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ABSTRACT
Effective Temperature Control for Industrial Friction Stir Technologies
Arnold David Wright
Department of Mechanical Engineering, BYU
Master of Science
Systematic investigation of the Friction Stir Welding (FSW) process shows that a fixed
rotational velocity and feed rate may not yield uniform mechanical properties along the length of
a weldment. Nevertheless, correlations between process parameters and post-weld material
properties have successfully demonstrated that peak temperature and cooling rate drive postweld properties. There have been many reported methodologies for controlling friction stir
welding, with varying degrees of cost to implement and effectiveness. However, comparing data
from uncontrolled FSW of AA 6111-T4 sheet with controlled FSW at temperatures ranging from
375 °C to 450 °C demonstrates that a simplified methodology of a single-loop PID controlling
with spindle speed may be used to effectively control temperature. This methodology can be
simply used with any machine that already has the ability to actively control spindle speed, and
has been previously shown to be able to be auto-tuned with a single weld.
Additionally, implementation of this method compared to uncontrolled FSW in AA6111 at linear
weld speeds of 1-2 meters per minute showed improved mechanical properties and greater
consistency in properties along the length of the weld under temperature control. Further results
indicate that a minimum spindle rpm may exist above which tensile specimens did not fracture
within the weld centerline, regardless of temperature. This work demonstrates that a straightforward, PID-based implementation of temperature control at high weld rates can produce high
quality welds with auto-tuned gains.
This method also shows promise in application to other processes in the Friction Stir family, and
preliminary results in an application to the Additive Friction Stir Deposition (AFSD) process are
also presented.
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1

INTRODUCTION

Overview of Friction Stir Welding
The idea of using the frictional heat of rubbing metal parts together to weld was first
patented in Britain in 1940, but did not see much interest until 1950, when the Soviet Union
started research (Ellis, 1970). The process was quickly picked up by the Society of Automotive
Engineering, where they published several papers related to their application in manufacturing
automotive parts such as crankshafts. The initial welding machines were modified lathes, and
power usage of 10% of the conventional processes, along with cycle times under a minute were
noted (Chyle, 1960). This process was later termed Rotary Friction Welding (RFW), and
required at least one of the parts being joined to be cylindrical (Hollander et al., 1964). It took
until 1991 for the idea of using a non-consumable tool to join arbitrary shapes to emerge, and
this was called Friction Stir Welding (Anon, 1991). In this process, the parts to be joined are
fixtured in the desired configuration, and a spinning, non-consumable tool with a pin is plunged
into the joint line. The tool then traverses along the seam, plastically deforming and melding the
parts together without melting either one.

Importance of temperature in FSW
As Friction Stir Welding (FSW) is a friction-based process, the dependence of frictional
heat generation on temperature and force end up creating a feedback loop (Colligan and Mishra,
2008). This generally leads to the existence of a stable equilibrium temperature for a given
1

feedrate and spindle power (Mayfield and Sorensen, 2010). However, this stable equilibrium can
require a significant amount of time to reach, requiring slow feedrates, and is also only
applicable for some applications of FSW–welding large sheets provides a relatively stable
environment, but the welding of small parts, cylinders, corner areas, or engine blocks does not
(Bachmann et al., 2017; Cederqvist et al., 2010a; Silva-Magalhães et al., 2019). Attempting to
run constant-parameter welds in these applications can result in broken tools, excessive flash, or
crashed heads (Bachmann et al., 2017; Cederqvist et al., 2010a; Silva-Magalhães et al., 2019).
Temperature has also reliably been shown to have a strong link to post-weld properties such as
fracture toughness, corrosion resistance, and grain size (strength), particularly with heat-treatable
alloys (Fehrenbacher et al., 2012; Mayfield and Sorensen, 2010; Silva-Magalhães et al., 2019).

Utility of temperature control
Therefore, understanding the link between temperature and properties in FSW, it
naturally follows that if you can control the welding temperature, you can control the final
properties. Improved consistency in properties should also be possible, in correlation to the
reduced deviation from a set temperature during the weld. Various methods of temperature
control have been proposed, starting around 2009-10 (Cederqvist et al., 2009; Cederqvist et al.,
2010b; Fehrenbacher et al., 2010). These various methods promise varying degrees of precision
and responsiveness, and most are considered successful implementations, but industry adoption
of these methods remains limited.

Encouraging temperature control adoption
This work undertook the effort of evaluating the ease of implementation of various
temperature control methods. The simplest method, with the greatest chance at being a drop-in
2

conversion for most FSW machines, is presented. Additionally, a comparison is made between
the properties of welds performed at fixed rpm (current industry standard) and welds performed
using auto-tuned gains. Favorable results are presented, as well as promising results for a
different friction-stir-based process, which shows promise for a wide range of applicability.

Research goals
The overall goals of this work may be simply stated as follows: first, to examine the
performance of the single-loop PID spindle speed control in its ability to control temperature;
second, to mimic push-button operation of the entire system by incorporating the auto-tuner and
directly using the recommend gains; third, to evaluate the performance of the temperaturecontrolled welds in comparison to the current fixed-rpm welds, by strength, etc. in order to lastly,
determine if auto-tuned, single-loop PID spindle speed control provides measurable benefits.
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2

TRANSITIONING FSW TO A CONTROLLED PRODUCTION PROCESS

This section is composed of a paper published in Friction Stir Welding and Processing
XI, which was presented by Arnold Wright at TMS 2021.
Transitioning FSW to a Controlled Production Process
Authors: Arnold Wright1, Devry Smith1, Brandon Taysom2, Yuri Hovanski1
1. Department of Manufacturing Engineering, Brigham Young University, Provo UT 84602
2. Pacific Northwest National Laboratory, Richland WA 99352
Abstract
Systematic investigation of the Friction Stir Welding (FSW) process shows that a fixed
rotational velocity and feed rate may not yield uniform mechanical properties along the length of
a weldment. Nevertheless, correlations between process parameters and post-weld material
properties have successfully demonstrated that peak temperature and cooling rate drive postweld properties. We review the reported methodologies reported for controlling friction stir
welding with a detailed look at how temperature control has been used. We compare data from
uncontrolled FSW of AA 6111-T4 sheet with controlled FSW at temperatures ranging from
375 °C to 450 °C, as a means of demonstrating that a simplified methodology of a single-loop
PID controlling with spindle speed may be used to effectively control temperature. This
methodology can be simply used with any machine that already has the ability to actively control
spindle speed, and has been previously shown to be able to be auto-tuned with a single weld.
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Introduction
2.2.1

Overview of Friction Stir Welding
The idea of using the frictional heat of rubbing metal parts together to weld was first

patented in Britain in 1940, but did not see much interest until 1950, when the Soviet Union
started research (Ellis, 1970). The process was quickly picked up by the Society of Automotive
Engineering, where they published several papers related to their application in manufacturing
automotive parts such as crankshafts. The initial welding machines were modified lathes, and
power usage of 10% of the conventional processes, along with cycle times under a minute were
noted (Chyle, 1960). This process was later termed Rotary Friction Welding (RFW), and
required at least one of the parts being joined to be cylindrical (Hollander et al., 1964). It took
until 1991 for the idea of using a non-consumable tool to join arbitrary shapes to emerge, and
this was called Friction Stir Welding (Anon, 1991). In this process, the parts to be joined are
fixtured in the desired configuration, and a spinning, non-consumable tool with a pin is plunged
into the joint line. The tool then traverses along the seam, plastically deforming and melding the
parts together without melting either one.

2.2.2

Why control?
As Friction Stir Welding (FSW) is a friction-based process, the dependence of frictional

heat generation on temperature and force end up creating a feedback loop (Colligan and Mishra,
2008). This generally leads to the existence of a stable equilibrium temperature for a given
feedrate and spindle power (Mayfield and Sorensen, 2010). However, this stable equilibrium can
require a significant amount of time to reach, requiring slow feedrates, and is also only
applicable for some applications of FSW–welding large sheets provides a relatively stable
environment, but the welding of small parts, cylinders, corner areas, or engine blocks does not
5

(Bachmann et al., 2017; Cederqvist et al., 2010a; Silva-Magalhães et al., 2019). Attempting to
run constant-parameter welds in these applications can result in broken tools, excessive flash, or
crashed heads (Bachmann et al., 2017; Cederqvist et al., 2010a; Silva-Magalhães et al., 2019).
Some may ask if lack of control has hindered commercial acceptance of the FSW process
in industry. It has not. As early as 1995, a Scandinavian company was using FSW to assemble
partial extrusions; in 1999, Boeing began using FSW to join sections of the Delta II and Delta IV
rocket fuel tanks, and in 2004 the first commercial cargo airplane part entered into production for
the C-17 aircraft (Kallee, 2010). However, constructing the proper weld parameter profile for
these welds is not a simple task, and usually involves conducting several test welds and
destructive testing, even with an experienced operator. Conversely, installing and implementing
temperature control on an existing FSW machine can be an expensive and labor-intensive
process, requiring the installation and tuning of various motors, sensors, and controllers. Any
control method desiring to be implemented in industry must require little instrumentation or have
a simple, cost-effective integration to have widespread acceptance.

2.2.3

Why Temperature Control?
As every aspect of FSW interacts with almost every other, it is difficult to reliably control

one measurement without also affecting the others (Colligan and Mishra, 2008). Conversely, if
you can reliably control one parameter of the weld, you can increase the overall weld quality and
repeatability, with some parameters having a stronger link to quality than others (Fehrenbacher et
al., 2011). Temperature has reliably been shown to have a strong link to post-weld properties
such as fracture toughness, corrosion resistance, and grain size (strength), particularly with heattreatable alloys (Fehrenbacher et al., 2012; Mayfield and Sorensen, 2010; Silva-Magalhães et al.,
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2019). Controlling temperature outside of the natural equilibrium can also improve tool life, and
reduce defects such as wormholes (Cederqvist et al., 2010a; Mayfield and Sorensen, 2010).
Temperature control can also start with very high rpm to achieve initial temperature and
properties at the beginning of a weld without later running into thermal runaway.

Temperature Control in FSW
While FSW was invented in 1991, methods for any type of closed-loop control did not
appear until around 2003 (Cook et al., 2003). Investigation of temperature control specifically
was spearheaded by the Cederqvist, Fehrenbacher, and Sorensen research groups starting around
2009-10 (Cederqvist et al., 2009; Cederqvist et al., 2010b; Fehrenbacher et al., 2010). A decade
later, and 30 years after the invention of FSW, we can review the major methods of temperature
control. We focus on the control method itself, although there are also differences in the method
of measuring the temperature itself, with the main methods being an embedded thermocouple
(Cederqvist et al., 2010b) or through the tool-workpiece-thermocouple method (Fehrenbacher et
al., 2012).

2.3.1

Open-loop and Manual Control
Open-loop is the primeval control method for FSW. Experimentation through trial-and-

error finds the weld parameters such as spindle speed, travel speed, and spindle downforce
required to make a weld that satisfies the customers' strength requirements. Finding these
parameters can be an expensive, lengthy process, even if experienced consultants are brought in.
Once these parameters are found, the machine is programmed and these parameters are never
changed unless defective welds are discovered. Programs where the parameters are constant
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(Mayfield and Sorensen, 2010), or where they are adjusted in steps at pre-determined weld
positions, fall under open-loop control.
Manual is the most basic level of temperature control, where an operator adjusts
parameters such as spindle speed, feedrate, or tool downward force (Cederqvist et al., 2010a) onthe-fly in order to maintain satisfactory weld temperatures. A skilled operator with experience
with the specific operation can maintain some welds within 30 °C of the temperature setpoint
(Cederqvist et al., 2011); however, achieving this level of skill can take many practice welds, and
errors can still occur. Most methods of computerized control can achieve a more accurate and
repeatable weld.

2.3.2

PID Spindle Speed
Single-loop Proportional-Integral-Derivative (PID) control of temperature is a fixture in

many other areas of industry, and has also been implemented in FSW. Common variants of this
controller scheme are P, PI, and PD where one or more of the gains are set to 0. Tuning can be
accomplished by the Ziegler-Nichols method, which involves manual fine-tuning over repeated
welds, or through other tuning rules. Noteworthy for this control method, an effective auto-tuner
has also been designed (Marshall and Sorensen, 2013), and in an implementation on the authors'
machine results in an almost plug-and-play situation (Taysom and Sorensen, 2020). A version of
this controller with the derivative gain set to 0 was investigated by Fehrenbacher in relation to
control of welding in aluminum (Fehrenbacher et al., 2011). The removal of the derivative term
was due to the sinusoidal changes in the measured temperature on an exposed shoulder
thermocouple. This introduced a magnified sinusoidal component into the commanded spindle
speed, and was detrimental to the performance of the controller.

8

Figure 2.1: Control Block Diagram for a single-loop PID temperature controller controlling
spindle speed

Fehrenbacher's tuning was accomplished through controller design, rather than manual
adjustment. The controller was able to successfully reduce the temperature error due to
disturbances to within 10 °C, as compared to within 40 °C uncontrolled (Fehrenbacher et al.,
2011). This control method is a popular first step in implementing temperature control on a new
system, due to its ease of integration into an existing machine, requiring only temperature
measurement and the ability to command spindle speed (De Backer et al., 2013; Krutzlinger,
2018).

2.3.3

PID Feedforward
This method was first proposed in FSW by Cederqvist for use in the sealing of copper

canisters (Cederqvist et al., 2009). It combines a simple Proportional-Derivative (PD) controller,
with the spindle speed being adjusted based on the tool temperature, and an Integral (I) controller
based on the weld power to correct for variations between welds. Weld power is determined
through the equation: P = ω × τ. The overall Proportional-Integral-Derivative (PID) gains could
be calculated with a variation on the Ziegler-Nichols method called AMIGO (Cederqvist et al.,
2009). The feedforward term, however, requires data from previous successful welds, and
9

Cederqvist also found that power requirements could vary substantially from one weld to the
next (Cederqvist et al., 2009). This led to the idea of using a cascade controller, which could
determine the weld power requirement on-the-fly (Cederqvist et al., 2010a). However, all
methods that use weld power as a controlling variable require measuring not only the spindle
speed, but also the spindle torque. Measurement of the welding torque can be difficult, requiring
a torque-calibrated motor or other significant adjustments to the welding machine.

Figure 2.2: Control Block Diagram for a PID temperature controller with an additional input for
desired power and a feedforward term

2.3.4

PID Cascade – Spindle Speed
This is an improved version of the PID-Feedforward method, where the variations

between different welds can be self-corrected by the controller in the outer loop. This results in a
much more accurate and reliable controller which requires less operator management. The inner
loop monitors the weld power, and adjusts the spindle speed to keep the weld input power
10

constant. The weld power is used because it is closely linked to the weld temperature, but was a
faster indicator with regards to disturbances than the available temperature measurement system
(Ross and Sorensen, 2011). The outer loop adjusts the desired weld input power to keep the
weld temperature constant.

Figure 2.3: Control Block Diagram for a cascaded PID temperature controller

As proposed, the controllers for this method can be either PI or PID in form, as FSW is
not a very dynamic process (Cederqvist et al., 2010a). The tuning of the controller was carried
out with a method that corrected for the noise in the measured signals in calculating the
derivative gain (Garpinger, 2009). For the tuning, two stages of step response experiments need
to be performed, and manual fine-tuning was required before the system was considered reliable
(Cederqvist et al., 2010a). Once properly programmed, this method was producing welds in
copper with a control error standard deviation of 1.6 °C, with a maximum deviation of 13.1 °C
(Cederqvist et al., 2010a), which was a great improvement over manual control. This method
was recommended by both Cederqvist (Cederqvist et al., 2010a), and Mayfield and Sorensen
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(Mayfield and Sorensen, 2010) in 2010. A potential improvement by Cederqvist used a pre-set
weld start procedure to improve the initial rise to temperature (Cederqvist et al., 2012).

2.3.5

PID Cascade – Torque
A variation on the PID Cascade control method was introduced by Ross and Sorensen

(Ross and Sorensen, 2013b). Instead of controlling the spindle speed in the inner loop, the
controlled parameter is the spindle torque, and only the spindle speed is used as the feedback
signal. This improves the resulting control, as the disturbance response with torque is more
stable than spindle speed, and, additionally, spindle speed has a finer resolution and is generally
a better feedback signal. After manual tuning, experimental welds in aluminum and steel had
standard deviations in temperature of 0.72 °C and 1.27 °C, respectively (Ross and Sorensen,
2013a).

Figure 2.4: Control Block Diagram for a cascaded PID temperature controller, where the inner
loop controls the weld torque
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2.3.6

Model-based Control
Model-based control is a relatively new method of temperature control. Rather than PID

gains being tuned, this method uses a process model to relate manipulated variables such as
spindle speed and federate with controlled variables such as temperature. (Bachmann et al.,
2017). A review of two types of model-based controllers found that they did not perform
appreciably better than well-tuned PID controllers in a control scenario with ~1.5 seconds of
time delay in the tool temperature (Taysom et al., 2017). Model-based controllers have
advantages for systems that are complex, highly non-linear, have a large time delay to time
constant, or have modelable disturbances, none of which characterize typical FSW (Taysom et
al., 2017). Consequently, PID controllers usually have similar performance to model-based
controllers for FSW in most cases.

2.3.7

Dual Temperature & Force Control
While we focus on temperature control, it is worth mentioning that there have also been

approaches to combine temperature and force control. One approach is a linked MIMO system
to reject disturbances to both temperature and plunge depth (Fehrenbacher et al., 2014).
However, initial results are not significantly different from pure temperature control. Others
have simply engaged a depth controller at the same time as temperature control, and this resulted
in an overall better-formed weld than temperature control alone (Cederqvist et al., 2017).

Methods
After evaluating the different temperature control methods for ease of implementation
and use, the simplicity of the single-loop PID controller, combined with the auto-tuner, lead to its
selection for evaluation. Temperature measurement was performed with a 0.8 mm diameter type
13

K thermocouple (Omega SCASS-032U-12) embedded in a H-13 tool of 12 mm shoulder
diameter. The thermocouple reached to within 0.5 mm of the shoulder, as shown in Figure 2.5.
The signal from the thermocouple was transmitted using a TC-Link -1CH -LXRS node attached
to the spindle, which wirelessly transmitted over Bluetooth to a WSDA -BASE -101 -LXRS
analog base station. The base station logged the temperature, and then transmitted a remapped
thermocouple voltage on a 0-3.3 V scale to the PLC. Temperature was filtered with a sum of
squared error (SSE) filter (Taysom and Sorensen, 2019) in order to achieve smooth temperature
and first-derivatives for temperature control.

Figure 2.5: Cross-section of the tool showing the thermocouple position in relation to the
shoulder

To determine the gains for PID control, an adaptive relay test using a time based
correction (Taysom and Sorensen, 2020) was used to determine approximate system parameters
in a bead-on-plate weld at the desired feedrate. Preliminary PID tuning gains were then
calculated by taking the logarithmic mean of servo and regulator gains (O’Dwyer, 2006; Taysom
et al., 2017). Instead of using these default gains, the present work uses PID gain scheduling to
avoid integrator windup and temperature overshoot in the beginning of the weld for better
performance. PD gains were used from before the plunge until the temperature was within 5 °C
of the setpoint. Once the temperature was within 5 °C of the setpoint, the integral gain was
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changed from 0 to the calculated value, and used until the end of the weld. This anti-integrator
windup measure lowered overshoot on the roughly 350 °C step input in temperature at the
beginning of the weld.
To test the capabilities of the auto-tuner and controller over a wide range of conditions, a
parameter grid of possible welds was laid out. Two feedrates were chosen: 1000 mm/min and
2000 mm/min; and four temperature control setpoints of 375, 400, 425, and 450 °C, with an
additional weld for each feedrate with no control. For each set of conditions, one auto-tuning
weld was performed, and then one weld was run using the calculated PID settings. After this
weld, the machine was allowed to cool to approximately 30 °C before the next tuning weld was
performed. Welding was performed on a TTI RM-2 type linear Friction Stir Welding machine
retrofitted with a Bond Technologies high-speed B&R based controller. The base material was
AA6111-T4, and each coupon was 200x1000x2.7 mm in size, resulting in a welded specimen
size of 400x1000x2.7 mm. Welds were 900 mm in length, and the weld and machine parameters
were logged at a rate of 1250Hz. A 400x100x6 mm plate of mild steel was placed under the
weld to protect the main anvil of 50 mm thick steel. Two 12x25 mm bars of mild steel were
used to evenly distribute the clamping load from four step clamps along the length of the
coupons. Four screw blocks were used to provide a lateral clamping force. An image of the
overall setup is given in Figure 2.6.
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Figure 2.6: Weld Setup

Results
As presented in Figure 2.7, the temperature-controlled welds had a slower initial rise time
as compared to the weld with no control, but quickly stabilized at the control setpoint with
minimal overshoot. As temperature control was enabled before the plunge, a longer dwell time
could be safely managed without risk of melting. This allowed a greater portion of the weld to
be completed at the desired process temperature. This distinction between the time domain and
the weld position domain is made more clear in Figure 2.8, where the temperature response is
plotted according to the tool position.

16

Figure 2.7: Weld Temperature response curves by feedrate and time

Figure 2.8: Weld Temperature response curves by feedrate and weld position

The percent overshoot, 10-90% rise time, 5 °C settling time, and standard deviation of
temperature after settling are included in Table 1. The value of 5 °C for the settling time was
chosen as a reasonable approximation of a 2% settling time, as the 10% settling times listed in
other papers do not have much meaning when the maximum overshoot is 1-2%.
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Table 1: Results of Temperature Control
Feedrate Setpoint
(mm/min) Temperature
1000 375 °C
400 °C
425 °C
450 °C
2000 375 °C
400 °C
425 °C
450 °C

Overshoot
(%)
1.53
1.70
1.52
0.46
1.69
1.51
0.83
0.62

Overshoot
(°C)
5.2
6.2
5.9
1.9
5.7
5.6
3.3
2.6

Rise Time
(s)
5.10
6.15
7.77
8.91
4.43
5.87
7.96
8.35

Settling Time
(s)
16.0
20.8
24.3
21.6
16.0
19.9
19.9
24.0

Std. Dev.
(°C)
1.00
0.92
1.10
0.87
1.25
1.18
1.30
1.36

Discussion
The auto-tuned controller was able to provide fast and stable control at a range of
temperatures, with resulting rise times, settling times, and standard deviations within the ranges
reported by other authors for various methods of control, as shown in Figure 2.9. The
temperature response rises quickly enough that only the first 100 mm for 1000 mm/min welds
and the first 200 mm for 2000 mm/min welds see temperatures more than 5 °C away from the
setpoint temperature. This difference is due primarily to the feedrate, as the settling times are
similar. Compare this to the uncontrolled weld, where the temperature is continually increasing,
with the start and end portions of the weld having been welded at a nearly 100 °C difference in
temperature. Starting the temperature controller before the plunge allows the weld temperature
to be brought closer to the desired temperature before the traverse, without the risk of a large
temperature overshoot later.
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Figure 2.9: Comparison of the results from using an autotuned PID controller based on spindle
speed with results reported by several other authors. Rise times were not available from all
sources. The PID-Spindle "Regulator" and "Servo", and the two Model-based results are in
AA7075 from (Taysom et al., 2017), the PID-Cascade-Torque results are in AA7075 from (Ross
and Sorensen, 2013a), and the PID-Cascade-Spindle results are in copper from (Cederqvist et al.,
2010a).

A decade ago, when temperature control was in its infancy, and often required specialty
motors or expensive hardware, it may have been difficult to justify the expense of adding control
against the cost of manual control. However, in today's world with inexpensive and fast
temperature measurement, there is little reason to not add temperature control to production
machinery. Tuning for a new part can be easily accomplished by sacrificing one or two parts at
the beginning of a production run. Improving the consistency of the conditions experienced by
the weld nugget should improve consistency in material properties along the length of the weld,
thus improving overall part quality. Implementing temperature control should also reduce interbatch and intra-batch consistency, as it can correct for changing environmental conditions.
Temperature control also improves the ability of FSW joins to be made in arbitrary shapes, rather
than just focusing on joining sheet-like workpieces.
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2.6.1

Conclusions
With 30 years of friction stir welding and a decade of experience in thermal control of the

process we see surprisingly low implementation of thermal control. Numerous authors have
reported on the ability to accurately control the process leading to improvements in weld
properties, reduction in development time, and greater ability to deal with process disturbances.
While several temperature control methodologies require complex adaptations of motor drivers
and controllers, we demonstrated that using a simplified single-loop PID control of spindle speed
may be used to effectively control temperature. Furthermore, we showed this approach can be
used in conjunction with an auto-tuning setup to allow essentially push-button operator use of
thermal control. This simplified setup can be easily adapted to any machine that already allows
for digital spindle speed control.
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Abstract
Reports in the literature indicate that temperature control in Friction Stir Welding (FSW)
enables better weld properties and easier weld process development. However, although
methods of temperature control have existed for almost two decades, industry adoption remains
limited. This work examines single-loop PID control on spindle speed as a comparatively simple
and cost-effective method of adding temperature control to existing FSW machines.
Implementation of PID-based temperature control compared to uncontrolled FSW in AA6111 at
linear weld speeds of 1-2 meters per minute showed improved mechanical properties and greater
21

consistency in properties along the length of the weld under temperature control. Additionally,
results indicate that a minimum spindle rpm may exist above which tensile specimens did not
fracture within the weld centerline, regardless of temperature. This work demonstrates that a
straight-forward, PID-based implementation of temperature control at high weld rates can
produce high quality welds.

Introduction
3.2.1

Friction Stir Welding
The idea of using the frictional motion and heat of rubbing metal parts together to join

them together was first patented in Britain in 1940, but did not see much interest until 1950,
when the Soviet Union started research (Ellis, 1970). The process was then quickly picked up by
the Society of Automotive Engineering, and they published several papers related to their
application in manufacturing automotive parts such as crankshafts. This specific process was
later termed Rotary Friction Welding (RFW), and required at least one of the parts being joined
to be cylindrical (Hollander et al., 1964). It took until 1991 for the idea of using a nonconsumable tool to join arbitrary shapes to emerge, and this was called Friction Stir Welding
(Anon, 1991). In this process, the parts to be joined are fixtured in the desired configuration, and
a spinning, non-consumable tool is plunged into the joint line. The tool then traverses along the
seam, plastically deforming and melding the parts together without melting either one.

3.2.2

Why control?
As FSW is a friction-based process, the dependence of frictional heat generation on

temperature and force end up creating a feedback loop (Colligan and Mishra, 2008). This
generally leads to the existence of a stable equilibrium temperature for a given feedrate and
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spindle power (Mayfield and Sorensen, 2010). However, this stable equilibrium can require a
significant amount of time to reach, and demands a stable environment. Welding large sheets
provides this stable environment, but the welding of small parts, cylinders, corner areas, or
engine blocks does not (Bachmann et al., 2017; Cederqvist et al., 2010a; Silva-Magalhães et al.,
2019). Attempting to run constant-parameter welds in these applications can result in broken
tools, excessive flash, or crashed heads (Bachmann et al., 2017; Cederqvist et al., 2010a; SilvaMagalhães et al., 2019).
However, the absence of temperature control on commercial machines has not hindered
the industry in general. As early as 1995, a Scandinavian company was using FSW to assemble
partial extrusions; in 1999, Boeing began using FSW to join sections of the Delta II and Delta IV
rocket fuel tanks, and in 2004 the first commercial cargo airplane part entered into production for
the C-17 aircraft (Kallee, 2010). Since then, FSW has been gaining further use in the aerospace
and automotive markets as the use of high-strength aluminum alloys increases. However,
constructing the proper weld parameter profile for these welds is not a simple task, and usually
involves conducting several test welds and destructive testing, even with an experienced
operator.

3.2.3

Why Temperature Control?
As every aspect of FSW interacts with almost every other (Colligan and Mishra, 2008), if

you can reliably control one aspect of the weld, you can effectively control many of the other
aspects, with some aspects having a stronger link to quality than others (Fehrenbacher et al.,
2011). Temperature has reliably been shown to have a strong link to post-weld properties such
as fracture toughness, corrosion resistance, and grain size (strength), particularly with heat-
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treatable alloys (Fehrenbacher et al., 2012; Mayfield and Sorensen, 2010; Silva-Magalhães et al.,
2019). Controlling at specific temperatures can also improve tool life, and reduce defects such
as wormholes (Cederqvist et al., 2010a; Mayfield and Sorensen, 2010). Additionally, with heattreatable alloys such as the 2xxx, 6xxx, and 7xxx-series, welding can affect the heat treatment,
and excessive temperatures lead to a loss in strength around the weld area through over-aging
(Esmaeili, 2002).

3.2.4

History of Temperature Control in FSW
While FSW was invented in 1991, methods for any type of closed-loop control did not

appear until around 2003 (Cook et al., 2003). Investigation of temperature control specifically
was spearheaded by the Cederqvist, Fehrenbacher, and Sorensen research groups starting around
2009-10 (Cederqvist et al., 2009; Cederqvist et al., 2010b; Fehrenbacher et al., 2010). Over the
past decade, many different control methods have been proposed which would theoretically and
practically give excellent temperature control, although there has been disagreement as to which
method is the best. However, this environment of dispute has likely discouraged industry
adaptation of control, especially as the “best” methods tend to be the most expensive to
implement.
Additionally, most research into temperature control in aluminum has been performed at
low feedrates of from 60-600 mmpm (millimeters per minute), with one other reported feedrate
of 960 mmpm (Silva-Magalhães et al., 2019). Industry, by comparison, generally seems to run
non-temperature-controlled welds at feedrates from 1000-3000 mmpm. Matching industryexpected feedrates while under temperature control is likely the most important factor in
increasing industry adoption and is a focus of the current study.
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This paper examines one of the simpler and easy-to-implement options for temperature
control, namely single-loop PID, and analyzes its effectiveness at the industry-oriented feedrates
of 1000 & 2000 mmpm. These parameters were selected to determine if this method provides a
clear benefit in regards to weld properties (yield strength), tool temperatures, and property
consistency along the weld, with the end goal of encouraging and increasing industry adoption of
temperature control.

Methodology
This section describes the material properties of AA6111, the tool used for the welding
process, and the methods of temperature measurement and control. It also covers the auto-tuning
method used, and the experiment design and weld setup. Lastly, it covers the tensile testing
process and the classifications for different fracture modes.
The primary methods of temperature control that have been suggested over the past
decade were previously reviewed in (Wright et al., 2021), where single-loop PID control was
determined to be the simplest to implement, specifically when controlling the spindle speed
based on the tool temperature. In order to test the effectiveness of this method, we determined to
compare 900 mm long FSW welds in AA6111, a heat-sensitive aluminum alloy. We also
compare how the control method performed at 1000 mm/min and 2000 mm/min, to determine its
effectiveness at higher feedrates.

3.3.1

Material Properties
Per ASM handbook volume 2B, the Ultimate Tensile Strength (UTS) of AA6111-T4

generally ranges from 250-285 MPa, while AA6111-T6 has a UTS of 340 MPa (2019b). Our
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material, which was originally of a T4 temper, had aged for about a year at room temperature
before welding. Thus, it is better designated as AA6111-T4 + natural aging. Several tensile tests
of our Base Material (BM) revealed a UTS of 311±0.48 MPa, which is in agreement with a
“T4+” temper.

3.3.2

The Tool
The tool used is composed of H13 tool steel, with a scrolled, 12 mm diameter shoulder,

and a 2.6 mm deep tapered pin, with a coarse thread and 3 flats. It has a 0.82 mm diameter hole
formed through the EDM process, that leads from the upper shank of the tool to within 0.5 mm
of breaking through the shoulder of the tool, as seen in Figure 3.1. From previous
experimentation, the hole breaking through does not appreciably affect temperature measurement
as long as the time delay is known, but complicates the securement of the thermocouple (Ross,
2012).

Figure 3.1: Schematic of thermocouple placement in tool (left) and actual tool (right)
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3.3.3

Temperature Measurement
Temperature measurement was performed with a 0.8 mm diameter type K thermocouple

(Omega SCASS-032U-12) embedded in the tool. The signal from the thermocouple was
transmitted using a TC-Link -1CH -LXRS node attached to the CAT-50 non-chilled toolholder,
which wirelessly transmitted over Bluetooth to a WSDA-BASE-101-LXRS analog base station
at a rate of 64 samples/second. The base station logged the temperature, and then transmitted the
thermocouple voltage remapped on a 0-3.3 V scale to the PLC. Temperature was filtered with a
sum of squared error (SSE) filter (Taysom and Sorensen, 2019) in order to achieve smooth
temperature and first-derivatives for the temperature control. The time delay in temperature
from the tool to the PLC was experimentally determined to be 0.2 seconds.

3.3.4

Temperature Control Method
The chosen control method is single-loop Proportional-Integral-Derivative (PID) control

as shown in Figure 2.1, using the thermocouple temperature as the input and controlling the
spindle speed. This method was chosen for several reasons, including previous good
performance and ease of implementation on an existing FSW machine as shown in (Wright et al.,
2021). A detailed comparison of different temperature control techniques is also provided in that
reference. The controller gains are tuned through the auto-tuner, running a single bead-on-plate
weld at the desired feedrate and set-point temperature. The tuned gains are used as PD control
(Integral gain set to 0) until the thermocouple temperature reaches within 5 °C of the set-point
temperature (roughly pre-90 mm in Figure 3.2), at which point the integral gain is set to the
tuned value. This acts as a form of anti-windup control, and assists in minimizing both the
temperature overshoot and rise time. Even if the temperature later exceeds the 5 °C bounds, it
remains as PID control (post 90 mm in Figure 3.2).
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Figure 3.2: Illustration of transition point from PD control (Integrator gain set to 0) to PID
control, as triggered by the first crossing of 445 °C, which is 5 °C below the chosen temperature
setpoint for this weld.

3.3.5

Auto-Tuner
The auto-tuner used is an adaptive relay test, based on a first-order plus dead-time model

(Taysom and Sorensen, 2020). The general idea of this auto-tuner is: slowly adjust the rpm, in
steps, to find an rpm that keeps the temperature relatively constant and at the temperature that
you are tuning for. Then it starts a series of steps of +/- 10% of that rpm, and watches how the
temperature rises and falls. This allows automatic system identification, and calculation of the
optimal PID parameters after 5-6 “cycles” of +/- 10%. A typical tuning weld is shown in Figure
3.2. The auto-tuning method listed above includes automatic fault recovery, which allows for
poor initial parameters, as seen in Figure 3.3. The length of weld required for auto-tuning varies
with the feedrate, with around 600 mm needed for 1000 mmpm and 900 mm for 2000 mmpm.
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Figure 3.3: Typical tuning weld using the auto-tuner. A stable state is reached around 450 mm,
and roughly 20 cycles of +/-10% rpm were able to be completed, far exceeding the minimum of
5 cycles.

The auto-tuner presented by Taysom in (Taysom and Sorensen, 2020) is intended to be
engaged when the weld temperature is close to the intended temperature setpoint. However, the
auto fault recovery included in the design is robust enough to allow the tuning to be engaged
near the beginning of a tuning run, while the temperature is still low. This is shown in Figure
3.2, where the first 400 mm of the weld are under fault recovery control, and then the auto-tuning
stage is engaged by the algorithm around 450 mm. For successful fault recovery, a reasonable
estimate of the time delay in the system is needed, and a value of 0.3 seconds was used,
approximating the delay between a heat source being placed in contact with the tool shoulder
surface and that change being detected at the machine datalogger.
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The PID gains are calculated from the Km given by the auto-tuner using a weighted
geometric mean of the servo and regulator gains given by Taysom in (Taysom et al., 2017). As a
compromise between the relaxed servo gains and the aggressive regulator gains, a weighted
geometric mean of the two is used, resulting in gains given by the following formulae:

𝑘𝑘𝑝𝑝 =
𝑘𝑘𝑖𝑖 =

0.788 𝜏𝜏 0.982
� �
𝐾𝐾𝑚𝑚 𝜃𝜃

0.944𝑘𝑘𝑝𝑝 𝜏𝜏 0.246
� �
𝜏𝜏
𝜃𝜃

𝜏𝜏 0.0025
𝑘𝑘𝑑𝑑 = 0.25𝑘𝑘𝑝𝑝 𝜃𝜃 � �
𝜃𝜃

(3.1)
(3.2)
(3.3)

The gains thus calculated are used in the controller with the adjustment for anti-windup
as described previously.

3.3.6

Experiment Design
With the two chosen feedrates of 1000 mmpm and 2000 mmpm, four temperature control

set-points of 375, 400, 425, and 450 °C were used for each feedrate, with an additional weld with
no temperature control (fixed rpm). For each set of feedrate/temperature conditions, one autotuning weld was performed, and then one weld was run using the auto-tuned PID settings. After
welding, the tool was allowed to cool to approximately 30 °C before the next tuning weld was
performed.
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3.3.7

Weld Setup
Welding was performed on a Transformation Technologies, Inc. RM-2 type linear

Friction Stir Welding machine retrofitted with a Bond Technologies high-speed B&R-based
controller. Each coupon of the AA6111 base material was 200x1000x2.7 mm in size, resulting
in a welded specimen size of 400x1000x2.7 mm. Welds were 900 mm in length, and the weld
and machine parameters were logged at a rate of 1250 Hz.

Figure 3.4: (a) Image of weld setup, showing weldpiece and clamping, etc. (b) Dimensions of
tensile specimen. (c) Illustration of tensile specimen locations in relation to the weld. First
tensile specimen is centered at 85 mm into the weld, with each subsequent specimen spaced
150mm from the previous.
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A 400x1000x6 mm plate of mild steel was placed under the weld to protect the main
anvil of 50 mm thick steel. Two 12x25 mm bars of mild steel were used to evenly distribute the
clamping load from four step clamps along the length of the coupons. Four screw blocks, with
corresponding pins on the other side of the weld, were used to provide a lateral clamping force.
An image of the overall setup is given in Figure 3.4a. The tool lead angle was 2° rearward with
regards to the welding direction.

3.3.8

Tensile testing
After welding, the specimens were aged at room temperature for 114.5±0.4 hours.

During this time, an abrasive water-jet machine was used to cut tensile-testing coupons at regular
intervals along the weld length. Six tensile specimens (dimensions shown in Figure 3.4b,
locations in Figure 3.4c) were tested from each weld. The specimens were pulled at a
displacement rate of 10 mm/min on an Instron 4204 until fracture, recording the maximum force.
These maximum forces were then converted into an Ultimate Tensile Strength (UTS) based upon
the tensile specimen dimensions. Tensile specimens of unwelded base material (BM) were also
pulled under the same conditions, resulting in a UTS of 311±0.48 MPa.

3.3.9

Fracture Modes
Since weld fractures in FSW are more complicated than fracture/no fracture, we also

categorized the weld fracture modes. This led to interesting results further on, but for now a
simple overview of the three categories is sufficient. The three main categories are: Weld
Centerline (CL), Heat-Affected Zone (HAZ), and Outside the Weld (OW). Fractures on the CL
generally occur due to an incomplete weld, with some form of the original seam remaining as a
wormhole or oxide layer (“lazy S”), or through a failure to weld the full depth of the seam (Lack
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of Penetration). Fractures in the HAZ can be caused by too much heat, which over-ages the
material; and finally, fractures outside the weld are generally considered the best fracture mode.
However, OW fractures can occur at lower weld strengths than a HAZ fracture, depending on the
heat experienced during the weld and the final local strengths of the weld bead. To clarify these
descriptions, an example of each fracture category is provided in Figure 3.5. Further explanation
of defect types in FSW is found in (Albannai, 2020).

Figure 3.5: Examples of the three classes of fracture modes. At top is a Weld Centerline (CL)
break, showing an incomplete weld; at center is a HAZ break, revealing a complete weld; and at
bottom is the “best” fracture mode: a break outside the weld. This same designation is used
throughout this work.
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Results & Discussion
This section details the results of the measured temperature of the thermocouple in the
tool head compared to other control methodologies, and the effect of spindle speed and
temperature on fracture methods.

3.4.1

Temperature Results
Due to the nature of a weld, when the weld starts it is the furthest it can possibly be from

the control temperature. PID control thus pins the rpm at the highest allowable speed until the
temperature starts to get close to the control temperature (set-point), at which point the rpm
smoothly slows down to an equilibrium. The speed at which the temperature rises to the setpoint, the maximum value of the temperature above the set-point, and the deviation of
temperature at steady-state are all important variables in considering the performance of a
temperature control method. It is difficult to compare the uncontrolled temperature response
with the controlled response, due to the differences, but comparisons to other temperature control
methods are possible.
Figure 3.6 compares the results from temperature control in this study in relation to the
temperature control results reported by several different authors using other methods of
temperature control in various metals. The current study uses a value of 5 °C to determine the
settling time as a reasonable approximation of a 2% settling time, since the 10% settling times
listed in other papers are not as comparable when the maximum overshoot is 1-2% for the
current work.
Figure 3.7 shows the temperature response as a function of position along the weld in
both the controlled and fixed-rpm welds. Note the difference in consistency – if 460 °C was a
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critical temperature, then only the 1000 rpm weld in the 1000 mmpm fixed-rpm series would
have passed. Note, however, that the temperature experienced by the weld would still have
varied over the length of the weld by more than 100 °C. The weld controlled at 450 °C, by
contrast, was at 440 °C within the first 50 mm of traverse, and did not deviate by more than
10 °C from the set-point from that point forward. The tensile tests for the two welds (with and
without temperature control) reflected this inconsistency in their material properties, with a
standard deviation of 8.57 MPa for the uncontrolled but only 2.39 MPa for the controlled weld
(See Table 2).

Figure 3.6: Comparison of the results from using an autotuned PID controller based on spindle
speed with results reported by several other authors. Rise / settling times were not available
from all sources. “This Paper” results are averaged across all temperature control welds from
Table 2. The PID-Spindle "Regulator" and "Servo", and the two Model-based results are in
AA7075 from (Taysom et al., 2017), the PID-Cascade-Torque results are in AA7075 from (Ross
and Sorensen, 2013a), and the PID-Cascade-Spindle results are in copper from (Cederqvist et al.,
2010a). Y-axis represents either %-overshoot or seconds (rise/settling times or 10 times their
standard deviation).
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Figure 3.7: Temperature control response for each weld at 1000 mmpm (left) and 2000 mmpm
(right). The welds are labeled according to the control method: either the set-point temperature
for the temperature-controlled welds, or the value of the fixed rpm for the uncontrolled welds.
Markers are for convenience in curve identification, the true sampling rate was 64 Hz.

It should also be noted the relative similarity of the temperature-controlled welds across
the two feedrates—identical set-point temperatures resulted in similar temperature responses.
The discrepancies in the 2000 mmpm set during the beginning portion of the weld are due to
limitations of our machine. Due to issues with the spindle, it was limited to 1800 rpm at the time
these welds were performed. With a higher max rpm, the machine would be better able to
respond to the increased heating requirements at the higher feedrate. However, the fixed-rpm
welds also displayed this issue, where the 1150 rpm / 2000 mmpm weld actually reached a lower
maximum temperature than the 1000 rpm / 1000 mmpm weld, and had a slower temperature rise
as well. Resolving this without control would call for a manually-tuned, inflexible program with
stepped rpm levels – perhaps 1800 for the first 100 mm of weld, then 1600 for the next 100 mm,
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etc. A properly-tuned PID setup will accomplish this automatically, and in a flexible way,
automatically accounting for slight variations between welds.

3.4.2

Weld Strength Results
Examining purely the average UTS and the standard deviation of the six tensile

specimens from each weld (Table 2), a few trends are apparent. First, the welds at the lowest
set-point temperatures had the lowest strengths, but there is a slow rise in strength with set-point
temperature, ending at the 450 °C temperature-controlled welds. These welds, in fact, are the
best, with the highest average strength and also the lowest standard deviation among their
respective feedrates, when performing statistics on the data as a function of weld position.

Table 2: Summary of Tensile Results by Weld
1000 mmpm welds
375 °C
400 °C
425 °C
450 °C
1000 rpm
1200 rpm
1400 rpm
2000 mmpm welds
375 °C
400 °C
425 °C
450 °C
1150 rpm

Mean UTS (MPa)
204.2
214.1
230.1
254.9
247.9
246.0
251.9
Mean UTS (MPa)
211.7
230.5
248.3
253.9
248.8

Std. Dev (MPa)
6.7
12.8
11.2
2.4
8.6
2.5
4.4
Std. Dev (MPa)
9.3
8.6
5.2
3.4
3.7

The fixed-rpm welds, by comparison, have good strengths that are slightly below the
450 °C welds, but greater standard deviations, showing greater inconsistencies in weld properties
along the welds. Overall, the welds ranged from 66-82% of the base material strength; however,
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as reported values for “fresh” 6111-T4 range from 250-285 MPa (2019a; 2019b), meaning that
most of the welds here could be considered 100% of the base “fresh” material strength.
However, looking purely at the average strengths and standard deviations does not tell the
whole story. Figure 3.8a & a show how the welds’ strengths changed across the course of each
weld. The 375-425 °C temperature-controlled welds start out with a spike of high strength,
which quickly falls, while the strengths of the other welds are relatively constant. The
temperature-controlled welds are characterized by a high initial rpm, which then slowly falls to
reduce thermal input as the temperature approaches the set-point. Correlating the weld strengths
with the spindle rpm reveals a strong positive correlation between the rpm and the resultant weld
strength, as seen in Figure 3.7c & Figure 3.8c. There is also a transition point in the plot at
around 1050 rpm for 1000 mmpm, and 1300 rpm for 2000 mmpm, where the strengths level off
and the fracture modes change. We postulate that this is due to a minimum level of mixing
needed to avoid a “lazy S” defect. Other researchers have found similar results in AA6061 (Choi
et al., 2018), although at much lower feedrates.
However, by examining the fixed-rpm welds, it is also evident that maintaining a
consistent rpm does not guarantee consistent weld strengths. The strengths still rise and then fall
as the temperature of the weld increases (See Figure 3.7). This is also evident in Figure 3.8b &
Figure 3.9b, where there is an upward trend of strength with respect to weld temperature.
However, these plots do not show the same marked transition point from CL to HAZ fractures,
which demonstrates that the minimum level of mixing must still take place for a successful bond.

38

Figure 3.8: Effect of weld position, spindle rpm, and weld temperature for the 1000 mmpm
welds. (a) Weld strengths as a function of tensile specimen location, as shown in Figure 3.4c.
The distinguishing parameters of each weld (control temperature or fixed-rpm) are listed along
the top. (b) Weld strengths as a function of the tool temperature experienced by the tensile
specimen location during welding. (c) Weld strengths as a function of the spindle rpm at the
tensile specimen location. For all, marker types are as given in Figure 3.5: circle: CL, triangle:
HAZ, star: OW. Experimental error for tensile values is ±2.0 MPa.
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Figure 3.9: Effect of weld position, spindle rpm, and weld temperature for the 2000 mmpm
welds. (a) Weld strengths as a function of tensile specimen location, as shown in Figure 3.4c.
The distinguishing parameters of each weld (control temperature or fixed-rpm) are listed along
the top. (b) Weld strengths as a function of the tool temperature experienced by the tensile
specimen location during welding. (c) Weld strengths as a function of the spindle rpm at the
tensile specimen location. For all, marker types are as given in Figure 3.5: circle: CL, triangle:
HAZ, star: OW. Experimental error for tensile values is ±2.0 MPa.

Considering the relatively small sample sizes, an analysis for the difference in mean
strength by Dunnett’s method of the 450 °C controlled weld in comparison to the fixed rpm
welds results in p-values of 0.07, 0.02, and 0.63 for the 1000, 1200, and 1400 rpm welds
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respectively in the 1000 mmpm set. A similar analysis of the 2000 mmpm set, with the 450 °C
weld as control in comparison to the 1150 rpm weld results in a p-value of 0.03. All statistical
indicators are thus in agreement that the 450 °C controlled welds in general led to higher
strengths than were achieved by the fixed-rpm method.

3.4.3

Link to Temperature vs. Link to RPM
However, although the 450 °C welds performed well, it is important to note that

temperature alone will not result in a successful weld. This is perhaps more obviously pointed
out in Figure 3.10, where the individual tensile properties are compared by feedrate. Notice that
while there is a sharp transition point along the spindle rpm axis, there is a large overlap along
the temperature axis, where specimens that experienced similar temperatures fractured in very
different modes. Maintaining a set temperature alone does not guarantee a good fracture method.
For example, specimens at 450 °C and 1200 or 1400 rpm had a good fracture method, while the
specimens at 450 °C and 1000 rpm failed in the centerline. While setting a deliberately high
temperature set-point may result in good welds by staying above this minimum rpm, it may be
more effective to account for this minimum rpm in the PID controller and allow the temperature
to rise at that point, instead of further decreasing the rpm. The temperature rise may cause
greater variability in the remainder of the weld, but less than if the rpm was allowed to drop and
change the fracture mode.
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Figure 3.10: Illustration of the temperature and spindle rpm experienced by each tensile coupon
in the 1000 mmpm (left) and 2000 mmpm (right) regimes. The expected trend of increasing
temperature with increasing rpm is visible, but it is also clear that the divide between different
fracture modes is dependent on rpm, not temperature.

3.4.4

Conclusions
We have examined one of the simplest methods of adding control – single-loop PID

control of the spindle rpm based on the tool temperature – and have found that it provides a
tangible benefit in comparison to welding with a fixed rpm when the linear weld rates are near
industrial speeds (1,000-2,000 mmpm). We found greater consistency in weld strengths, better
weld fracture mechanisms, and documented the existence of an apparent minimum rpm for the
change in fracture mechanism. This method of control is simple to implement on an existing
FSW machine, as all it requires is existing digital control of spindle speed, a spare PID channel
on the PLC, and a wireless thermocouple embedded in the tool. We recommend an
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implementation of PID temperature control, with a minimum rpm, as a way to improve weld
properties and consistency to the FSW industry.
These findings also may be of use in weld development, as the transition point in strength
will likely remain at a similar temperature throughout the regimes of different weld feedrates,
enabling simpler determination of suitable rpm ranges for production. This temperature may
also be consistent across other heat-treatable aluminum alloys, but additional research is needed
for that determination.
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4

CONCLUSIONS

With 30 years of friction stir welding and a decade of experience in thermal control of the
process we see surprisingly low implementation of thermal control. Numerous authors have
reported on the ability to accurately control the process leading to improvements in weld
properties, reduction in development time, and greater ability to deal with process disturbances.
While several temperature control methodologies require complex adaptations of motor drivers
and controllers, we demonstrated that an auto-tuned single-loop PID spindle speed controller
may be used to effectively control temperature. Furthermore, we showed this approach can be
used in conjunction with an auto-tuning setup to allow essentially push-button operator use of
thermal control. The auto fault recovery ability of the auto-tuning algorithm and the
straightforward use of the calculated gains with the anti-windup addition require little operator
knowledge or training. The full setup, with auto-tuner and single-loop PID control, can be easily
adapted to any machine that already allows for digital spindle speed control through simple
software modification and the addition of a Bluetooth thermocouple for temperature
measurement.
Furthermore, this study elucidated the benefits of applying a temperature control strategy
to industrial application of FSW including: greater consistency in weld strengths along the length
of a weldment and improved weld fracture mechanisms that ultimately demonstrated a consistent
ability to fracture in the HAZ or outside the weld region all together. Additionally, a thorough
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study of thermally controlled welds in comparison to fixed RPM welds revealed the existence of
an apparent minimum RPM that influenced the fracture mechanisms regardless of the weld
temperature. This minimum RPM threshold provides further understanding of process control
for FSW, as it recognizes that while thermal control aids in reducing variation in FSWs there are
still fundamentally minimum requirements for energy input that must be met to produce good
welds. Based on the results of this study, we recommend an implementation of PID temperature
control, with a minimum rpm, as a way to improve weld properties and consistency to the FSW
industry.

Unique Contributions
This section enumerates the completion of the research objectives and other contributions
of this work, and indicates where each can best be found within the work.
•

Examine single-loop PID spindle speed control (Section 2.5, Figure 2.7, Figure 2.8)

•

Use auto-tuner, mimic push-button operation (Section 3.3.5)

•

Evaluate performance in weld strength compared to fixed-rpm welds (Section 3.4)

•

Determine if single-loop PID provides measurable benefits (Section 3.4.2)

•

Additionally, illustration of the minimum rpm, irrespective of temperature (Section 3.4.3,
Figure 3.10.)

Future Work
4.2.1

Application to Additive Friction Stir Deposition
There are several processes in the Friction Stir Technologies where temperature control

has not yet been successfully implemented. Additive Friction Stir Deposition (AFSD) is a
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friction stir process where a tool with a hollow pin or bore is used to directly apply new material
with a stirring motion. This process shows promise in being used for metal additive processes,
as the resulting material has “wrought” properties. However, manual control is currently
required, as through the process of building up layers the heat flow path changes significantly.
Temperature control could be applied to this process to allow fully automatic operation, and may
have additional benefits.

Figure 4.1: Preliminary results of auto-tuned single-loop PID in the AFSD process. (a)
Temperature response after enabling temperature control in a 3-high weld of 1 mm layer height
in AA7050. Traverse speed was 50 mmpm. (b) Image of several stacked welds made under
temperature control.

The method shown in this work (Auto-tuned Single-loop PID) has been successfully
applied to create temperature control welds in AFSD. Preliminary results indicate stable
temperature control within ±3 °C of the set-point temperature, although the effects of
temperature control on material properties or in complicated and extensive builds has not been
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measured. A comparison of temperatures for three successive 1 mm layers of 150 mm length is
shown in Figure 4.1.

4.2.2

Application at Higher Feedrates
Although single-loop PID has been shown successful at 1 & 2 m/min, further

experimentation at feedrates of 3-6 m/min could prove even greater utility to industry. If
temperature control can effectively maintain temperature stability a feedrates higher than fixedrpm welding, industry adoption would be nearly assured in most applications.
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