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Summary:
A research project for the development of dry lubricant coatings for the cutting
tools of different machining operations demanded the generation of certain
experimental techniques to attain knowledge about the coatings behaviour.
The solution developed compares the coatings by observing their tempera-
ture behaviour during the machining process. A method of in-situ temperature
measurement during turning formed the basis of this solution. The method of
measurement was further modified for other operations. In addition to the
thermographic recording during dry turning, solutions for dry threading, dry
drilling and dry milling were also developed. The experimental set-ups were
generated were generated in collaboration with several project partners. For
each machining operation investigated, a specific device was developed,
which made the in-situ temperature measurement possible using the high
resolution thermographic camera.
The results were such, that it became possible to attain knowledge about the
coating's in-process temperature behaviour for each of the processes investi-
gated. Furthermore the individual coatings are compared among themselves
and with uncoated tools. The combination of the temperature and wear
measurement yields the possibility for optimisation and further development
of suitable self-lubricant coated tools for dry machining applications.
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1. Introduction:
Cutting tools, which are used for metal machining operations, are highly
strained by various tribological stresses caused by mechanical and tribo-
chemical factors. The thermal load of the tool is interrelated with the afore-
mentioned factors. With increasing temperature, tool life decreases. The goal
of this work was, to decrease cutting tool wear and increase tool life. Both in
the past and nowadays, there have been many investigations seeking to im-
prove tool life. Studies have been undertaken to optimise the cutting sub-
strate, the tool cutting geometry and the tool coating.

During the last decade dry machining has achieved increasing importance in
series production due to the associated cost reduction and compliance with
stricter environmental legislation. In this regard, a BMBF - Project was initi-
ated in 1998 that sought to develop dry lubricant coatings for machining tools.
During this project, there was a requirement to develop some devices capable
of ,,in - situ temperature measurement". These devices utilise a high resolution
thermographic camera during the different machining operations, thus making
it possible to accumulate knowledge about the temperatures generated during
the process and to compare the characteristics of different coatings with one
another. All described temperature measurements were carried out with the
Thermovision 900 system produced by Agema. The maximum recording fre-
quency obtainable in the image recording mode is 30 Hz and up to 2500 Hz in
the line scanning mode. Temperatures measured between -30°C and
+2000°C are accurate to within 1°C. The following chapters describe in detail,
the experimental set-ups for the different machining operations and examples
of results achieved.
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2. In situ temperature measurement at different dry tooling operations

2.1. Dry turning
The technique of the in - situ measurement during a dry turning process was
originally developed in 1993 at the DaimlerChrysler Resarch Center in Ulm
/1,2/. The intention was to examine the quantitive temperature distribution
and the corresponding wear behaviour of diamond coated tool inserts during
dry machining. The system utilises the infrared transmissivity of these coat-
ings.

2.1.1 Experimental set-up
The measuring technique has been further developed in order to determine
the temperature behaviour of non-infrared transparent coatings. The impulse
for this was given in the BMBF project on new dry lubricant tool coatings.
Parallel to the modification of the system there were made several applica-
tions regarding other tool machining operations, which were part of the pro-
ject.

CVD-diamond optical window

cemented carbide (0,1 mm) with
tool coating

workpiece

tool insert ) / high resolution
m i r r o r / thermographic camera

thermal radiation

Fig. 1:Experimental set-up for thermographic in-situ measurement during a dry turn-
ing process /3/

The currently used set-up consists of a thin plate of cemented-carbide with a
hard coating, which is affixed to the basis-tool (see Fig. 1). The measurement
is carried out at the rear of the plate, where the infrared conductive diamond
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window is fixed. The thermal black body radiation passes the window and is
guided to a thermographic camera's lens by a deflecting mirror of polished
aluminium. However, the tools equipped with different coatings, the respec-
tive temperature coefficients have to be determined separately, irrespective of
the investigated machining process. This is done by heating each tool over a
heat source (a hot plate was used in this case) and by measuring the tem-
perature in a defined point on its surface by means of a contact thermometer.
In parallel with this, the heat radiation at that point is recorded with the ther-
mographic camera. Making proper compensation of the various tempera-
tures, the emission coefficient for the tool involved can be determined. There-
after, the temperature was determined in the thermographic - systems toler-
ances.

2.1.2 Results and discussion
First the suitability of the modified technique was tested by comparing results
from experiments with the previous and the new, modified systems. It was
proven that there is an unavoidable reduction of the temperature signal which
is uncritical because differentiation between the maximum and the average is
still possible.
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Fig. 2: Temperature Curves of an uncoated and an dry lubricant coated cutting
tool 13, 4/
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Comparison of new developed dry lubricant hard coatings (e.g. Ag + MoS2)
with uncoated tools had shown that there is a direct correlation between the
lubrication of the coatings and the temperatures in the machining application
(s. Fig.2). Lower friction results in reduced temperature levels as shown in the
diagrams below. Furthermore a close correlation between the temperature
measurements and tribolological tests exist.

2.2 Thread forming

Thread forming is a cold forming process to produce threads without swarf.
During the forming process high temperatures can occur at several parts of
the tool and the workpiece. In particular, the crests of the tool are loaded with
high thermal stresses. The aim of the analysis is to measure in-situ the tem-
peratures at the tool crests. The temperature is measured with a high resolu-
tion thermographic camera during the process of thread forming.

2.2.1 Experimental set-up
The patented experimental set-up (s. Fig.3) was developed by the Daimler-
Chrysler- Research Center/Ulm and the IPL/Kassel.

Fig. 3: Scheme of the set-up (a), the test installation (b) and the relative temperature
distribution on the tool (c), the gradient of temperature rises from blue to yellow 151
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The test piece is a round blank with a trapezoidal formed groove. The groove
is necessary to avoid disturbance of the optical path during measurement
with the thermographic camera. To prevent reflections at the surface of the
target, the device is provided with a special thermographic lacquer, so that
only black body thermal radiation will be recorded. The thermographic cam-
era is placed in front of the groove in such a way, that the bottom of the
groove is in-focus.

During the drilling process of the core hole, that will be used for the blind hole
thread later on, an observation window is cut out of the bottom of the groove.
The size of the observation window is slightly smaller than the detection area
of the thermographic camera. The temperature of the drilling tool can now be
measured by detection of the radiation through an observation window.
The observation window allows measurement on the flanks of the thread-
former during the forming process. The determination of the tool emissivity
coefficient at different temperatures makes possible the on-line analysis of
absolute process temperatures.

2.2.2 Results and discussion
The first part of the analysis has been done with M10 threads which are made
in Ck45 material. The temperatures of the thread former were measured dur-
ing the process using different tool coatings and machining parameters, e.g.
pre-drill diameter and forming speed. The thread depth was set to 2xD. The
threads were made with a tapping attachment and without any lubricant.
The thermographic camera image shows the temperature distribution of the
thread former. The thermally loaded parts of the tool can be clearly seen. The
temperature of the crests (yellow and white parts of Fig. 3) are much higher
than the temperatures in the bottom of the thread (dark blue).
During the second part of the analysis different dry lubricant coatings were
tested using M6 threads, Ck35 material, a thread depth of 0,5xD, a forming
speed of 30 m/min and a pre-drill diameter of 5,55 mm. A reduction of the
crest temperature can be noticed using new dry lubricant coatings. Thread
forming with a usual TiN-coating leads to temperatures of about 120°C at the
crests of the tool. Using new dry lubricant coating, temperatures of only 90°C
could be measured. It has been shown, that a reduction of the thermal
stresses using special coatings is possible. The result can be a reduction of
the wear and an increase in the tool life.
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2.3 Dry Drilling

When dispensing with the use of coolants in metal removal operations, the
increased friction involved and the simultaneous lack of heat dissipation will
result in an increased temperature load on the tool. Specifically in drilling, as
a process with concealed cutting edge, friction between the land and the
borehole wall also become effective apart from chip surface friction. In addi-
tion to this, the tool heats up during disposal of the hot chips from the bottom
of the borehole.

2.3.1 Experimental set-up
The objective of these studies was to obtain reliable information about the
thermal load on tool and workpiece in dry drilling operations. Furthermore,
temperature recording was used to provide conclusions as to friction-reducing
effects of the application of new tool dry lubricant coatings. For determining
the maximum temperatures occurring on both tool and workpiece, a measur-
ing arrangement has been developed by the DaimlerChrysler Research Cen-
tre, Ulm and the Institute of Production Engineering and Machine Tools
(PTW) of the Darmstadt University of Technology, Germany.
Contact length rises with increasing borehole depth, and therewith also the
friction surface between tool and borehole wall will grow. The period of time
during which the hot chips are in contact with the tool becomes longer with
growing borehole depth. Consequently, maximum tool temperature occurs at
the maximum borehole depth and is therefore measured at that point. If the
thickness of the test workpiece is adapted to the desired borehole depth,
measurement will have to be made at the time when the bit of the drill passes
through the workpiece bottom. Prior to this also, the progressive heat-up of
the workpiece can be recorded.
For recording the temperature of the tool and the workpiece, the heat radia-
tion emitted is determined by contact-free means via the thermographic cam-
era system.
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Fig. 4: Experimental set-up for thermal analyse of a drilling process 161

The machining centre used is equipped with a vertical spindle, so the infrared
radiation has to be transmitted to the horizontally arranged camera via a 45°
deviation mirror (Fig.4). In the measuring arrangement, the test workpiece is
mounted onto a so-called workpiece tower. Beneath the workpiece, the 45°
deviation mirror is arranged in a guide system permitting height adjustment.
On the exit side of the mirror, the camera is fixed on an elevator table and
can also be adjusted in height. The working principle is shown in Fig.5.

Drill

Workpiece

Black body radiaion

Deviation mirror

Thermographic camera

Fig. 5: Scheme of the experimental set-up /6/

Prior to measurement, the camera on its elevator table is adjusted to the
workpiece tower, so as to be focused on the bottom of the workpiece. Meas-
urement during the drilling process is divided into two phases. As the tool cuts
through the material, the heat-up occurring ahead of it can be recorded at the
bottom of the workpiece. During the second phase when the tool passes
through the workpiece bottom, the temperature in the area of the cutting edge
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and specifically at the cutting edge corners which are subject to high thermal
stresses is determined.
For temperature determination by means of the thermographic camera, it is
indispensable to know the emission coefficient of the surface involved.
To record the workpiece temperature, black paint with a known emission co-
efficient was sprayed onto the bottom side.

2.3.2 Results and discussion
Fig.6 shows an example of the temperature distribution on the top of a drill
directly after the end of the drilling process (the feed and the tool-rotation had
already stopped). The cap of the drilling hole is still sticking on the work mate-
rial.

Label

Image

SPOT
SP02
SP03

Temp.

543.5
•212.3

"76.7

Min
37.6

Max
550.6

Avg

Fig. 6: Temperature distribution on a drill 161
As seen,it is possible to determine the temperature of single spots by the
thermographic systems analysing software, which allows one to derive reli-
able knowledge about high temperature strained regions on the tool. By using
this knowledge it may be possible to improve the tools geometric design to
decrease the thermal load on it. Furthermore, using the described experimen-
tal set-up, it is possible to compare the different dry lubricant coatings.

2.4 Dry Milling

An effect of great importance during machining aluminium is the adhesive
property of the material. Without the use of cooling lubricants or beam spar-
kling methods it is almost impossible to avoid forming of built up edges and
other depositions of workpiece material on the cutting insert. Poor quality of
the workpiece surface is the result although tool life is not really affected. The
aim of the investigations in relation to this was to find dry lubricant coatings
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which are appropriate for protecting the milling tools substrate against ma-
chining heat and abrasion. Also it is intended to find coatings that are able to
diminish adhesion of aluminium on the cutting material, so that dry milling is
possible without loss of workpiece quality and decreasing tool life. One key to
find a suitable coating system is to know the exact process temperature at the
working spot. Because of estimation and experience the conclusion is possi-
ble, that milling of aluminium generates rather low temperatures at the work-
ing spot because the tool can be touched, for example, by hand immediately
after dry machining without causing burns. For the milling of AISi9Cu3, a
standard set of machining parameters was used.

2.4.1 Experimental set-up
On account of the high feed rates used for milling of aluminium it is difficult to
measure temperatures exactly. The main problem was to find a measuring
technique that is fast enough to detect the cutting inserts temperature on the
moving milling head. The solution was to use the already described thermo-
graphic system with its high sampling rates moving parallel to the milling
head. The applied test set-up is shown in Figure 7(a). The camera is placed
on the outside of the test workpiece, opposite the working spot and the milling
head. The objective lens is focused on a groove on the outside of the work-
piece. The groove is necessary to minimize side effects from other infrared
radiation sources outside the workpiece, which can influence the accuracy of
the measurement. The angle between the direction of the milling path and the
outer plane of the workpiece is chosen in such a way, that the thickness of
the dividing wall between camera objective and milling inserts continuously
decreases during machining. Approaching the end of the milling path imme-
diatly before the wall is cut away the thickness of the workpiece-wall is thin
enough, that the temperature of the working spot is nearly equal to the walls
temperature. This temperature is detected and recorded by the thermo-
graphic system.

Figure 7 (b) shows a radiation-picture taken by the camera in full-scan mode.
The white area shows the hottest part of the working spot. In order to get reli-
able temperature data the camera was used in line-scan-mode since the
sampling rates are 2,5 kHz. The results indicate that temperatures do not ex-
ceed 70°C at milling of AISi9Cu3 by applying the parameter-set given in
Fig. 9.



630 HM83 T. Mertens et al.
15* International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

Fig. 7: Experimental set-up (a) and relative temperature distribution in the cutting
area (b) 111
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Fig. 8: Extended test set-up used for tool life tests 171

Figure 8 shows the extended test set-up used for tool life tests. Mainly there
are two blocks. The "wear block" is used for temperature measurement during
the machining process. By using two of these blocks it is possible to achieve
a milling distance of some 800 m for a single coated insert. The "surface
block" is used to document the roughness during milling. Each step in the
"surface block" stands for a milling distance of 43 m. At the same interval as a
step is milled into the "surface block" the width of the wear mark of the insert
is measured and also the width of the virtual chip mark. The wear mark
shows how effective the coating is in protecting the insert against abrasion.
The size of the virtual chip mark shows the ability of the coating to keep
deposition of workpiece material on the insert at bay. The size of the virtual
chip mark and the quality of the surface on the "surface block" correspond in
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contrast to each other i.e. a small virtual chip mark results in poor quality of
the surface and a large virtual chip mark causes good surface qualities, with
respectively small roughness. The reason for this is found in smoothing ef-
fects caused by the virtual chip mark that is located on the tool flank (s. fig. 9).

Rotation
. . J

WM: Wear mark

VCM: Virtual chip mark

Direction

Fig. 9: Tool wear characteristics at the cutting edge of a milling insert 111

2.4.2 Results and discussion
Figure 9 shows an example of how tool wear, i.e. width of wear mark devel-
ops over milling distance. The red curve shows the non-coated reference in-
sert which is compared to the test coating. The reference insert quickly dem-
onstrates increasing wear mark width. After 129 m of milling distance the
width rises at steady levels. The coated insert shows a much slower rise of
tool wear mark. In order to compare properly the performances of the coat-
ings, a set of marking numbers is used.
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cutting speed: 1580 m/min

feed rate: 5.6 m/min

number of teeth in milling

head: 1

tooth feed: 0.7 m/tooth

cutting depth: 2 m

width of engagement: 2 m
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Fig. 9: Tool wear of a test coating and a non-coated reference insert as a function of
the milling distance 171

3. Summary

The investigation of different dry machining processes on various materials
has shown, that the developed test set-ups make it possible, to analyse and
attain more knowledge about the different coatings and the cutting process
itself. The use of a high resolution thermographic system in combination with
the measurement of the tool's wear marks is a complete system to classify for
example, different dry lubricant coatings and make them comparable. This
scheme aids the researcher in founding a database of concrete results about
the temperature influence of using different coatings in the cutting process.
This device could furthermore be utilised in the examination of various tool-
geometries. In summary there is a high potential for using this measurement
system in various machining applications and also a high potential for opti-
mising and further developing suitable self-lubricant coated tools for dry ma-
chining applications.



T. Mertens et al. HM 83 633
15" International Plansee Seminar, Eds. G. Kneringer, P. Rôdhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

4. Acknowledgement

This investigations are funded by the German BMBF - project
No. NMT- 1A732070-03N5013B6

5. Literature

IM German Patent No. DE 42 33 035 C1, Patentholder: DaimlerChrysler,
Inventor: Peter Müller-Hummel

121 Müller - Hummel, Peter; Entwicklung einer Inprozeßtemperaturmeßvor-
richtung zur Optimierung der laserunterstützten Zerspanung; For-
schungsberichte des IFSW: Laser in der Materialbearbeitung; B.G.
Teubner; Stuttgart, Leipzig 1999

13/ Engering, Gerrit (DaimlerChrysler Research Center/Ulm, Germany);
presentation of experimental results on the BMBF project meeting at
Braunschweig Nov., 28/29. 2000

¡AI Annual BMBF reports (1998 - 2001 ) on project
NMT - 1A732003N5013B6 (released by the Ministry of Education and
Research)

15/ Pescher, Ulrich (IPL/Kassel, Germany); presentation of experimental
results on the BMBF proect meeting at Braunschweig Nov., 28/29. 2000

161 Doerr, Joachim (PtW/Darmstadt, Germany); presentation of experi-
mental results on the BMBF project meeting at Braunschweig Nov.,
28/29. 2000

111 Huehsam; Andreas (wbk/Kassel, Germany); presentation of experi-
mental results on the BMBF project meeting at Braunschweig; Nov.
28/29. 2000


