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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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Вступ 

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 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 rea- son for the occurrence of a potential difference E along the 

conductor. 

dU dT
Е dx

dT 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 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 T1 and T2 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: 

( )A BU S S T= −         (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). 

 

 

Fig. 2. Basic circuit of temperature measurement 

 with thermocouples 

The temperature T2 must be known and constant over the measuring period. When defining 

their characteristic curve, internationally standardized thermocouples refer to a temperature T2, also 

known as reference junction temperature, of TV = 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). 
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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. 

 

 

 

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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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. 

 

 
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) 
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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. 

 

 

 

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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ПРОБЛЕМИ ВИМІРУ ТЕМПЕРАТУРИ В ПРОЦЕСІ РОТАЦІЙНОГО  

ЗВАРЮВАННЯ ТЕРТЯМ 

Точне визначення температури технологічної зони набуває все більш важливу роль в процесі 

контролю і моніторингу ротаційного зварювання тертям. В даний час вимірювання температури 

здійснюється за допомогою вбудованого в інструмент давача температури (зазвичай 

термопари). Оскільки її не можна прикріпити безпосередньо до області з'єднання, розсіювання 

тепла всередині інструменту і в навколишнє середовище викликає відхилення в вимірах, а також 

затримку вимірювання температури в часі. У статті описано процес і пов'язані з ним проблеми. 

Показано, що пряме вимірювання температури в ході процесу може бути здійснене за рахунок 

використання термоелектричного ефекту між інструментом і деталлю без заміни інструменту 

шляхом введення додаткових давачів температури. Бібл. 12, рис. 7. 

Ключові слова: ротаційне зварювання тертям, пряме вимірювання температури, ефект Зеєбека, 

похибки вимірювання 

 

 

 

 

 

 

 

 



Silke Augustin, Thomas Fröhlich, Gunter Krapf, Jean-Pierre Bergmann, Michael Grätzel…  

Challenges of temperature measurement during the friction stir welding process 

 Journal of Thermoelectricity №2, 2020 ISSN 1607-8829 42 

Зильке Аугустин, Фрёлих Томас ,  

Крапф Гюнтер, Жан-Пьер Бергманн,  

Грэтцель Михаэль, Геркен Ян Ансгар ,  

Шмидт Кирил  

Технический университет, Ильменау, Германия, 

 e-mail: silke.augustin@tu-ilmenau.de 

 

ПРОБЛЕМЫ ИЗМЕРЕНИЯ ТЕМПЕРАТУРЫ В ПРОЦЕССЕ 

 РОТАЦИОННОЙ СВАРКИ ТРЕНИЕМ 

Точное определение температуры технологической зоны приобретает все более важную роль в 

процессе контроля и мониторинга ротационной сварки трением. В настоящее время измерение 

температуры осуществляется с помощью встроенного в инструмент датчика температуры 

(обычно термопары). Поскольку их нельзя прикрепить непосредственно к области соединения, 

рассеяние тепла внутри инструмента и в окружающую среду вызывает отклонения в 

измерениях, а также задержку измерения температуры во времени. В статье описан процесс и 

связанные с ним проблемы, как прямое измерение температуры в ходе процесса может быть 

достигнуто за счет использования термоэлектрического эффекта между инструментом и 

деталью, без замены инструмента путем введения дополнительных датчиков температуры. 

Библ. 12, рис. 7. 

Ключевые слова: ротационная сварка трением, прямое измерение температуры, эффект Зеебека, 

погрешности измерения 
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