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CHALLENGES OF TEMPERATURE MEASUREMENT DURING
THE FRICTION STIR WELDING PROCESS

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. Bibl. 12, Fig. 7.
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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. One of the most relevant process
variables is the axial force between the tool and the component. This force acts or- thogonally 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 al- lows conclusions to be drawn about the heat input and thus the
thermomechanical stress on the microstructure [2 —4]. Temperatures are currently measured by
thermography or thermocouples, 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 be- tween
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the shoulder of the tool and the workpiece. In addition, various publications have described that the
thermocou- ples were either destroyed or changed in their position during the welding process so that
an exact temperature meas- urement 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 work- piece 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 deci- sive influence on the uncertainty of the measured temperature. In the following, the
application of this method is de- scribed using the example of a robotized friction stir welding system
and the results achieved are presented and dis-cussed.

Fundamentals of temperature measurement with thermocouples

If there is a temperature difference 7 = T; - T, at the ends of a metallic conductor (7} > T), 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 rea- son for the occurrence of a potential difference E along the
conductor.

E=p— —-dx (D

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 in
relation to the absolute thermoelectric emf of a conductor made of another material. This can be
explained by the connecting wires of the volt- meter (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.
1), indicates that an electric current is generated in a loop of two different conductors A and B when
differ- ent temperatures T; and T, are present at the junctions of the two conductors.

Fig. 1. 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 voltme- ter 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=(S,-S,)-AT 2)
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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 thermoe-lectric
voltage occurs when the Seebeck coefficient changes, e.g. due to mechanical or chemical influences on
the con- ductor 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. 2).

Cu

B = ¢y

Fig. 2. Basic circuit of temperature measurement
with thermocouples

The temperature 7, must be known and constant over the measuring period. When defining
their characteristic curve, internationally standardized thermocouples refer to a temperature 7,, also
known as reference junction temperature, of 7, = 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
thermoelectric 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 contributions to the thermoelectric emf should occur when using compensating
cables, even if they are in the range of the temperature gradient. In practice, however, additional
contributions to the measurement uncertainty occur, which must be taken into consideration in the
process of measurement.

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].

Tool-Workpiece-Thermocouple (TWT-) Method

In the present paper, the direct measurement of the electrical thermoelectric voltage between
workpiece and tool is studied using the example of a robotic system for friction stir welding (Fig. 3).

ISSN 1607-8829 Journal of Thermoelectricity Ne2, 2020 35



Silke Augustin, Thomas Fréhlich, Gunter Krapf, Jean-Pierre Bergmann, Michael Gritzel, Jan Ansgar Gerken, Kiril
Challenges of temperature measurement during the friction stir welding process

The average temperature is recorded along the entire contact surface between the tool and the
workpiece.

First, it is necessary to investigate which thermoelectric or compensating cables can be
connected to the two basic ele- ments of the electric thermoelectric voltage circuit in the welding robot
so that a thermoelectric circuit up to the measur- ing device is created. It is to be expected that process-
related temperature 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.

« [ata acquisition by software
— «  Converting the woltage into a
' - ternperature difference (reference
S & — junchon temperaturg)
E g 2 21|+ Determination of the process zone
;1::, o " E O temperature by using material-
TWT, ulls e e specific seebeck coefiicients
P
L]
H“‘"‘x_ B =

Norkpece

Fig. 3. Basic principle of the Tool-Workpiece- Thermocouple (TWT) Method [11]

The grinding system is electron- ically 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 ca-bles 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 meas- uring instrument (Fig. 4).

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 meas- urements 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 assumptions made, the temperature at the reference junctions was the same.
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Cu-cable

Thermo-couple.

" 4

N
A
Fig. 4. Fastening of the thermal and copper cable to the tool (top) or workpiece (bottom)

Results
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.
Figure 6 shows the results for the material combination 1.2344/EN AW 6060 T66.

voltage-temperature with seebeck curve (1.2344 / EN AW 6060)
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Fig. 5. Result of calibration for 1.2344 and EN AW 6060 [11]
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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 temperature difference of the sup-porting 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 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.

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 de- scribed in chapter 3. The resulting forces are
recorded by a multi-component dynamometer from KISTLER, which is located below the component
holder (Fig. 5).
The system was operated with the following welding parameters:
welding speed: 1000 mm/min
rotational speed: 5000 min-1
axial force: 4000 N

shoulder diameter: 13 mm

probe diameter: 5 mm

— weld seam length: 250 mm

— plunging depth: 4.5 mm

For validation of the calculated temperatures from the Seebeck coefficients determined during

calibration, sheath ther- mocouples 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. 6). 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 thermo- couples. The thermocouples
were positioned 2 mm below the welding surface in the gap between the workpieces has to be joined.

Fig. 6. Positioning of the thermocouples along the weld seam (from left TE1 - TE4)

38 Journal of Thermoelectricity Ne2, 2020 ISSN 1607-8829



Silke Augustin, Thomas Fréhlich, Gunter Krapf, Jean-Pierre Bergmann, Michael Grdtzel, Jan Ansgar Gerken, Kiril
Challenges of temperature measurement during the friction stir welding process

The measured thermoelectric voltages were filtered with a passive low-pass filter of 1st order of
1 Hz. Figure 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. Im- mediately 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 Figure 7,
which should be used to validate the results of the direct thermoelectric voltage measurement (referred
to as Tweld ThermV in the dia-gram), 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 ther- mocouple 3 was not positioned
exactly, which can be used to justify the deviating temperature curve.

temperature measurement EN AW 6060 & 1.2344
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Fig. 7. Results during the welding process [11]

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 rotational frequency of the rotating spindle
or the system-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 measure-ments.
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Summary and outlook

The measurement results presented in the paper demonstrated that a direct temperature
measurement can be accom-plished 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 achieved measuring values of the calibration should be additionally confirmed by
an exact laboratory calibration. During the first measurements on the robotic FSW welding robot, the
following influences on the measurement results and their uncertainty were identified:

— uncertainty of the characteristic curve determination,

—  EMC load due to system periphery,
—  wear of the probe during the welding process,

— not yet identified temperature gradients in the area of material transitions, which cause additional
thermoelec-tric 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 trans- fer processes are also to be calculated in advance
using numerical simulations [12] and subsequently verified by meas-urement technology.
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MPOBJEMM BUMIPY TEMIIEPATYPH B ITPOIECI POTAIIMHOT'O
3BAPIOBAHHS TEPTAM

Toune suzHauenHs memnepamypu MexHOA02IYHOL 30HU HAOY8AE 6ce Dbl BAJCIUBY PONb 6 Npoyeci
KOHMPOIO | MOHIMOPUH2Y pOMAayitiHo20 36aproeants mepmsam. B danuil vac eumipiogants memnepamypu
30TUCHIOEMbCSL  3a  O0ONOMO20K0  680Y008AHO20 6 [HCMPYMeHm oasaua memnepamypu (3a36uyai
mepmonapu). Ockinoku il He MOJICHA Npukpinumu de3nocepednbo 00 obnacmi 3'€OHaAHHA, PO3CIIOBAHHS
menia 6cepeouni iIHCmpyMeHmy i 8 HABKOTUWHE cepedosUuIye BUKTUKAE BIOXULEHHS 8 BUMIPAX, A MAKOJIC
3aMPUMKY BUMIPIOGANHS MeMnepamypu 6 yaci. ¥ cmammi onucano npoyec i nog'sazaui 3 Hum npooiemu.
Iokazano, wo npsme UMIpIOBaHH memMnepamypu 6 xooi npoyecy modce Oymu 30ilicHeHe 3a paxyHoK
BUKOPUCIAHHSL MEPMOELEKMPUYHO20 eheKmy MIdc IHCmpyMeHmoM i 0emaino 6e3 3aMiHu IHCmpyMeHmy
WAsAXoM 68e0enHsi 0o0amKosux dasayie memnepamypu. bion. 12, puc. 7.

KoarouoBi cioBa: porariiiHe 3BaproBaHHsI TepPTsM, NpsME BUMIPIOBAHHs TemIiiepaTypH, edekr 3eedeka,
MOXHOKH BUMIPIOBaHHS
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IMPOBJIEMbBI UBMEPEHUSA TEMIIEPATYPBI B ITIPOINECCE
POTAIIMOHHOM CBAPKH TPEHUEM

Tounoe onpedenenue memnepamypvl MexHOA0SULECKOU 30Hbl npuodbpemaem 6ce Oojiee 8ANCHYIO POJlb 6
npoyecce KOHMPOIs U MOHUMOPUH2A POMAYUOHHOU C8aApKU mpenuem. B nacmosiwee epemst usmepenue
memMnepamypol OCyWeCcmeasiemcss ¢ NOMOWbI0 GCMPOEHHO20 8 UHCMPYMEHM OamuuKa memnepanmypol
(0bviuno mepmonaput). I1ockonbKy ux Henv3s NPUKPEnUmMb HenocpeoCmeeHHO K 00aacmu coeOuHeHus,
paccesiHue mMenia GHYMpU UHCMPYMEHmMA U 6 OKPYICAowyio cpedy 6bi3bleaen OMKIOHEHUs 6
UBMEPEHUSIX, a MAKICE 3A0ePICKY UIMEPEHUsL TMEMNEPAmYpbl 80 6pemenu. B cmamve onucan npoyecc u
CBA3AHHbIE C HUM NpOOIeMbl, KAK NpAMOe UMepeHue memMnepamypsl 8 xo0e npoyecca Modicem Ovlmb
00CMUSHYMO 34 CYem UCHONb308AHUSL TMEPMOILEKMPUYECKO20 IPhexma mencoy UHCMPYMEHMOM U
Odemanvio, Oe3 3aMeHbl UHCIMPYMEHMA Nymem 66e0eHusi OONOIHUMEIbHBIX OAMYUKO8 MeMNepamypbl.
bubn. 12, puc. 7.

KaroueBble c10Ba: poTaloHHAs CBapKa TPEHHEM, NPSMOE M3MEpeHHe TeMmeparypsl, ekt 3eebeka,
HOrPEIHOCTH U3MEPEHHsI
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