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Abstract. The exact determination of the process zone temperature can be considered as an increasingly important role in
the control and monitoring of the friction stir welding process (FSW). At present, temperature measurement is carried out with the
aid of a temperature sensor integrated into the tool (usually thermocouples). Since these cannot be attached directly to the joining
area, heat dissipation within the tool and to the environment cause measurement deviations as well as a time delay in the
temperature measurement. The article describes a process and the challenges that arise in this process, how a direct temperature
measurement during the process can be achieved by exploiting the thermoelectric effect between tool and workpiece, without

changing the tool by introducing additional temperature sensors.
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1. Introduction

Friction Stir Welding (FSW) was developed and
patented by Wayne Thomas at TWI (The Welding
Institute) in Great Britain in 1991. It is assigned to the
group of solid-state welding processes. In contrast to
friction welding, the operating principle in FSW is not
based on a relative movement of the workpieces, but by
means of a wear-resistant rotating tool (Fig. 1). One of
the most relevant process variables is the axial force
between the tool and the component. This force acts
orthogonally to the welding direction and causes the tool
to be completely immersed in and to remain in the
joining area. This welding process is characterized by
comparatively low joining temperatures below the
melting temperature and excellent mechanical weld seam
properties in comparison to conventional welding
processes, such as arc and laser welding [1]. Friction stir
welding is used in aerospace, shipbuilding, medical
technology, and automotive engineering. However, the
challenges for possible direct temperature measurement,
based on the Seebeck effect, are the spindle speeds of the
welding tool and the forces acting in the process. Thus,
high demands on the design of the measuring device and
the permanent transmission of the electrical voltage are
necessary [2]. The measurement of the joining zone
temperature during the process is an increasingly
quantifiable indicator, as it allows conclusions to be
drawn about the heat input and thus the thermomecha-
nical stress on the microstructure [2—4]. Temperatures
are currently measured by thermography or thermo-
couples, which are integrated into the welding tool [5].
However, the latter method is very costly and inaccurate,
as the thermocouple does not contact the friction point
between the shoulder of the tool and the workpiece. In

addition, various publications have described that the
thermocouples were either destroyed or changed in their
position during the welding process so that an exact
temperature measurement was not possible [3].
Measurement deviations and time delays can occur due
to heat conduction in the tool or the heat transfer to the
environment. An alternative to inserting thermocouples
in the tool is the Tool-Workpiece-Thermocouple method
(TWT method), in which the occurring electrical
thermoelectric voltage between tool and workpiece can
be measured and then converted into a temperature
value. However, this method places high demands on the
used measuring circuits and the experimental
determination of the various influencing parameters, as
these have a decisive influence on the uncertainty of the
measured temperature. In the following, the application
of this method is described using the example of a
robotized friction stir welding system and the results
achieved are presented and discussed.
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Fig. 1: Basic principle of friction stir welding with:
1 —tool; 2 — shoulder; 3 — probe; 4 — workpiece;
5 — workpiece; 6 — exit hole
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2. Fundamentals of Temperature Measu-
rement with Thermocouples

If there is a temperature difference T = T1-T2 at
the ends of a metallic conductor (T1 > T2), the electrons
at the warm end are of higher thermal energy than the
electrons at the cold end. As a result, the electron
diffusion, which is the reason for the occurrence of a
potential difference E along the conductor.

dU dT
E—quT 0 dx . (1)

The quotient dU/dT, describing the occurring
differential thermoelectric voltage U along the conductor
as a function of the temperature difference, is material-
dependent and referred to as the Seebeck coefficient
S(T) of the material.

The absolute thermoelectric emf of the conductor
cannot be measured directly, but only indifference to the
absolute thermoelectric emf of a conductor made of
another material. This can be explained by the
connecting wires of the voltmeter (mostly Cu) that are
led from the hot and cold end of the conductor through
an unknown temperature field, thus generating further
differential, unknown thermoelectric emf. Therefore, two
electric conductors with known Seebeck coefficients are
connected to form a thermocouple measuring circuit.
The underlying physical principle, the Seebeck effect
(Fig. 2), indicates that an electric current is generated in
a loop of two different conductors A and B when
different temperatures 77 and 7, are present at the
junctions of the two conductors.

Fig. 2. Schematic representation of the Seebeck effect [6]

For measuring the resulting thermoelectric
voltage, the closed circuit is disconnected at one point
(Fig. 3) and a voltmeter is applied. In the most basic
case, i.e. at low-temperature differences and for a
homogeneous Seebeck coefficient for the entire
conductor length, the following applies to the measured
thermoelectric emf:

U=(SA—SB)AT. 2

The length and the cross-section of the respective
conductors are not relevant in this case. It can also be
assumed that inhomogeneous conductors, with constant

Seebeck coefficients over the entire length of the conductor,
the occurring thermoelectric voltage depends only on the

temperature  difference between the two junctions.
Temperature gradients along the homogeneous conductors
have no effect on the measured thermoelectric emf since the
resulting differential partial voltages along the two
conductors cancel each other [6, 7]. On the other hand,
however, an additional thermoelectric voltage occurs when
the Seebeck coefficient changes, e.g. due to mechanical or
chemical influences on the conductor material, if these
inhomogeneities in the conductor material are located in the
temperature gradient [8, 9, 10].

For the basic circuit for temperature measurement
with thermocouples, which is most frequently used in
technology, the circuit is disconnected at a junction and the
voltmeter is connected there via copper wires (Fig. 3).
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Fig. 3. Basic circuit of temperature measurement with
thermocouples

The temperature T, must be known and constant
over the measuring period. When defining their charac-
teristic curve, internationally standardized thermo-
couples refer to a temperature T,, also known as refe-
rence junction temperature, of Ty = 0 °C. If this
reference junction temperature deviates from 0 °C, a
corresponding correction must be made when converting
the thermoelectric voltage into temperature.

When it is not possible to lead the thermocouple
cables to the cold junction, compensating or thermo-
electric cables are used in practice. These cables provide
the same thermoelectric material properties as the
thermocouple cables used in a limited temperature range
(up to approx. 200 °C). Ideally, no additional contri-
butions to the thermoelectric emf should occur when
using compensating cables, even if they are in the range
of the temperature gradient. In practice, however, addi-
tional contributions to the measurement uncertainty
occur, which must be considered in the measurement
uncertainty budget.

The illustrated basic principle of temperature
measurement with thermocouples can also be used for
direct measurement of the temperature between tools and
workpieces in production machines [6].

3. Tool-Workpiece-Thermocouple (TWT-)
Method

In the present paper, the direct measurement of
the electrical thermoelectric voltage between workpiece
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and tool is studied using the example of a robotic system
for friction stir welding (Fig. 4). The average
temperature is recorded along the entire contact surface
between the tool and the workpiece.

Data acquisition by software

J =  Converting the voltage into a
temperature difference (reference
Jjunction temperature)
Determination of the process zone
temperature by using material-
specific seebeck coefficients

spindle + tool

DAQ

Receiver

Signal preparation
(Measuring amplifier)

Fig. 4. Basic principle of the Tool-Workpiece-Thermocouple
(TWT) Method [11]

First, it is necessary to investigate which
thermoelectric or compensating cables can be connected
to the two basic elements of the electric thermoelectric
voltage circuit in the welding robot so that a
thermoelectric circuit up to the measuring device is
created. It is to be expected that process-related tempe-
rature gradients will occur in the system, which could
cause additional thermoelectric voltages with different
material combinations. The Production Technology
Group [11] has developed a grinding system for the test
adaptable to the robotized FSW system (Fig. 4 above).
The electrical voltage is to be tapped directly from the
rotating tool and led to a thermoelectric cable. The
grinding system is electronically isolated from the
system in order to avoid interferences. The friction stir
welding tool used consists of hardened tool steel
(1.2344), and the workpieces to be joined are made of
the aluminum alloy EN AW 6060 T66 with a sheet
thickness of 5 mm, a length of 300 mm and a width of
50 mm. The workpieces were joined by butt joint
formation. The individual components, which carry the
thermoelectric voltage from the probe to the Cu cable,
are made of the same material (1.2344) in order not to
interfere with the rules for thermoelectric circuits.

For the following investigations, the friction stir
welding tool or workpiece was first extended with
thermoelectric cables made of the same materials as the
tool and workpiece in order to tap the thermoelectric
voltage. Copper cables were connected to these
thermoelectric cables, comparable to the basic circuit in
Fig. 2, to carry the signal to the measuring instrument
(Fig. 5).

This design requires the reference point in the
thermoelectric circuit to be located at different points in
the system. It is not guaranteed that the reference
junction temperature of both contact points is identical
over the course of time. The heat dissipation through the
thermoelectric lines was estimated in advance for heat
conduction by analytical calculations and dimensioned in

such a way that the same temperature finally prevails at
the reference junctions. In the first measurements at the
system, the temperature of the reference junctions was
monitored by means of applied thermocouples to
validate the previously calculated minimum lengths. The
measurements confirmed the correctness of the assump-
tions made, the temperature at the reference junctions
was the same.
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Fig. 5. Fastening of the thermal and copper cable
to the tool (top) or workpiece (bottom)

4. Results
4.1 Calibration of the material combination

The used material combination of tool steel
(1.2344) and aluminum alloy EN AW 6060 T66 does not
belong to the internationally standardized thermocouple
material combinations. Therefore, the T-U-characteristic
or the Seebeck coefficient of the material pairing was
determined at first. The calibration was carried out in a
temperature-controlled test rig using a calibrated
thermocouple. Fig. 6 shows the results for the material
combination 1.2344/EN AW 6060 T66.

The left ordinate axis shows the determined
Seebeck coefficient (orange) and the opposite one the
thermo-voltage axis (blue). The Seebeck coefficient was
determined with the simplified equation 2. The tem-
perature difference of the supporting points was 10 K.
The results were firstly used to calculate the
temperatures during the welding process in order to
prove the basic suitability of the measurement setup. The
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characteristic curve of the material combination is to be
determined more precisely in subsequent tests in the
calibration laboratory of the Institute for Process
Measurement and Sensor Technology.

4.2 Measurements at the robotized FSW
welding unit

The temperature measurement experiments are
carried out on a serial kinematic 6-axis jointed-arm robot
KUKA KR 500 MT 3. The robot is equipped with a
modified FSW spindle from MAG, which is fitted with a
tool clamping system for hollow shank tapers (HSK 63).
The friction stir welding tool and workpiece were
integrated into the system as described in chapter 3. The
resulting forces are recorded by a multi-component
dynamometer from KISTLER, which is located below
the component holder (Fig. 6).

voltage-temperature with seebeck curve (1.2344 / EN AW 6060)
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Fig. 6. Result of calibration for 1.2344 and EN AW 6060 [11]

The system was operated with the following
welding parameters:

e welding speed: 1000 mm/min;

e  rotational speed: 5000 min-1;

e  axial force: 4000 N;
shoulder diameter: 13 mm;

e  probe diameter: 5 mm;

e weld seam length: 250 mm;

e  plunging depth: 4.5 mm.

For validation of the calculated temperatures from
the Seebeck coefficients determined during calibration,
sheath thermocouples type K were integrated into the center
of the welding zone (stir zone). Therefore, grooves were
prepared in the workpiece in which the thermocouples were
inserted without damage (Fig. 7). The intention was to
prove that the temperature in the welding zone measured
with the system set up was almost on the same level as that
of the thermocouples. The thermocouples were positioned
2 mm below the welding surface in the gap between the
workpieces has to be joined.

The measured thermoelectric voltages were
filtered with a passive low-pass filter of 1st order of 1
Hz. Fig. 8 shows the increase in temperature (red) and

force (blue) of the material combination 1.2344 & EN
AW 6060 T66 throughout the welding time. It can be
clearly noticed that the temperature rises during the
plunging phase and reaches a maximum of 450 °C at
appr. 12 s. At the same time, a reduction of the axial
force to almost 1000 N can be recognized, which is due
to a reduction of the yield stress of the aluminum alloy.
After the tool has sufficiently plasticized the workpiece
material, the contact surface at which the electrical
thermoelectric voltage is generated increases. Due to the
contact with the still cool tool body and the plasticized
workpiece, a temperature decrease of approx. 125 °C can
be determined. During the welding phase (starting at
t = 15 s), the axial force (4000 N) and the temperature
(approx. 500 °C) remain almost constant. The latter
criterion corresponds to approx. 75% of the liquidus
temperature of EN AW 6060 T66. Immediately before
the tool retraction, the force and the temperature rise
briefly before the welding tool leaves the joining area.
This can be explained by a short dwell time before the
tool retraction whereby process-related reorientations of
the spindle take place. The temperature curves of the
thermocouples (TE1-TE4) also shown in Fig. 7, which
should be used to validate the results of the direct
thermoelectric voltage measurement (referred to as
Tweld ThermV in the diagram), always indicate a
maximum below the temperature curves. This can be
attributed both to a positioning slightly below the surface
[7] and to the delay periods of the thermocouples. It was
determined after the measurement that thermocouple 3
was not positioned exactly, which can be used to justify
the deviating temperature curve.

Fig. 7. Positioning of the thermocouples
along the weld seam (from left TE1 — TE4)

It is also noticeable that interference signals are
already recorded before and also after welding, i.e.
during the open thermoelectric circuit. This is mainly
explained by disturbance variables, e.g. the 50Hz mains
frequency (correctable with low-pass filter), the rota-
tional frequency of the rotating spindle or the system-
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related EMC load. As a result, both the values of the
calibration and the results obtained during the welding
process must be validated by repeat measurements.
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Fig. 8 Results during the welding process [11]

5. Summary and outlook

The measurement results presented in the paper
demonstrated that a direct temperature measurement can
be accomplished using the TWT method. The calibration
characteristic curve was determined for the material
combination used and applied to measure the process
zone temperature during the joining process. The achie-
ved measuring values of the calibration should be addi-
tionally confirmed by an exact laboratory calibration.
During the first measurements on the robotic FSW
welding robot, the following influences on the measure-
ment results and their uncertainty were identified:

e uncertainty of the characteristic
determination,

curve

e EMC load due to system periphery,

e wear of the probe during the welding process,

e not yet identified temperature gradients in the
area of material transitions, which cause additional
thermoelectric voltages.

In the future cooperation between the Production
Technology Group and the Institute for Process
Measurement and Sensor Technology at the TU Ilmenau,
the possibilities of direct temperature measurement
based on the Seebeck effect both for friction stir welding
and for other welding processes are to be further
investigated and verified. The heat transfer processes are
also to be calculated in advance using numerical simu-
lations [12] and subsequently verified by measurement
technology.
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