 55 inches. The machine (HAAS TM-1 Toolroom Mill) that will be used 

to perform the process has a table to floor height of 33 inches. Therefore, a custom fixture (Figure 

45) was designed and built to allow the thin samples to be held vertically 15 in above the mill 

table. The samples (one pictured in Figure 45) are machined down to their final desired thickness 

(8.5, 12, and 16 mm) from a standard extruded piece of aluminum that is 3/4 of an inch by 1-1/2 

inches. In order to get the sample to the final beam height, a platform (Figure 46) has been 

designed to hold the machine eight inches above the ground so that the beam will be at the correct 

height to penetrate the sample. The platform is adjustable so that the machine can be moved 

back and forth perpendicular to the beam so that the beam can be positioned at the trailing edge 

of the tool. The sliding action occurs between the large square tubes that form the bulk of the 

platform and the bottom-most plate that rests on the floor. The linear motion is actuated by tuning 

bolts within a threaded nut that is fixtured to the bottom plate. The TM-1’s feet are already 

adjustable in the vertical direction allowing the height of the sample to be adjusted precisely in 

the vertical direction. The platform is designed so that the machine can be jacked upward in the 

center using a pallet jack, the two halves of the platform will be brought underneath, the machine 

will be lowered, and finally, the two halves will be bolted together. The machine will be controlled 

remotely from the hutch control room physical switches that will be wired in around the “Cycle 

Start” (wired in parallel) and “E-stop” (wired in series) buttons, both of which are switches that 

open and close 12V logic loops. 
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Figure 45: Image of the custom workpiece fixture used for samples that will be imaged via the X-ray 
beamline 

 

Figure 46: Illustration of the platformed designed to hold the machine at the beam height and allow for precise 
positioning of the machine relative to the beam 

 Three different sized friction stir welding tools have been manufactured in order to 

perform the process within the three thicknesses of interest. Each tool is designed to be the 

maximum diameter that is capable of performing the process within the desired thickness 

without causing the material at the side of the section to expand. For the 16 mm thick sample, 

an 11.5 mm diameter shoulder tool can be fully contained, for the 12 mm thick samples a 9 mm 

shoulder tool; and for the 8.5 mm samples a 6.5 mm diameter shoulder tool. Preliminary testing 
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within each thickness sample was performed in order to determine the parameter space in 

which fully consolidated and void containing welds are produced. Table 5 lists the welding 

parameters needed to perform successful welds in three types of welding conditions: (1) a full-

contact condition with no interaction, (2) a condition with void interaction that becomes fully 

consolidated due to the forging action of the trailing shoulder, and (3) a large void containing 

condition. Voids appear at lower advance per revolution (APR) conditions for the smaller tool 

because the size of the APR relative to the tool becomes larger with a smaller tool. 

Table 5: List of tool rotational speeds and advance per revolution conditions needed to produce the 
various welding states of interest for imaging 

 Spindle Speed 

[rpm] 

Full Contact 

Condition 

Interaction and 

Consolidation 

Significant Void 

Remains 

16 mm 

Section 
1000 0.2 APR 0.4 APR 0.7 APR 

12 mm 

Section 
1400 0.2 APR 0.4 APR 0.7 APR 

8.5 mm 

Section 
1600 0.1 APR 0.2 APR 0.6 APR 
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Chapter 7: Conclusions 

This work has provided a fundamental physical understanding of what occurs when a 

friction stir welding tool with a distinct number of flats on the tool probe interacts with a 

subsurface void volume.  The foundation of this understanding stems from the observation that 

tool runout drives the oscillations in process forces that have often been observed during friction 

stir welding and processing. From that, it was shown that when distinct peaks (between tool 

flats) on the tool probe interact with void volumes there is a change in the contact pressure that 

results in a momentary reduction in the force that the eccentric motion of the tool applies to the 

workpiece. This action is accompanied by a momentary tool defection from its nominally 

eccentric path. The specific conclusions that can be taken away from this body of work are as 

follow:  

• An increase in tool runout appears to help paddle material around the tool probe and 

limit void formation up until a critical point where excessive runout displace material from 

the stir zone as opposed to shearing it around the probe. 

• The force amplitudes corresponding to the third harmonic of the tool rotational frequency 

grow in the measured X, Y, and Z directions with a positive correlation to the growth in 

sub-surface void size. However, the growth is more significant in the X-Y plane because 

the eccentric motion of the tool per revolution occurs in said plane. 

• For the range of tool shoulder plunge depths studied, a void remained in the final weld 

once the amplitudes of the third harmonic in the X and Y directions exceed 

approximately 30% of the amplitude at the tool rotational frequency from a full 

tool/workpiece contact welding condition with no interaction. Additionally, the amplitudes 

of the third harmonics saturate around 70% of the amplitude in the force signals at the 

tool rotational frequency during a full contact welding condition with no void/tool 

interaction. 
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• Excessive tool probe eccentricity masks the generation of the amplitudes at the third 

harmonic. The tool motion appears to displace material from the weld nugget as 

opposed to shearing it around the tool. Practitioners of friction stir welding should 

consider the magnitude of tool runout relative to tool size. 

• Forging of the voided volume by the trailing shoulder of the tool must be controlled or 

monitored as the force interaction only describes the condition of the void as it interacts 

with the probe. The plunge depth of the trailing shoulder affects the size of the final state 

of sub-surface voids, i.e., the forging action must be considered by practitioners. 

• The tool side of the system can be modeled as a simple mass-spring-damper in order to 

investigate the relationship between process forces and tool motion. The dynamics of 

the tool-side of the friction stir welding system were driven by the stiffness of the system. 

• The stiffness of the tool-side of the system was driven by the stiffness of the toolholders 

themselves, as they were more compliant than the machine spindle. This suggests that 

toolholder design can be utilized to change tool motion during void interaction.  

• Process damping had a minimal effect on the motion transients examined. It is 

hypothesized that this is due to the natural frequencies of the tool-side systems being 

substantially larger than the frequency of the void interactions, which was set by the 

number of features on the tool probe and the rotational rate. 

• A 3D multiphysics numerical simulation of the process could predict the complex forces 

and tool motions during void interaction when applying simple linear spring elements to 

the tool side of the process. 

The fundamental knowledge gained will form the underlying basis of advanced void 

monitoring methods based on measured process forces and tool accelerations. The findings will 

guide how the method must adapt under changing process conditions. This will result in more 

robust and transferable methods of void monitoring that will expedite process adoption in high-
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reliability applications by reducing the need for post-welding inspection and providing the ability 

for in-process corrective action. Two major hurdles must be overcome in order to reach the 

industrial application of a void monitoring method based on process transients observed in this 

work. First, the measurement system must be developed for industrial application, and second, 

the process must be brought into real-time. This work has provided a strong base for a 

commercially available accelerometer instrumented toolholder (see Chapter 8: Future Work) to 

be used in a monitoring method. If the commercially available toolholder can capture the 

interactions of interest, it will help move this entire concept towards industrial application. The 

knowledge gained has also informed advanced numerical simulation of the void formation 

process in friction stir welding of aluminum alloys. This was highlighted by the successful 

numerical simulation of the process transients measured. Numerical simulation of the void 

formation process holds great potential to help expedite the design of the friction stir welding 

process for void/defect avoidance. This is because numerical simulation does not require the 

resources needed to develop the process through trial and error. This can potentially expedite 

the design of the process for high volume production (high travel speed) where subsurface void 

formation can become problematic. 
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Chapter 8: Future Work 

8.1 Dynamic Imaging at Argonne’s Advanced Photon Source 

 The feasibility of imaging cavities with lengths in the transmission direction on the same 

order of magnitude as evolving defects within the thicknesses of workpiece material of interest 

has been proved through static imaging (Chapter 6). The next step is to perform dynamic X-ray 

imaging of the evolving defects in real-time. This will be accomplished by positioning a HAAS TM-

1 milling machine within beamline 32ID-B at Argonne National Laboratory’s APS. Measurements 

have been performed confirming that a TM-1 can physically be moved into the experimental hutch 

on beamline 32 ID-B. In order to move the machine back into its storage area and the hutch 

access point, the sheet metal enclosure and X-axis motor must be removed and reassembled. 

Additionally, on-site electricians at the APS have determined that it is possible to install the 

requisite electrical power to both the storage location and inside the hutch. The electricians were 

in the process of preparing a quote to perform such work prior to the current shutdown of the APS 

due to the COVID-19 pandemic.  

  Dynamic imaging will be performed for welds within samples of thicknesses of 8.5, 12, 

and 16 mm for aluminum 6061. Alloy dependence will be studied in 6061, 3003, 7075 at a 

thickness of 12 mm. The 12 mm thickness is necessary for 7075 because imaging is not feasible 

in a 16 mm section for this alloy. FS tools of different sizes have been manufactured for each size 

sample. This will allow for an examination of how changing the process size alters the defect 

formation process. Utilizing different alloys allows for the examination of how the defect formation 

process changes from alloy to alloy due to their different mechanical properties. The dynamic 

imaging will be performed in conjunction with imaging of holes of known diameters in each alloy 

at the given thickness at the same beam parameters. Imaging of known features will provide a 

step towards the quantification of the size of defects within the transmission direction. Additionally, 

samples will be prepared by friction stir processing stainless steel powder into sections of 
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aluminum 6061 in order to suspend the particles within the aluminum sample. These particles 

(with diameters ranging from 45-100 micrometers) will be captured within the X-ray images as 

shown in Figure 44. The motion of the particles from one frame to the next will provide the ability 

to quantify the velocity of the material flow during friction stir welding. Additionally, imaging will be 

performed with the samples rotated 45 degrees relative to the beam in order to image around the 

tool probe on the advancing or retreating side of the process.  

In all dynamic imaging experiments, defective and non-defective welds will be performed 

in order to examine the difference between the two regimes. All imaging will be performed at 20 

kHz frequency, which will produce 600-1200 images per revolution depending on the tool 

rotational rate. Videos of the dynamic process will be generated from the images, providing insight 

into the subsurface defect formation at a level that has never been achieved before in the scientific 

community.  

8.2 Void Monitoring via an Accelerometer Instrumented Toolholder 

 One challenge in the area of defect monitoring is developing a measurement system that 

can be quickly and easily applied to an industrial production system, yet still has sufficient 

sensitivity and response time to create a strong correlation between the measurement and defect 

occurrence.  The proposed work seeks to significantly advance the state of the art in friction stir 

welding defect detection by using a measurement system that has already been designed for 

industrial application (currently on the market), while also providing a fundamental understanding 

of what is physically occurring during the process that causes a change in the process 

measurement. This work seeks to address these limitations by developing a monitoring method 

using the Schunk iTENDO™ toolholder with My Tool IT electronics, which is currently offered for 

purchase from Schunk (Figure 47) and have been used in end milling applications for chatter 

mitigation. 



99 
 

 

Figure 47: Image of Schunk iTENDO toolholder being used during a milling application (Taken From: 
https://schunk.com/at_en/homepage/itendo/) 

The iTENDO™ line of toolholders consists of standard toolholders that are modified to 

contain the electronics from My Tool IT. The electronics consist of an accelerometer and a 

wireless data transfer system that allows acceleration measurements to be transmitted from the 

rotating tool to a stationary data acquisition system.  If successful, this project will have a direct 

path towards industrial application due to the prior industrial nature of the measurement system. 

Additionally, the method will be rooted in the fundamental understanding of tool motion during 

defect interaction that has previously been studied at UW-Madison. Preliminary measurements 

that have been taken by means of a laser vibrometer (Chapters 4 and 5) have shown that when 

features on the tool probe interact with defective volumes, the tool is momentarily deflected into 

the defective volume. A laser vibrometer is not a practical measurement device in a production 

setting, which is why the instrumented toolholder will be the focus of future examinations. The 

fundamental understanding of the tool motion developed in Chapter 5 will guide the development 

of the monitoring method with the instrumented toolholder. 

The research performed with the instrumented toolholder will focus on developing 

correlations between the amplitude in the acceleration signal at three times the tool rotational 
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frequency and the size of the voids. While developing this correlation the following process 

parameters will be investigated in terms of how they alter the acceleration response during void 

interaction: 

1. The effect of the magnitude of tool runout on the acceleration signal 

2. The effect of flat depth on the acceleration signal 

3. The effect of tool plunge depth on the acceleration signal 

4. The effect of aluminum alloy type on the acceleration signal 

Preliminary testing in terms of process force measurements have been performed in all of 

the listed areas except for the flat depth case. The work contained in this dissertation will inform 

the development of the correlation between measured tool acceleration and void size when 

utilizing the accelerometer instrumented toolholder.  

8.3 Modeling Pressure Field Around Tool Probe 

Preliminary testing in various aluminum alloys has shown that harder and stronger 

aluminum alloys generate more distinct force distortions during void interactions [37]. It has been 

hypothesized that the harder stronger alloys generate a large pressure field around the tool, and 

therefore a larger change in pressure occurs during void interaction. This hypothesis is based on 

the fact that the harder and stronger alloys produce larger average process forces. A simple model 

was derived in which the pressure field around the probe was estimated as the average force in 

the X-direction over the projected area of the probe (in the x-Direction). Subsequently, an 

interaction area was estimated as the drop in force (amplitude of third harmonic) divided by the 

pressure field. The modeled interaction area was then compared to measured void areas from 

corresponding cross-sections of the welds from which the force data was used in the pressure 

model. This comparison is shown for three different alloys in Figure 48. The red line is the 1:1 

ratio that would represent a perfect match between model and measured. The fact that modeled 

areas in Figure 48 are larger than the measured areas in the final weld cross-section can be 
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explained by the forging action of the trailing shoulder discussed in Chapter 4. It is hypothesized 

that more forging occurs in 6061 which is why the modeled values would have to be reduced 

more to reach the 1:1 ratio line. Overall, a positive trend is observed when comparing 7075-T6 to 

3003-H14 in terms of model agreement relative to the 1:1 ratio line. This area of research is critical 

to understanding the relationship between the void size and the momentary drop in pressure 

(force distortion) during void interaction. Future research should focus on a better method of 

estimating the pressure field around the tool probe in order to better model the interaction (void) 

area. This might be best suited to be examined numerically. Additionally, the forging action of the 

trailing shoulder must be compensated for in order to compare to a final void size in a cross-

section, or the modeled area could be compared to the real-time image of the void size while it is 

interacting with the tool probe once the X-ray imaging has been performed.  

 

Figure 48: Comparison of an estimated void interaction area based on a simple pressure model and the 
measured final void area from the cross sections of the corresponding welds. Note that the red line 

represents a 1:1 ratio that signifies perfect agreement between modeled and measured.  
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Appendix B – Supplemental Methods Description 

Schematic of Force/Encoder Data Acquisition System: 

A data acquisition system that measures tool angular position within the same timing scheme as 

process forces enabled the bulk of the analysis in this study. A schematic of the system 

described in the main text is shown below in Figure 1. 

 
Figure 1: Schematic of full data acquisition system. 

Description of Tool Holder Setup: 

Figure 2 shows the friction stir tool holder configuration used on the HAAS TM-1 milling 

machine. The FS Tool threads into the tool holder adaptor which is held by set screws in the 

standard 1” CAT 40 tool holder. How the tool threads into the tool holder adaptor and how the 

tool holder adaptor is held by the set screws is relevant to the magnitude of tool runout and slant 

of the tool shoulder as described in the main text. 
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Figure 2: Tool holder apparatus 

 

Image analysis Method for Void Area Measurements in Cross sections: 

The cross-sections from all welds were ground and polished to reveal the two-dimensional nature of the 

voids within each cross-section.  White light optical microscopy (Alicona InfiniteFocus G4, Graz, Austria) 

was used to produce an image of all voids from which an area value was extracted by means of a custom 

image analysis program written in Mathworks MATLAB (Figure 3). Black and white version of the void 

images were segmented using a threshold pixel value of 200. Subsequently, image cleaning was applied 

in order to convert any artifacts that can fit inside a 5-pixel diameter circle to the surrounding medium.  A 

direct relationship between the number of pixels in the scale bar and the number of pixels within the void 

region was used to calculate the area of the void region. 
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Figure 3: Depiction of Image analysis method: (a) white 

light image of void, (b) segmented image used for area 

measurement, and (c) histogram of image. 
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Appendix C – Equipment Data Sheets 

HAAS CNC Toolroom Mill: 
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Kistler 9265B 3-Component Force Dynamometer: 
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Kistler 5004 Charge Amplifier: 
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Polytec PSV 400 Scanning Vibrometer: 
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