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Joule heating losses in the working coil of up to 50% make thermal loads a crucial 
influencing factor on the coil lifetime in electromagnetic forming processes. Thus, especially 
in case of discharge sequences with short cycle times knowledge about the temperature 
distribution is essential to avoid thermal overstressing. This paper presents an approach 
for temperature measurement inside the working coil during the electromagnetic forming 
process. Based on fiber-based optical frequency domain reflectometry (OFDR), the spatio-
temporal temperature distribution inside the coil is determined. Temperature profiles for 
long-term discharge sequences are provided. The results prove the qualification of this 
measurement technique for electromagnetic forming processes. Due to the comparatively 
high acquisition rate the temperature increase and drop between two discharges can be 
analyzed in detail. This renders new possibilities for process analysis and monitoring. 
Especially the effectiveness of approaches aiming at a decrease of thermal loading can be 
rated easily using the presented measurement technique.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC 

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Electromagnetic forming is a high speed forming process using pulsed alternating magnetic fields for a contact-free 
application of forces to the workpiece (Psyk, 2011 [1]). The magnetic field is generated by applying a current pulse to a 
working coil with one or multiple turns (see Fig. 1). Typical amplitudes of the damped sinusoidal current pulse (see Fig. 3) 
range between 104 and 105 kA or even higher. Interaction of the arising magnetic field with an electrically conductive 
workpiece leads to the formation of repelling Lorentz forces between workpiece and coil. This energy conversion sequence 
is not free of losses. According to Werdelmann (2009) [2], about 50% of the initial electrical charging energy is wasted by 
joule heating of the current-carrying coil winding. Especially in case of high volume production with short cycle times the 
accumulation of this heat in the coil body leads to a significant rise in temperature. Thus, the consideration of the thermal 
loads during tool and process design is necessary to avoid an early breakdown of the working coil caused by thermal 
overstressing. For this, knowledge about the temperature distribution inside the working coil is required.

A first analytical approach aiming at the determination of the coil winding temperature was given by Risch (2009) [3]. 
Based on a measured current profile I(t) and assuming adiabatic conditions, the average temperature increase after one 
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Fig. 1. Schematic view of the flat forming coil used for experimental investigations.

discharge was determined. Golovashchenko et al. (2006) [4] used a numerical simulation to determine the rise in temper-
ature caused by a long-term sequence with multiple discharges. None of these two prediction models has been verified by 
the authors because of missing experimental data. A first experimental investigation on the thermal loads of working coils 
was given by Gies et al. (2014) [5]. Using an infrared camera, the coil surface temperature was captured during a long-term 
discharge sequence (see Fig. 2). Information about the temperature distribution inside the coil body was derived using a 
numerical simulation in LS-DYNA.

Although the simulation was verified by the measured coil surface temperature, the accuracy of the calculated tempera-
ture distribution inside the coil is still uncertain. For this purpose a direct temperature measurement at the point or region 
of interest inside the coil body is preferable. A successful integration of a temperature sensor inside the coil body needs to 
comply with the following boundary conditions:

• Due to the process-specific high magnetic flux densities in the range of 15 to 25 Tesla (Beerwald, 2003 [6]), only 
measurement techniques based on optical principles are suitable.

• A spatio-temporal measurement is required to gather the temporal development of the temperature and to identify the 
previously unknown positions of temperature peaks.

• The sensor needs to be of small scale to ensure that its integration does not lead to a weakening of the coil body or 
significantly affects the temperature distribution to be measured.

Optical backscatter reflectometry is a proper measuring principle to come up with these requirements (Ghafouri-Shiraz, 
1989 [7]). Changes in the reflective spectral scattering of a laser beam guided in an optical fiber are used to deduce the 
strain distribution along the fiber (Uchida et al., 2015 [8]). This strain can either be caused by external stresses acting on 
the fiber or by thermal expansion of the fiber itself. If the external stresses are of negligible amount, the measured strain 
is consequently just a function of the temperature field (Nguyen et al., 2013 [9]). In this case, the strain can be converted 
into the temperature distribution along the fiber, making optical backscatter reflectometry a proper technique for spatially 
resolved temperature measurement. Within the group of reflectometry techniques optical frequency domain reflectometry 
(OFDR) using Rayleigh-scattering shows an appropriate performance in terms of spatial resolution, measuring frequency, and 
fiber length (Froggatt et al., 2004 [10]). As stated by Samiec (2011) [11], commercially available OFDR systems offer spatial 
resolutions of up to 1 mm with measuring frequencies of 5 Hz and fiber lengths of several meters.

Fig. 2. Temporal course of the maximum coil surface temperature T S,max during long-term discharge sequences determined by Gies et al. (2014) [5].
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Fig. 3. Measured discharge current I(t) for the analyzed charging energies.

In this study, distributed temperature measurement using an OFDR system is used to gather first experimental data on 
the temperature distribution inside a working coil during a long-term discharge sequence. Hereby, the qualification of this 
measurement technique for electromagnetic forming processes should be investigated.

2. Experimental setup and procedure

The experiments were conducted using a spiral-shaped flat forming coil with n = 7 turn as depicted in Fig. 1. Rein-
forcement and electrical insulation of the coil winding is realized by a coil body made of glass-reinforced epoxy laminate 
material (grade: FR-4). Between coil and workpiece a cover layer consisting of a polyester foil (sPF = 0.15 mm) and a glass 
reinforced epoxy laminate foil (sGRP = 0.6 mm) was inserted. The current pulses were provided by a Maxwell Magneform 
7000 pulse generator. Two capacitor banks with a total capacitance of C = 629 μF and maximum charging voltage of U max =
8 kV were selected. Inner inductance and inner resistance of the chosen pulse generator configuration equate to Li = 60 nH
and R i = 4.2 m�, respectively. A circular blank with a thickness of sW = 5 mm made of the wrought aluminum alloy EN 
AW-5083 was used as workpiece. To inhibit workpiece movement or deformation caused by the magnetic forces, the work-
piece was clamped by a flat punch without any cavity. This way, a long-term test with several discharges could be realized 
without the need for a workpiece change. The configuration of the OFDR system (Type: ODiSI B10/Luna Innovations Inc.) 
was set to a spatial resolution of �z = 1.25 mm and an acquisition rate of f = 1 Hz. A polyimide-coated, low-bend-loss 
optical fiber with an outer diameter of dF = 0.2 mm was used as sensor. The fiber was inserted into a glass capillary tube 
(outer diameter dC = 0.7 mm; wall thickness sC = 0.085 mm) which is embedded inside the coil body just underneath the 
coil winding (see Fig. 1). This way, the fiber was protected from transversal strains. At the same time longitudinal elongation 
of the fiber due to thermal expansion was permitted. The setup described above was used for long-term experiments with 
150 consecutive discharges. Cycle times of tc = 12 s and tc = 17 s were analyzed. The charging energy EC was set to 1.0 kJ 
and 1.8 kJ, respectively, leading to discharge current curves I(t) as depicted in Fig. 3.

The increase in temperature �T was continuously measured during the complete runtime. The ambient temperature 
during the experimental investigations was T amb = 21 ◦C on average.

3. Results and discussion

The spatial distribution of the increase in temperature �T inside the coil body after a runtime of tR = 1700 s is given in 
Fig. 4.

Fig. 4. Spatial temperature distribution inside the coil body �T (z) after a runtime of tR = 1700 s.
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Compared to the results published by Gies et al. (2014) [5], the measured rise in temperature is significantly higher. 
Considering a charging energy of EC = 1.8 kJ and a cycle time of tC = 12 s, Gies et al. (2014) [5] measured a maximum 
temperature increase of �T = 56 K, whereas the results in Fig. 4 show a value of �T = 88 K. Since coil and process pa-
rameters are identical, this deviation must be attributed to the varying measuring position. Thus, temperature measurement 
inside the coil body should be preferred to surface temperature measurements to ensure a conservative process analysis or 
process monitoring.

An explanation for the higher temperatures can be derived from Fig. 5. The curves show the temporal course of the 
increase in temperature �T at a constant position of z = −21 mm. According to Fig. 4, this position represents the global 
temperature maximum for the given coil geometry.

Fig. 5. Temporal temperature increase �T (t) at a constant position of z = −21 mm.

Especially in case of the parameter combination with the highest input power (EC = 1.8 kJ, tC = 12 s) it is obvious that 
no steady state condition is reached. Even at the end of the discharge sequence (tR = 1800 s) a positive temperature gradient 
can be observed. In contrast to this, the coil surface temperature measured by Gies et al. (2014) [5] already showed a steady 
state condition after a runtime of approximately tR = 600 s. This longer heating period justifies the higher temperatures 
inside the coil compared to the coil surface temperatures.

Due to the comparatively high acquisition rate of f = 1 Hz, the experimental data in Fig. 5 allows a detailed analysis of 
the temperature profile between two discharges. This way, the effect of an increasing temperature on the heat dissipation 
mechanisms can be examined. This was done by determining the increase �Tn,IN and the drop �Tn,OUT of the coil temper-
ature after each discharge n. The enlarged section of a time–temperature curve in Fig. 6 illustrates the definition of these 
two parameters.

Fig. 6. Magnified temporal course of the coil temperature T (t) to determine the increase �Tn,IN and drop �Tn,OUT of the coil temperature between two 
discharges.

By averaging the �Tn,IN and �Tn,OUT values over a time period of about 100 s, a mean value �T i,IN and �T i,OUT for 
each time interval i was calculated (see Eq. (1)). The range of consecutive discharges to be considered within each interval 
i was calculated according to Eqs. (2) and (3).

�T i,IN/OUT =
ni,End∑

n=ni,Start

�Tn,IN/OUT

ni,End − ni,Start + 1
(1)

ni,Start = ni−1,End + 1 (2)
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Fig. 7. Temporal course of the average temperature increase �T i,IN and average temperature drop �T i,OUT .

ni,End = floor

(
50s + i · 100s

tc

)
(3)

The temporal course of the average increase �T i,IN and the average drop �T i,OUT of the coil temperature for the two 
parameter combinations with the highest (EC = 1.8 kJ, tC = 12 s) and lowest (EC = 1.0 kJ, tC = 17 s) input power are given 
in Fig. 7.

The curves in Fig. 7 show that the temperature increase �T i,IN exceeds the temperature drop �T i,OUT significantly at 
the beginning of the discharge sequence (i ≤ 5). The very low temperature drop values justify the rapid coil temperature 
increase at this early stage in time (see Fig. 5). With proceeding runtime the temperature drop value �T i,OUT increases 
and converges towards the temperature increase �T i,IN, leading to a decelerated coil temperature increase (see Fig. 5). Due 
to the fact that �T i,IN is always slightly higher than the temperature drop �T i,OUT, the coil temperature never reaches a 
complete steady state condition within the analyzed time period.

This result proves that heat dissipation by radiation, convection, and conduction increases in a progressive manner with 
increasing temperature, whereas the heat input caused by joule heating remains nearly unchanged. The analysis of the 
measured coil current I(t) showed no significant changes in terms of amplitude or frequency in course of the discharge 
sequence. Due to the constant heat input and discharge currents, it can be ruled out that the rising coil temperature causes 
a significant increase of the effective coil resistance as assumed by Furth and Waniek (1956) [12]. These findings can be 
used for basic simplifications when estimating the coil temperature analytically.

4. Conclusions

(1) Optical frequency domain reflectometry (OFDR) is an appropriate technique for spatio-temporal temperature mea-
surements during electromagnetic forming processes.

(2) In terms of a conservative process analysis or process monitoring, temperature measurements inside the coil body 
should be preferred to surface temperature measurements.

(3) The high acquisition rates of the OFDR system render the possibility to analyze the temperature increase �Tn,IN and 
temperature drop �Tn,OUT between two discharges. This way, changes in the coil construction or the process design can be 
evaluated in terms of their effect on heat generation and heat dissipation.
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