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Abstract Friction stir welding (FSW) has emerged as an at-
tractive process for fabricating aerospace vehicles. Current
FSW state-of-the-art uses large machines that are not portable.
However, there is a growing need for fabrication and repair
operations associated with in-space manufacturing. This need
stems from a desire for prolonged missions and travel beyond
low-earth orbit. To address this need, research and develop-
ment is presented regarding two enabling technologies. The
first is a self-adjusting and aligning (SAA) FSW tool that
drastically reduces the axial force that has historically been
quite large. The SAA-FSW tool is a bobbin style tool that
floats freely, without any external actuators, along its vertical
axis to adjust and align with the workpiece’s position and
orientation. Successful butt welding of 1/8 in. (3.175 mm)
thick aluminum 1100 was achieved in conjunction with a
drastic reduction and near elimination of the axial process
force. Along with the SAA-FSW, an innovative in-process
monitor technique is presented in which a magnetoelastic

force rate-of-change sensor is employed. The sensor consists
of a magnetized FSW tool that is used to induce a voltage in a
coil surrounding the tool when changes to the process forces
occur. The sensor was able to detect 1/16 in. (1.5875 mm)
diameter voids. It is concluded that these technologies could
be applied toward the development of a portable FSW ma-
chine for use in space.
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Nomenclature
KN Kilonewton (force)
MPa Megapascals (strength)
N Newton (force)
N-m Newton-meter (torque)
lbf Pound-force (force)
lbf-ft. Pound-force-foot (torque)
mm Millimeters (length)
min Minutes (time)
psi Pounds per square inch (strength)

1 Introduction and literature review

The need for in-space assembly, fabrication, and repair
(ISAFR) is identified by the United States’ National
Aeronautics and Space Administration (NASA) in their
Space Technology Roadmaps under Technology Area 12—
Manufacturing [1]. Having the ability to perform manufactur-
ing operations while in space greatly enhances mission capa-
bility. Manufacturing in space will lead to prolong missions
beyond low-earth orbit. Crews would be able to become more
self-sufficient and no longer need to be supplied with items
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fabricated prior to launch. One particular area of manufactur-
ing that could greatly enhance in-space operations is material
joining via welding. Being able to weld large structures in-
space would give a new operational capability. Crews would
be able to create load-bearing structures and machines.

Since its patenting in 1995 [2], friction stir welding (FSW)
has emerged as an attractive process for fabricating aerospace
vehicles. Historically aerospace vehicles have been construct-
ed with a lightweight metal that has high strength such as
aluminum. Aluminum has a relatively lowmeting temperature
and has proved to be very difficult to join using fusionwelding
processes such as arc welding. However, with its low melting
point, aluminum can be joined very effectively using the
solid-state process of FSW.

As illustrated in Fig. 1, conventional FSW utilizes a rotat-
ing tool that consists of a shoulder and pin, to plastically de-
form the parent materials along their faying surfaces and then
forged them together. The addition of heat from plastic defor-
mation and friction between the surface of the tool and the
workpiece combine to raise the temperature and soften the
material in the welding environment to a point where it easily
stirs with the rotation of the tool. For the process, a critical
requirement is the proper engagement of the tool with the
workpiece. Without the proper engagement of the tool with
the workpiece, the necessary amount of forging pressure from
the downward force is not achieved and welding flaws such as
wormholes emerge. These flaws reduce the structural integrity
of the weld or prohibit bonding of the parent materials.

Maintaining proper engagement of the tool with the work-
piece (or plunge depth) is challenging because of workpiece
variation and machine deflection. Workpiece variations pres-
ent challenges especially with large and curved components.
As the FSW tool traverses along the weld seam, unexpected
variations or changes in the curved surface require adaptations
of the tool’s position to be made during the process. Force
control has been demonstrated to be an effective method for
maintaining proper tool engagement with work present by
Longhurst et al. [4], Soron et al. [5], and Smith [6]. With force
control, the tool’s vertical position relative to the workpiece is
allowed to vary in order to achieve a desired force. This

control strategy has proved to be key for robotic applications
due to the compliant nature of robots and their flexible
structures.

The current FSW state-of-the-art uses large custom-built
FSW machines or computer numerical control (CNC) milling
machines to perform the process. These types of machines
with their strong load-bearing capability are necessary to
maintain the proper forging force described above. Hence,
the use of FSW has been restricted because of the need to
use these types of machines. Recent success has been made
with robotic FSW by using articulating arm industrial robots
in conjunction with force control. Although use of industrial
robots allows for more widespread use of FSW, the process
still remains confined to a factory environment. For FSW to be
used as prevalently as arc welding, the necessary equipment
must be comparable in portability and cost.

Since the forging force is quite large in most FSW process-
es, prior work has been done to investigate methods to reduce
the force. A reduction in force would lead to smaller and more
flexible machines that are more easily portable. As noted by
Cook et al. [7], as well as by Crawford et al. [8], increasing the
tool’s rotation speed as well as decreasing the tool’s traverse
speed leads to a lower force.With a faster spinning tool, or one
that is traversing slower, more heat is added in the welding
environment. This heat softens the material. Another approach
to softening the material is to preheat the material prior to
welding. Work by Sinclair et al. [9] showed that preheating
the material with an external heat source will lower the
welding forces by about 20 %.

A novel approach to maintain the required forging force
has been with the development of bobbin tools by Fuller
et al. [10], Sued et al. [11], and Colligan et al. [12] and
retracting pin tool (RPT) technology by Ding et al. [13].
Bobbin tools utilize two shoulders, one on the top and one
on the bottom, to squeeze together the material in the welding
environment. The two shoulders are connected through a cen-
tral pin. Similar to conventional tools, features such as groves
and scrolls are often added to the shoulders while threads and
flats are added to pin. These features enhance the stirring of
the parent materials. The advantage of bobbin tools over

Fig. 1 The FSW process [3]
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conventional tools is there is no need for a backing anvil.
Because the tool has two shoulders to stir and the material,
more heat is generated and the process forces are typically
lower as compared to conventional FSW. In addition, if the
workpiece is perfectly centered in-between the two shoulders,
there will be no external axial force on the tool. All the axial
force is contained within the connecting pin and shoulders.
This leads to less load-bearing requirements from the frame
of the FSW machine.

RPT technology adjusts the bottom shoulder to maintain a
desired force on the workpiece. With the bottom shoulder
adjustable in position, the workpiece material is squeezed to
maintain the proper forging pressure. This type of bobbin tool
is also known as a self-reacting tool. It has a great advantage
over fixed shoulder-to-shoulder distance bobbin tools because
it can adjust to varying thickness in the workpiece. However,
actuation and control hardware is needed for adjusting the
position of the bottom shoulder. This leads to added complex-
ity of the FSW system.

For in-space FSW to become feasible, the welding ma-
chines must become portable. FSW technology must evolve
to point where the welding equipment is comparable to the
portability and ease-of-use of an arc welder. Along with por-
tability, management of the forces must also me considered
when operating in a low gravity environment. Reaction to
process forces must be countered and keep internal to the
welding machine.

Lastly, we must consider how to perform inspection of the
weld to insure its quality. Current state-of-the-art inspection of
welds includes the use of X-rays and ultrasonic methods.
These are reliable methods; however, they are performed after
the welding process and typically offline. When a flaw is
detected, the weldment is either scraped or repaired. With
limited resources available to a crew in space, a more efficient
inspection process is needed. As suggested byDavé et al. [14],
the inspection of the welding needs to be in situ and be done
simultaneously with the process. If the monitoring is in-pro-
cess, flaws could be identified before they are fully developed.
With this identification, process parameters could be altered
immediately to correct the welding. At a minimum, in-process
monitoring could identify flaws and replace nondestructive
testing methods.

1.1 Presented research

Presented in this paper is work on two technologies that may
assist with the development of a portable FSW machine for
use in space. The first innovation is a fixed shoulder-to-
shoulder distance bobbin tool that has convex shoulders and
free-floating motion capability along its vertical axis. The
fixed convex shoulders in conjunction with the free-floating
motion allow the tool to self-adjust and align with the work-
piece thereby eliminating the need for any actuating

mechanisms. Along with the self-adjusting and aligning
FSW (SAA-FSW) tool, a method for in-process monitoring
is presented. The monitoring can be done during the welding
process and without the use of an external power source. The
method employs the use of a magnetoelastic force rate-of-
change sensor to detect voids in the weld seam. The tool is
magnetized and changes in process forces acting on the tool
cause it to deflect. With the deflection of the tool and the
corresponding magnetic field, a voltage is induced in a coil
of copper wire surrounding the tool.

The presented technologies are ideal for enabling an in-
space FSW machine. The SAA-FSW tool requires no actua-
tion and control devices for aligning and adjusting to the
workpiece; thus simplify the machine. In addition, it elimi-
nates the axial force external to the tool and it eliminates the
need for a backing anvil. With the in-process monitoring tech-
nology, no external power source or traditional non-
destructive testing equipment is needed.

2 Self-adjusting and aligning friction stir welding tool

2.1 Experimental setup

The development work was conducted at Vanderbilt
University using a Milwaukee model K milling machine that
had been retrofitted with servo motors and force-measuring
instrumentation for FSW. A force sensing table was construct-
ed as part of the workpiece clamping tooling to accurately
measure the traverse, horizontal, and vertical force. Three
Futek load cells (model number LRF350) were incorporated
into the design of the table. The load cells were capable of
measuring both compression and tension forces. The welding
torque was measured via the electrical current supplied to the
spindle motor [15]. The FSWmachine with the force table and
clamping hardware is shown in Fig. 2.

The workpiece material selected for development of the
SAA-FSW tool was 1/8 in. (3.175 mm) thick aluminum

Fig. 2 FSW machine used for the development of the SAA-FSW tool
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1000. Aluminum 1100 is a very lightweight material with a
yield strength of approximately 15,000 psi (105 MPa). Due to
its light weight, this material was selected because it is more
representative of something that would be used to fabricate a
structure in space. In addition, aluminum 1000 is a lower
strength material that is ideal for research and development
of a portable FSW machine for which the SAA-FSW tool is
intended.

2.2 Design and development process

The design and development process was very empirical in
nature. The design details necessary for a successful bobbin
tool were not clearly communicated in the referenced litera-
ture discussed in the “Introduction” section [10], [11], [12],
[13]. To begin the development process, we focused on pro-
ducing a fixed shoulder-to-shoulder bobbin tool so we could
better understand bobbin tools and their performance charac-
teristics. For eachwelding trial, 2–10 in. (254mm) long pieces
of aluminum 1000 were butt welded together using prototype
bobbin tools. Tool traverse and rotation speeds were varied,
and the process forces were measured.

The first prototype bobbin tool we constructed was a very
simple design. It was a fixed shoulder-to-shoulder tool with
both shoulders flat and featureless. The connecting pin was
also featureless. Welding trials were conducted with this tool
over a range of traverse speeds and rotation rates for the tool.
We were never able to get this tool to successful join the parent
metals of the workpiece. However, several key lessons were
learned and used on subsequent designs. The most important
lesson learned was that the bobbin tool was highly sensitive to
the process parameters and not able to adapt as compared to
conventional FSW tools. Specifically, the flat shoulder had to
be perfectly aligned with the workpiece and the workpiece
could have no variation in its thickness. This condition is
practically impossible to be obtain in a production environ-
ment especially during the welding when transient thermal
conditions are present and expansion of the workpiece occurs.
In addition, we learned that the material naturally wants to
flow away from the pin and not consolidate on the backside.
The lack of consolidation was particular problematic at the
beginning of the weld. Features must be added to the both
the pin and shoulders to enhance this flow.

Another early prototype tool is shown in Fig. 3. The bobbin
tool is a fixed shoulder-to-shoulder distance. However, now
each shoulder has a 2° slope and six scrolls are present to help
move the material inwards toward the pin. In addition, the pin
has flats to enhance material flow. A unique aspect of this tool
is the construction method. The tool is modular in design
meaning that it consists of three individual components: upper
shoulder, lower shoulder, and the pin. This modular design
allowed us to machine complex design features onto each
component. The final assembly was constructed by pressing

each shoulder onto the pin. This construction method proved
successful and valuable to the development process. However,
difficulty was still encountered with getting material to con-
solidate on the backside of the pin. Once again, it was very
difficult to obtain consolidation near the beginning of the
weld. We concluded that more aggressive features to both
shoulders and the pin needed to be added.

The shoulder and pin features were finalized in the later
prototype shown in Figs. 4, 5, and 6. The shoulder-to-shoulder
is still a fixed distance but more aggressive scrolls on the
upper shoulder are present. In addition, rings along with the
existing flats were added to the pin to enhance metal flow. The
addition of these items improved the welding quality vastly
and their importance cannot be understated.

As can be seen in Fig. 4, very aggressive scrolls were
placed on the upper shoulder. These scrolls were approximate-
ly twice as deep as they were in previous designs. Each scroll
was 3/64 in. (1.901 mm) wide by 0.016 in. deep (0.4064 mm).
As a result, a noticeable improvement was evident on the
surface of the welds. In addition, the added rings to the pin
did a much better job moving the material. This was particular
noticeable at the beginning of the welds. As noted above, we
had prior difficulty at the beginning of the weld to get the
material to consolidate on the backside of the pin. Figure 5
shows the rings and flats on the pin. Once we had the aggres-
sive scrolls and rings added to the tool, the material began to
consolidate on the backside of the pin for certain traverse
speeds.

We tested the tool for a range of traverse speeds and found
that the material began to consolidate at a speed of 6 IPM

Fig. 3 Prototype bobbin tool

Fig. 4 Picture of the shoulder’s features
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(152.4mm/min), while the tool was rotating at 1400 RPM.We
also noticed that the best results occurred while the tool was
traversing at 9 IPM (228.6 mm/min) and rotating at either
1400 or 1500 RPM. At these speeds, the surface finish on
the top and bottom side of the weld was very good.

As can be seen in Figs. 7 and 8, the developed fixed
shoulder-to-shoulder bobbin tool produced a high-quality
weld. It is worth noting that it took many experimental
welding trials to finally achieve the results shown. As previ-
ously discussed, the welding environment created with the use
of bobbin tools in very sensitive to process parameters and
tool features. Evidence of this can be seen in Fig. 7. Notice
that the first few inches of the weld were performed using a
traverse rate of 3 IPM. The resulting weld surface quality is

not esthetically pleasing. However, once the speed was in-
creased to 6 IPM, the resulting quality improved greatly.

With the tool design shown in Figs. 4, 5, and 6, a matrix of
welds was produced with varying tool traverse speed and ro-
tation rate. Figures 9, 10, 11, and 12 summarize this data. The
purpose for collecting this data was to quantify the process
forces so that self-adjusting and aligning (SAA) mechanisms
could be added to create the SAA-FSW tool. The process
parameters were selected based upon what would be reason-
able to expect from a manual welding operation, since the
purpose of the SAA-FSW tool is to enable in-space
manufacturing.

As can been seen in Fig. 9, the average torque varies from
10 to 12 N-m (7.34 to 8.85 lbf-ft) when the rotation rate was
1400 rpm. The variation occurs as the traverse speed was
varied through 9, 12, and 15 IPM. The lowest torque, 10 N-
m (7.34 lbf-ft), occurred when the tool was traveling at 9 IPM.

Further inspection shows the torque can be reduced by
increasing the tool’s RPM while welding at 9 IPM. The rota-
tion rate was varied over 1400, 1700, and 2000 RPM. As can
be seen in Fig. 9, an average torque of approximately 5 N-m
(3.69 lbf-ft) was experienced when the tool was rotating at
2000 RPM and traversing at 9 IMP. The trending pattern of
the data suggests that further reduction of the torque will occur
if the traverse rate is reduced further and the rotation rate is
increased.

Figure 10 presents the axial force or otherwise known as
the vertical force acting through the tool. As can been seen in

Fig. 5 Picture of the pin’s features

Fig. 6 Assembly drawing of the tool’s shoulder and pin

Fig. 7 Top side of a sample weld

Fig. 8 Bottom side of a sample weld
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Fig. 10, it remained fairly consistent when the rotation rate
was held at 1400 RPM and the traverse rate varied from 9 to
15 IPM (228.6 to 381 mm/min). As shown, the force is ap-
proximately 700 N (157 lbf). With the traverse rate held at
9 IMP (228.6 mm/min) and the tool rotation rate increased
from 1400 to 2000 RPM, a slight decrease occurs in axial
force to approximately 500 N (112 lbf). We believe most of
the axial force experienced is due to a very subtle misalign-
ment that occurs between the tool and the workpiece as well as
thermal expansion during welding. Tool features such as
scrolls on the shoulder and threads on the pin affect the pro-
cess forces and probably contributed to the nonzero axial
force. Theoretically, when the tool is aligned properly, the
force acting on the upper shoulder will be countered with
the same amount of force on the bottom shoulder. This would
result in a net external force of zero. All of the vertical force
would remain internal to the tool. However, the experienced
force of 500 to 700 N (112 to 157 lbf) is very small as com-
pared to conventional FSW tools where the force is typically a
few thousand Newtons for 1/8 in. (3.175 mm) thick material.

Figure 11 shows the traverse force data. The force experi-
enced is this direction is very low. From Fig. 11, it can be seen
that the force varies from a low of 40 N (9 lbf) to a high of
80 N (18 lbf) when the tool is traversed at 9 IPM (228.6 mm/
min). We also were successful in pulling the workpiece
through the tool by hand during one welding trial. This was
done to examine the viability of a manual welding operation.

Lastly in Fig. 12, the lateral force (or side force) data is
presented. As can been seen at 9 IPM (228.6 mm/min) the
force varies from 200 N (45 lbf) to 350 N (79 lbf). We believe
the reason for this force being higher than the traverse force is
because of the forging pressure that is created in the material
flow region between the rotating pin and the unaffected region
of material outside the weld zone. It is also worth noting that
the force was not reduced as the rotation rate was increased. In
addition, the force did not increase dramatically as the traverse
speed increased either.

With the successful welding of a bobbin tool and collected
process data, we incorporated the self-adjusting and aligning
features into the design to finalize the SAA-FSW tool. The con-
ceptof theSAA-FSWis illustrated inFig.13.Theconvexsurface
of the shoulders allows for variation in the workpiece thickness
while maintaining contact with the workpiece and hence gener-
ating forgingpressure.Fora rangeof thicknesses, aportionof the
shoulders will always be in contact with the workpiece. The
curved surface of the shoulder allows for a relatively large range
ofpositionswithrespect to theworkpiece. Incontrast, thevertical
position of a flat shoulder with respect to the workpiece is more
restrictive. As the surface of the workpiece changes, the free-
floating capability of the tool in the vertical direction will allow
the tool to adjust. In summary, the fixed convex shoulders in
conjunction with the free-floating motion allow the tool to self-
adjust and alignwith theworkpiece thereby eliminating theneed
for any actuatingmechanisms.

Fig. 9 Summarized torque data collected for SAA-FSW tool development

Fig. 10 Summarized axial force data collected for SAA-FSW tool development
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To add the SAA capability to our tool design, we placed a
series of linear guide rails surrounding the circumference of
the tool. These guide rails allowed the tool to float freely up
and down while also allowing torque to be transmitted from
the machine’s spindle to the tool. The rails are positioned on
two collars with the upper collar serving as a stationary base
for the rails. The guide rails run through bushings that are
pressed into the lower collar. The bushings and rails that run
through them allow the lower collar, which is attached to the
bobbin tool, to freely move in the vertical direction. The con-
vex shoulders were already incorporated into the tool design
shown in Figs. 4, 5, and 6. The completed SAA-FSW tool is
shown in Fig. 14, while a cross-sectional drawing is shown in
Fig. 15.

2.3 Experimental results of the SAA-FSW tool

Welding trials were conducted with the completed SAA-FSW
tool. In particular, focus was given to the tool’s ability to
eliminate the axial force. The process parameters selected
were 1500 RPM for the rotation rate and 9 IPM (228.6 mm/
min) for the traverse speed. Once again, we used 1/8 in.
(3.175 mm) thick aluminum 1100. Initially, the workpiece
was oriented parallel with respect to the work table and or-
thogonal with respect to the welding tool. The summarized
results are as follows:

& Average torque, 11 N-m (8 lbf-ft)
& Average axial (vertical) Z force, 0 N (0 lbf)
& Average traverse force, 100 N (22 lbf)
& Average lateral (side) force, 300 N (67 lbf)

The axial force was drastically reduced and averaged 0 N
(0 lbf) for the welds. As shown in Fig. 9, the axial force with
the prior bobbin tool design, which did not have the SAA
features, was averaging several hundred Newtons of force.
With the added SAA features, the axial force was drastically
reduced and averaged 0 N (0 lbf). The axial force data collect-
ed for a typical weld is shown in Fig. 16. Notice that once the
SAA-FSW tool had fully entered the workpiece, the axial
force was eliminated. However, during the tool run-in period,
a non-zero force was experienced. This transient response was
characterized by vibration as evident in Fig. 16. But once fully
entered into the workpiece, steady-state conditions emerged.
Similar force patterns were observed for the other process
forces.

To test the ability of the SAA-FSW to adapt to chang-
ing workpiece positions, we placed the workpiece on an
inclined surface. The workpiece was 8-in. long with one
end of it raised 1/16 in. (1.5875 mm) higher. The end
where the tool entered was the lower end while the
exiting end was elevated. For this trial, the tool rotation
rate was 1400 RPM and the traverse speed was 9 IPM
(228.6 mm/min).

Fig. 11 Summarized traverse force data collected for SAA-FSW tool development

Fig. 12 Summarized lateral force data collected for SAA-FSW tool development
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The resulting axial force when the workpiece was placed on
the incline is shown in Fig. 17. Once again, tool vibration was
encountered during the run-in of the tool but quickly dissipated
once the tool was fully engaged. The axial force remained less
than 200 N (45 lbf) during the welding. The reason the force
never achieved a value of 0 N was because the position of the
workpiece relative to the tool was continually changing.
Therefore, there was always a non-zero force being applied to
the tool to adjust its position into alignment with the workpiece.
Perhaps, this force was also the result of a slight binding be-
tween the guide rails and bushings. Regardless, the force was
drastically reduced as compared to conventional FSW tooling
and bobbin tools with no SAA features.

3 In-process monitoring of FSW via a magnetoelastic
force rate-of-change sensor

3.1 Experimental setup

The developmental work for the in-process monitoring meth-
odwas done at Austin Peay State University using a three-axis

GMC milling machine with a 3-hp (2237 W) spindle motor.
The worktable had a power feed in the direction of welding.
For the welding trials, aluminum 6061 was butt welded to-
gether using a conventional FSW tool. The workpiece
consisted of 2–8 in. (203.2 mm) long by 2 in. (50.8 mm) wide
by 1/8 in. (3.175 mm) thick pieces.

To create voids in the weld seam, 1/16 in. (1.5875 mm)
diameter holes by 1/16 in. (1.5875 mm) deep were drilled into
the faying surface of each piece of aluminum. The first void
was located 3 in. (76.2 mm) from the starting end of the work-
piece, and the second void was 2 in. (50.8 mm) past the first
void. These voids, when encountered by the tool, created

Fig. 13 Concept illustration of SAA-FSW tool

Fig. 14 SAA-FSW tool

Fig. 15 Cross-sectional drawing of the SAA-FSW tool. All components
shown rotate together

Fig. 16 Axial force with SAA-FSW tool
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process disturbances for which we wanted to detect. Figure 17
shows the welding operation with the tool traversing along the
weld seam and leaving a butt welded joint in its path. For each
weld, the traverse speed of the tool was 2 IPM (50.8 mm/min)
while the rotation rate was 1400 RPM.

To detect these voids, a coil of insulated copper wire was
wrapped around a plastic spool that was placed around the
FSW tool. The plastic spool was 3D printed andmounted such
that it did not touch the rotating tool. The coil consisted of 500
turns of 26 American Wire Gauge (AWG) wire. The two ends
of the wire were connected to a National Instruments USB-
6008 data acquisition device. The hardware setup is shown in
Fig. 18. The induced signal was recorded using LabVIEW
Signal Express software.

Lastly, a hole was drilled in the topside of the FSW tool and
two cylindrical-shaped magnets were placed inside. Each
magnet was 1/4 in. (6.35 mm) in diameter by 1 in.
(25.4 mm) long. The magnets were N52 grade neodymium
and axially magnetized with a surface field strength of
7343 G. Once inserted the ferrous tool became magnetized.

The working principle behind this in-process monitoring
approach is Faraday’s law of induction. The law states that

an electromotive force (emf), or more commonly referred to as
voltage, is induced in a coil of wire when the magnetic flux
acting through the coil changes with respect to time. The in-
duced voltage is proportional to the number of turns in the
wire and proportional to the rate-of-change of the magnetic
flux. Thus, the more turns of wire in the coil and the greater
the rate-of-change of the magnetic flux, the larger the induced
voltage will be. For our experimental setup, the change in
magnetic flux occurs when the tool bends and twists due to
the process forces. When a void is present in the welding
environment beneath the shoulder of the tool, the combined
process forces (axial force, traverse force, lateral force, and
torque) cause deflection of the tool which in turns changes
the direction of the magnetic field acting through the center
of the coil. This change in direction results in a change in
magnetic flux which then induces a voltage.

A similar approach to process monitoring for machining
(milling) operations has been reported prior [16]. The sharp-
ness of the rotating end mill used for cutting was successfully
monitored through the application of a magnetoelastic torque
rate-of-change sensor. The rotating end mill was magnetized.
When each flute cut into the workpiece, a change in torque
was detected with the sensor. The signature pattern for the
measured rate-of-change of torque changed as the end mill
dulled. To the authors’ knowledge, this presented work is
the first reported use of a magnetoelastic force rate-of-
change sensor to monitor FSW.

3.2 Experimental results of the in-process monitoring

With a sample size of about a dozen welds, each with two
voids present, the in-process monitoring system was able to
detect the voids 100 % of the time. The recorded voltage
produces a pattern that characterizes each weld. The root mean
square (RMS) of the induced voltage provided a very clear
picture of significant changes in process forces. A typical
sample of the induced RMS voltage is shown in Fig. 19. As
noted above, many trial welds were made, but each one had
very identical results to what is illustrated in Fig. 19.

The initial spike in voltage is due to the tool entering the
workpiece and a dramatic increase in the process forces. The
voids were encountered near the 160- and 230-s marks on the
graph. At these points in time, a noticeable spike in induced
voltage was detected. These voltage spikes indicate a change
in the process forces in the welding environment and hence
would identify to an operator that a flaw is likely present in the
weld seam.

Further validity can be given to this in-process monitoring
method by examining prior work by Longhurst et al. [17].
They were able to successfully detect FSW voids in the weld
seam by monitoring the welding torque via strain gauges
mounted to the tool and by monitoring the supply current to
the spindle motor. Changes in the frequency content of the
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Fig. 18 Experimental setup for in-process monitoring
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collected torque and current measurements aligned well with
the presence of voids in the weld seam. Our presented method
of using a magnetoelastic force rate-of-change sensor pro-
duced similar results but with a much simpler setup and
approach.

4 Conclusions

The presented technologies can support the development of
portable FSW machines that could be used in space for
manufacturing. The SAA-FSW drastically reduced, and al-
most eliminated, the axial force. In addition, the simplicity
of the design does not require any actuators or control hard-
ware. This purely mechanical design can help increase the
reliability of a portable FSW machine system. With a goal of
manufacturing in space, and knowing there will most likely be
limited resources available in space, reliability of any machine
is critical for mission success. In addition, the mechanical only
design will help to keep the cost of a portable FSW machine
low.

The results show that the presented SAA-FSW tool can
successfully butt weld 1/8 in. (3.175 mm) thick aluminum
1100. The forces present during the welding were relatively
low as compared to conventional FSW. With the SAA-FSW
tool, a portable FSW machine could be designed. However,
the design of the portable FSW machine will need to address
the transient forces when the tool enters the workpiece as well
as the larger lateral force. These forces are large enough to
challenge the development of a handheld welder that is com-
parable to the portability of an existing arc welder.

The presented in-process moni tor ing us ing a
magnetoelastic force rate-of-change sensor shows promise as
an innovative method. Voids created by drilling 1/16 in.
(1.5875 mm) diameter holes by 1/16 in. (1.5875 mm) deep
into the faying surface could be sensed. Being able to detect
welding flaws during the welding process greatly increases

manufactur ing eff ic iency. The simpl ic i ty of the
magnetoelastic force rate-of-change sensor, coupled with the
lack of sophisticated equipment, makes this in-process moni-
toring technique attractive for in-spacemanufacturing. Further
research will need to focus on determining and enhancing the
resolution capability of void detection.
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