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Abstract
Warm forged components have better surface properties and higher dimensional accuracy than hot forged components.

Diamond-like-carbon (DLC) coatings can be used as wear protection coatings, which are anti-adhesive and extremely hard

(up to 3500 HV), to increase tool service life. In the first funding period of the research project at the IPH – Institut für

Integrierte Produktion Hannover gGmbH and the Institute for Surface Technology (IOT) of the Technical University of

Braunschweig in cooperation with the Fraunhofer Institute for Surface Engineering and Thin Films (IST), the influence of

different coating types and process temperatures on tool wear was investigated. The result is, that DLC coatings can reduce

tool wear in some cases significantly, but that their service life is strongly dependent on the temperature. Coating-integrated

temperature measurement could not be realised at that point, due to adhesion challenges. During the second funding period,

the effect of multilayer DLC coatings on tool wear was investigated. Also, an additional method of the temperature

measurement on the engraving surface using thin film sensors was developed in order to correlate the local process

temperature and local layer wear. In this work, the development of and the results gathered by the thin film temperature

sensors are presented, which enable for more accurate temperature measurements than commonly used thermocouples.

Their functionality and durability under high loads were investigated and showed to be promising.

1 State of the Art: Temperature
measurements in forming technologies

To reduce the heat loss of the billet during the forging

process and to hold the temperature of the die at a constant

level, forging dies are usually (pre-)heated. Knowledge

about the billet temperature and its distribution is essential

in order to improve the quality of the forging process and

therefore the quality of the part itself. Only with informa-

tion about the temperature of the part before and after

forging, the heating strategy and the reduction of die wear

are possible, due to possible material flow optimization

(Müssig 2002).

Thermocouples are commonly used to measure the die

temperature (Fig. 1a). The disadvantage of this method is

that the thermocouple can usually only be installed with a

minimum distance from the die surface. As a result, no

temperature measurement is possible in the direct contact

zone between the billet and the tool. This method of die

temperature measurement results in delayed and low-res-

olution values (Hatamura and Yoneyama 1989) that are

only an approximation of the real temperature (Fig. 1b).

One approach to calculate the real die surface temper-

ature is the measurement using the technique shown in

Fig. 2. Yoneyama and Tozawa (1990) used two separate

thermocouples which were arranged with different, but

defined, distance to the forging tool surface. Due to the

difference in temperature and the known material proper-

ties (heat transfer coefficient and thermal conductivity), the

temperature on the surface could be estimated.

As shown above, no direct measurement of the contact

area between the part and die is possible with conventional

methods. Optical measurement techniques are not dis-

cussed since they are not able to measure between billet

and part when the die is closed. This paper discusses the

potential of thin film sensors during warm forging.
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Thin film sensors are often used to measure tempera-

tures on surfaces (Grant et al. 1981; Urban et al. 1990).

They are usually made of a metal, alloy or a semiconductor

and feature a rapid reaction time due to their small mass

combined with high precision. For applications of thin film

sensors on tools, the challenge is twofold: on the one hand,

an electrical isolation between the sensor and the metal tool

as well as the workpiece should be included. On the other

hand, the sensor will be subject to mechanical stress and

therefore has to be protected against wear. Both can be

addressed with a multifunctional layer system, consisting

of insulating as well as wear-protective layers, between

which a sensor layer is placed (Biehl et al. 2016). Appli-

cations range from strip and deep drawing processes to

polymer injection moulding. The advantages are, that the

sensors can be integrated in existing settings and allow to

generate valuable process data at places of high interest.

Thin film sensors have also already been tested in even

more demanding processes like warm forging. It was dis-

covered that the sensors could only sustain in non-contact

areas due to the high pressure in the die contact area (Raedt

2009). Therefore, further investigation of an application in

warm forging is necessary to be able to measure the die-

billet contact temperatures.

2 Development of the temperature sensor

The thin film sensor system is schematically shown in

Fig. 3. At first, an insulating aluminium oxide (Al2O3)

layer is deposited homogeneously directly on one half of

the die. It is deposited in a physical vapor deposition

process (PVD) in a thickness of 4.5 lm. In order to limit

the risk of electrical shorts between the sensor and the steel

body, the die is polished beforehand, such that a value of

Rz\ 0.1 lm is achieved.

In the next step a homogenous layer of chromium is

deposited in a PVD process with a thickness of 200 nm. It

is subsequently structured by a combination of pho-

tolithography and wet-chemical etching. Because of the

curved surface of the die, flexible masks for the exposure

Fig. 1 a Conventional forging die with thermocouple, b Response behaviour of thermocouple depending on surface distance (according to

Hatamura and Yoneyama 1989)

Fig. 2 Approach for the determination of the surface temperatures

with the use of two separate thermocouples (according to Yoneyama

and Tozawa 1990)

Fig. 3 Schematic of the thin film temperature sensor
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step are fabricated with the sensor design of meander

structures and different length of the conducting paths. This

allows the sensors to be placed at various positions of

interest, while the contact area for wiring is located in an

unloaded region (Fig. 4a). In Fig. 4b a microscopic image

shows meander structures in detail and how it is possible to

structure them on the curved surface. The meander and the

conducting paths have a width of 100 lm.

The sensor structures have to be protected against wear as

well as isolated against the metal workpiece with a second

Al2O3 layer which is deposited homogeneously on topwith a

thickness of 3 lm. Shielded cables are soldered to each

sensor and subsequently protected by epoxy and a heat-re-

sistant sealing paste. Due to failures caused by short circuits

to the base body or interruptions in the conducting paths, five

of the overall twelve structures could not be used as tem-

perature sensors. Assignments of the sensor denotations are

shown in Fig. 5 for the seven functional sensors.

Before measurements can be conducted, each thin film

sensor has to be pre-characterized. Therefore, the sensory

die is placed into a furnace and the temperature depending

resistance changes of the chromium structures are mea-

sured by four-terminal sensing. A constant current of 1 mA

is applied through two contacts, while the voltage drop is

measured through the other two contacts. The reference

temperature is recorded with a Pt100 sensor which is

placed directly on the coated surface with heat-conductive

paste. Due to the fusion temperature of the solder points,

the temperature was limited to about 140 �C for charac-

terization, while the contacts are not subject to higher

temperatures during forging. In Fig. 6, the resulting linear

dependency of the resistance from temperature is shown

for all sensors on the die. It can be described by:

R Tð Þ ¼ R20 þ a20 � T � 20�Cð Þ ð1Þ

with R20 as the output resistance at 20 �C and a20 as the

temperature coefficient. Assuming linear behaviour for a

wider temperature range, the parameters listed in Table 1

for each sensor will be used for estimation of the temper-

ature during forging. An average temperature coefficient of

a20 ¼ 6; 3�10�41=K is obtained.

3 Setup of experimental forging trials

To test the durability and the sensitivity of the thin film

temperature sensors, forging trials were carried out. With

all experiments combined, the investigations in the project

include over 7000 forging strokes (Schellenberg et al.

2019). Therefore, the geometry of the lower die was kept

simple. The upper die only consists of a flat die. Besides

the temperature sensor development, the durability of dif-

ferent DLC-layer types is also topic of research in the

project. To save costs, only the middle segment of the

lower die is coated with the different DLC-coatings and

can easily be changed (Fig. 7).

The forging trials were carried out on a Weingarten PSH

4.265f with 100 kJ work capacity (Fig. 8a). For the

investigations regarding the thin film temperature sensors,

a second die was designed, that only consists of two parts.

The swappable inlay, used in the previous founding period

by Krause et al. (2013) was unnecessary for the current

investigations and therefore omitted. Only one half of the

lower die was applicated with an array of measurement

points, due to its symmetry (Fig. 8b). The final height of

the part was determined by the percentage of press energy

used and the height of the end stops between press ram and

table (Fig. 8c).

The measurement setup during forging consisted of two

current sources (Keithley 2601) and a storage oscilloscope

(Yokogawa DL750 ScopeCorder) to measure the sensor

voltages by four-terminal sensing. Multiple sensors were

connected in series to apply a constant current of 1 mA.

The acquisition rate was varied between 20 and

Fig. 4 a Placement of the thin

film sensor structures on the die,

b microscopic image of the

meander structures on the

curved surface
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500 kSample/s. Subsequent data analysis included an

estimation of the actual temperature using the linear ther-

moresistive behaviour of the pre-characterization (Table 1)

and filtering with a 1000 Hz lowpass filter to suppress

noise.

The experimental parameters of the die forging process

are shown in Table 2. The dies were heated by two heating

cartridges with 1 kW power each. The time–temperature

chart (Fig. 9a), recorded with the thin film sensors, shows

the heating process before forging.

At first, the die was not heated with full power, to

overwatch the stability of the solder points of the thin film

temperature sensor during heating up. When the soldering

connections turned out functional, the die was heated with

full power. It has shown that the sensors give different

results for the temperature reading (Fig. 9a). This is related

to the positioning of the sensor points on the die surface

and their distance to the heating-cartridge (Fig. 9b). The

gaps between the temperature curves in Fig. 9a resulted

from saving the results. Sensor 2 shows a deviation for a

period of time which is explained by an instability of that

particular sensor due to imperfect wiring and should be

considered when unexpected jumps occur in further

measurements.

The billets used with the thin film temperature sensor

were heated in a furnace to 750 �C within 40 min, to

ensure homogenous temperate distribution within the billet.

An overview of an exemplary forging process with its

separate steps is depicted in Fig. 10, including the recorded

temperature profile. The heated die has a surface temper-

ature between 100 and 140 �C depending on the sensor

position (A) before the process. When the 750 �C hot billet

is inserted (B), the temperature rises slowly over time but

not abruptly, as no sensor is in direct contact with the billet.

Noise caused by the moving press can be clearly seen on

each signal (C). The temperature spikes when the stroke

happens (D). This section of the measurement will be

discussed in more detail in the following chapter. The

temperature decreases rapidly, when the press is opening

(E), but slowly rises again at most positions as the forged

part remains in the die (F). Even sensor 3, which is not in

contact with the part, shows a temperature increase, as the

heat propagates in the die. An exception is sensor 4, which

is dominated by the temperature decrease of the forged

part.

Fig. 5 Sensor denotation of the

seven functional thin film sensor

structures

Fig. 6 Electrical resistance of the meander structures in dependence

on the temperature

Table 1 Fit parameter of each sensor

Sensor R20 in X a20 in 10–4 1/K

1 1475 6.524

2 2121 5.558

3 1451 6.675

4 1942 5.801

6 1270 6.765

10 1568 6.091

12 1423 6.736
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4 Measurement results

In the following, the presentation of the results will con-

centrate on the stroke itself, which takes only a few tenths

of a second. At first, measurements were taken with a low

energy setting for the forging press. The goal was to test

the functionality of the sensors. Therefore, six measure-

ments were taken with 10% press energy and 32.5 mm end

stop height (Fig. 11). Sensors 1, 3 and 12 do not have

contact with the part during the forging process, therefore,

they measure only the die temperature and not the part-die-

contact temperature. In the case of sensor 3 a slight dip is

Modular lower die

Upper die Inlay with different DLC-coatings

Fig. 7 A lower and upper forging die and position of the inlay

(a)
(b)

(c)
End stops

Lower die

Sensor cables

Die mounting
mechanism

Soldering points

Fig. 8 a Weingarten screw press, b lower die with temperature sensor, c mounted die with attached sensor cables

Table 2 Experimental parameters

Targeted die

temperature in �C
Initial billet

dimensions in mm

Initial billet

temperature in �C
Press energy pre-set in

percent of 100 kJ

Resulting press

forces in kN

Forging end stop

height in mm

min. 120; max. 160 ø = 20; L = 110 750 10; 28; 35 2600–5775 32.5–31.4
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observed. This is not originated by an actual temperature

change but rather attributed to be caused by pressure and

consequent deformation of the die and thereby leading to a

decreased resistance of the chromium sensor which has a

negative pressure coefficient. The same can be seen for

sensor 10, although the temperature increase overlays this

for most of the time. This sensor also perfectly shows the

effect of manual insertion and positioning of the billet:

While in stroke #3 a maximum temperature of &450 �C is

measured, in stroke #6 there seems to be no contact with

the part, only the effect of deformation. Sensors 4 and 6

have a recurring temperature profile for all six strokes

because of their central position. Maximum temperatures

vary between 400–425 �C and 350–380 �C, respectively.
The only difference between the strokes is when the press

is opening up. In some cases, the temperature decreases

rapidly by more than 100 �C in about 0.15 s (stroke #6),

caused by the heat dissipating into the colder die. In other

cases, the temperature drops only 10–20 �C (stroke #1),

which could be explained by the hot forged part being

stuck to the die. For sensor 2, as was the case during

heating-up, spontaneous jumps can be observed again.

They are attributed to a defective contact which is why its

calculated values should not be considered.

To investigate the effects of die temperature increase

due to continuous forging, five parts were forged consec-

utively (Fig. 12). Sensor 12, which is placed with a dis-

tance of more than 10 mm from the forging area, shows a

continuous increase of temperature. All other sensors have

a periodic behaviour while the temperature before the

stroke increases with every stroke. The maximum tem-

perature during the stroke, which is not dissolved in this

diagram, does not increase significantly over the series.

Sensor 6 and in some cases sensor 4 as well have a defect

leading to a loss of signal. When looking at the data more

closely and with a higher time resolution it can be seen that

during the strokes, temperatures can be temporarily mea-

sured with both sensors though. The reason is suspected to

originate from wear of the Al2O3 layer at the curved areas

of the die leading to temporary shorts or disruptions that

are temporarily reversed by the stroke. The measurement

also reveals at what time the forged part is taken out of the

die. At this time, the temperatures of sensor 2, 10 and, 4,

Fig. 9 a Starting phase of lower

die heating, b lower die with

forged parts

Fig. 10 Exemplary forging

steps
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when sensor 4 works as planned, drop abruptly. Sensor 3

shows a slight delay due to its distance.

In the following, the press energy and the height of the

mechanical end stops were modified (stroke #12–#17).

Table 3 shows the changes that were made to the setup with

the intention to find out the maximum workload the sensors

can measure at.

In Fig. 13 four strokes were chosen representatively to

demonstrate the effect of the setup changes. Unfortunately,

sensors 4 and 6 showed further damage in stroke #12 and

afterwards were out of order. Sensor 10 experiences the

highest temperature of all sensors if in contact with the

part. These are even higher than before due to the higher

energy and the reduced end stop height with a maximum of

about 550 �C. It can also be seen that sensor 3 takes a

slightly larger dump with increased energy. After two

strokes were performed with the final setup, all sensors,

Fig. 11 Temperature

measurements during the first

six strokes, taken with press

energy of 10% and 32.5 mm

end stop height

Fig. 12 Temperature measurement during a small series of five

strokes (#7–#11)

Table 3 Setups for all strokes

Stroke #1–11 #12 #13–15 #16–17

Press Energy in % 10 28 28 35

End stop height in mm 32.5 32.5 31.4 31.4
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except the two lying on top of the die (3 and 12), were no

longer working due to increased wear.

The effect of increased energy and reduced end stop

height can be analysed in more detail when looking at the

temperature profile of sensor 1 (see Fig. 14). All strokes

with changed parameters are depicted in the diagram.

While the energy increase from 10 to 28% has no effect

due to the part not coming in contact with the sensor, this is

the case when the end stop height is reduced from 32.5 to

31.4 mm. In two out of three strokes performed with these

parameters a modest temperature rise can be observed. The

deviation of the third stroke is again attributed to manual

positioning of the billet. Another energy change to 35%

leads to even higher temperatures of up to 330 �C, indi-
cating that the sensor is at the border up to where the part is

forged and therefore being a good indicator for the measure

of form filling within the forging die.

5 Discussion

The presented results give a good indication of the actual

temperatures on the surface of the die during the warm

forging process. Although, all sensors that came into con-

tact with the forged part were no longer working by the end

of the forging trials. But this was intended in order to

determine the breaking point and potential lifetime of the

thin film system. Subsequent analysis of the coated die has

shown, that most of the wear occurred on the radius

between the upper flat part of the die and the cavity (see

Fig. 15). Therefore, most sensor failures can be attributed

to the conducting paths being worn out rather than the

meander structures. Damage to the sensor was also caused

by mechanical removing of the forged parts which stuck to

the die, especially for high press energy forging settings.

A couple of aspects should be considered in future

experiments to further optimize the temperature

measurements.

Fig. 13 Temperature

measurement during strokes

with different parameters

Fig. 14 Temperature measurement of sensor 1 with different

parameters Fig. 15 Lower die with temperature sensors after forging processes
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• The current sensor is coated by a 3 lm thick Al2O3

layer for wear-protection. Unfortunately, this is a low

thermal conductivity coating and thereby acting as a

thermal barrier. As the process is rather short, the

maximum temperature was slightly underestimated.

The thermal properties and thickness of this layer have

to be considered, for instance in a thermodynamic

model or simulation, which was not part of this work.

• As could be seen in the case of sensor 3, pressure or

deformation has an effect on the sensor resistance. For a

better estimation of the surface temperatures a simula-

tion could take this effect into account leading to

slightly increased values.

• Characterization of the sensor was performed only up to

140 �C due to the low fusion temperature of the solder

points. Alternative contacting techniques or verification

of measurements by other sensors like pyrometer or

thermocouples would allow to verify the measured

temperatures.

• The measurements perfectly showed the effect of

manual insertion of the billets causing identical forging

processes resulting in different temperature profiles for

sensors at critical positions. An automated process

might increase the comparability between

measurements.

6 Conclusion and outlook

The goal of this research was to investigate in which range

and how sensitive temperatures on the die surface during

warm forging can be measured by thin film sensor tech-

nology. For this purpose, a warm forging die was equipped

with 12 measurement spots on its surface. During forging

trials with varying press energy, temperatures were mea-

sured during forging operation. The different stages of the

forging process, i.e. initial die heating, billet insertion into

the die and the forming process followed by the removal of

the forged part, can clearly be identified by analysing the

time–temperature–graphs. Due to the high sensitivity of the

sensors, even slightest temperature differences can be

measured, often caused by different positioning of the

billet.

Combination of the thin film sensor with an additional

wear-protection layer might increase the lifetime of the

technology. A remaining uncertainty could be eliminated

in future work by the use of thermodynamic models and

automated processes. Due to the low latency and high

accuracy of the sensor spots, future applications might

include positioning control during forging processes,

leading to an increased quality of forging parts. Further-

more, inhomogeneous heating strategies for dies and billets

could be enabled thanks to a wider understanding of the

heat distribution within the forming process.
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