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Abstract

Effective machining of austenitic steels has been a long-term challenge due to the unique combination of mechanical
properties, strain hardening, poor heat conductivity, and tendency to build up-edge formation of the steel when cutting.
The round HSS cutting dies M10x1,5-6g, uncoated and PVD-coated with sputtering technology - TINALOX® GOLD,
ALOX SN2, and HIPIMs technology - FerroCon®, FerroCon ®+Ti,Al(C,N), three samples per each variant, produced in
the company CemeCon Ivancice, Czech Republic. All PVD-coated cutting dies showed & very good cutting performance
compared to the uncoated HSS dies, prolonging the tool lives 4-9 times overall. The longest effective time of chip
formation for TINALOX® GOLD was 43-45 minutes. The higher recorded temperatures of chips (107-111°C) resulted
in better formability of the material, compared to 104-105°C for uncoated HSS tools. The PVD coatings worked like
ceramic insulators, preventing intensive heat flux into the tool, and enhancing se the plastic deformation of the austenitic
steel. The best results for the round HSS cutting die were achieved repeatedly with the sputtering technology -
TINALOX® GOLD, which provided excellent tribology between the tool, chip, and workpiece and high-quality threads.
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1. Introduction

Thread production is a widely used industrial operation that can be utilized in many ways for producing internal or
external threads [1],[2],[3],[4]. Internal threads made by tapping are easier to test due to better access to the workpiece
and dense hole arrangement. However, there is worse access for direct measurement of surface quality inside, so a precise
splitting of samples is needed. There are many trends in the optimization of the technology [5],[6], nevertheless, the
prevailing cutting materials in practice are HSS, protected with TiN, Ti(C,N) or Ti(Al,N) coatings made by physical vapor
technologies (PVD) [7],[8]. The reason for HSS stems also in higher cutting speeds needed for cemented carbides that
generate also high feed speeds, which can be a hazardous operation. The success in the coating of cutting flutes with hard
and resistant layers depends not only on many physical and technological parameters of the deposition itself but also on
the pre-processing of the functional tool surfaces [9],[10],[11],[12],[13]. The physical vapor deposition techniques, such
as arc evaporation or magnetron sputtering, transport the atomic material according to the bias voltage and
electromagnetic field in curved paths from the source to the substrate.
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It results in irregular crystallization of the coating layer on the substrate, especially at the tooltip, and a breakage of
the tip can occur easily. On the other hand, a shadowing effect results in the growth of an inhomogeneous film, so apart
from thinner layers, poor adhesion can be found. This effect can be suppressed effectively by high-power impulse
magnetron sputtering and a higher ionization rate of deposition material [14],[15]. The incoming particles have higher
arrival energy and can align themselves in the shape of the substrate. By the HiPIMS discharge, a plasma density of up
to 10 m™ can be achieved, resulting in the ionization degree of the target material up to 90 % [16]. The presence of
energetic particles in the flux of coating material not only enables the coating of substrates placed perpendicularly to the
target [17] but also effectively changes the morphology and associated properties of the coating. The coatings deposited
by HiPIMS were reported to have a smooth, droplet-free surface [18], increased hardness [19], density [20], and adhesion
[21]. In addition to that, HiIPIMS also allows better control of thin film growth by phase tailoring [17], selective substrate
biasing [22], or guiding the deposition material to the desired area of the substrate [23].

Furthermore, the optimal radius of a cutting edge at the recommended mesometric scale (in the order of magnitude
ranging from 1 to 100 um) [9] and it is difficult to reach also. These technologies belong to the know-how of many
companies dealing with coating because effective coating depends on the surface quality, exact radius of cutting edge,
etc. The standard methods for measurement of coating thickness by the so-called kalotest are replaced by more
sophisticated measurements using X-Ray spectrometric methods [24]. The wear and tool life of tools for the production
of threads can be studied from several aspects directly [25] or indirectly via torque analyses [26]. The torque data is
possibly the most relevant signal for tool wear of tap tools according to the concept of Industry 4.0.

Precise machining of austenitic steels [27],[28],[29] is associated with many problems and difficulties due to the
mechanical properties of the material. High strain hardening and low thermal conductivity can be mentioned as the typical
problems resulting in long chips, high cutting temperatures, and a tendency to produce built-up edges. Testing of external
threads made by a cutting die seems to be problematic in general, because of the limited length of tested samples and
costly experiments. PVVD coating seems to be problematic regarding the accessibility in the cutting die hole and grooves,
but the worst problem stems from the complicated deburring of cutting edges needed for coating. Our previous industrial
research has shown that the important reasons causing premature edge breakages and the production of wrongdoings are
as follows:

o wear of tools that cannot be easily quantified or predicted safely in workshop conditions,

e non-standard or inferior quality cutting dies,

e non-convenient cutting speed,

e a mismatch of machine feed can cause the tool to break in tension or compression,

o amisalignment of the cutting die and workpiece axes,

o aclogging with chips due to poor cutting performance and poor chip evacuation,

e apoor cooling or lubricating (a use of improper cutting fluid or not powerful cooling flow).

Many of the problems can be detected with force sensors or energy consumption because they reflect the forces and
cutting conditions [30], however, the number of applications ensuring the top quality of threads without any flaws is
booming. The integrity imperfections can be harbors for infections, places for contaminations, or fatigue crack nucleation.
The basic aim of this work is to find the best cutting material for excellent thread production made by round cutting dies.

2. Experimental Works

The material of the workpiece was austenitic stainless steel, CSN 10088-1 1.4301 (X5CrNi 18-10), with dimensional
and shape deviation tolerances according to EN 9445— Table 1,2. The material is the most used stainless steel, referred to
by the consumer names food-grade or 18-10. It is used in the food, pharmaceutical, and cosmetic industries, as well as
in facade and residential architecture. The blank rods $10h6/6000 mm were cut and machined to the dimensions according
to Fig.1. The fastened workpieces were prevented from unwanted rotation with a hardened cross pin $3 mm and mounted
to a 3-jaw chuck in the machine spindle VR5A (Kovosvit, Sezimovo Usti) controlled with the Sinumerik 802D. The
cutting dies were clamped to a standard holder, which was fastened to a 3-jaws chuck and fixed with screws on the top
of the dynamometer KISTLER 9272. The radial alignment at the end was below 0.05 mm. The dynamometer set was
placed into the CNC drill press— Fig. 2. Kistler dynamometer 9272, charge amplifiers 9011, and the Dynoware program
for force and torque analyses of the sample loading were used. The sampling rate of 60kHz, the low-pass filter, and the
long-time constant were set for all data acquisition. A special CNC program was written for the automatic control of the
cutting operations.

Chemical composition (weight %)

C Si Mn P Ni
<0.08 <0.10 <2.0 <0.045% <8.0-10.5
Cr S Fe
18.00-20.00 <0.030% | balance

Table 1. Chemical composition of the tested material
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Yield point Re Tensile strength Young
[MPa] Rm [MPa] modullus
[GPa]
240 - 250 520 — 640 190

Table 2. Mechanical properties of the tested material

a=le— MI10x1,5-6¢ D3 DI10h6

4 1x45°
110 —
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Fig. 1. Sketch of the specimen

b)
Fig. 2. Experimental set-up: (a) Kistler 9272 set-up and the machine (in the background); (b) a detail of the thread-
cutting operation

The round cutting dies SE-B-gel-VA (Emuge Franken, Germany), article number D0103500.0100, constructional
design DIN EN 22568, geometry VA, right-hand sense of rotation, lapped surface quality made from cutting material
HSSE were used. Chamfer length was 2 threads, so 8 cutting edges effectively cut the specimen. Round HSSE die is
recommended for universal application in stainless steel with excellent quality on the best CNC machines. Nevertheless,
the cutting edges were not burr-free, so the ultrasonic polishing machine Piggy Sonic Mark 3 (NOVAPAX CZ s.r.0.,
Prague, Czech Republic) and diamond micro-grinding tools had to be used before the PVVD coating - Fig. 3.

The cutting dies were tested as uncoated, but also PVD coated with unit CC800®/9ML Flex HiPIMS (CemeCon,
Waurselen, Germany) working in the standard sputtering technology as CC800® (Tinalox Gold®, Alox SN?) and
FerroCon® and FerroCon® + TiAl(C,N)® working in the HiPIMS regime — Table 3. Each combination was tested three
times. The PVD coating was made by the company CemeCon s.r.0., [vanéice, Czech Republic. The coating unit has six
cathodes equipped with shutters. Two cathodes with pure Ti targets (99.999%) were used in DCMS mode for etching and
four Ti targets with embedded Al slugs were powered by HiPIMS to provide the coating material.
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b)
Fig. 3. Deburring of cutting edges of round dies: a) before polishing, b) after polishing, c) after polishing and coating

The die was placed at the central substrate table, and the axis of the die was oriented perpendicularly to the target
surface. Prior to the coating, etching with Ti ions was performed. The average power on the cathodes was 11.95 kW. A
bias voltage of —59 V was applied to the substrate table. A mixture of nitrogen, argon, and krypton gases was used, with
flow rates of 240, 311 and 213 ml.min"%, respectively. The deposition rate was 39 nm.min-! approximately. The scanning
electron microscope MIRA3 (TESCAN, Brno, Czech Republic) was used for analyses of the secondary and backscattered
electrons (SE, BSE), energy-dispersive X-ray spectroscopy, and measurement of the real thickness of the coating t — see
Fig. 4 - according to equation (1):

o= JRE- @7 - R @y, @

where R is the radius of the polishing ball, C1 represents the outer diameter, and C2 is the inner diameter of a dent in the
surface.

Coatings Structure Microhardness Maximal working Thickness [um]
HV 0.05 temperature [°C]
Tinalox monolayer, 2300 600 2.8-3.0
Gold® Ti(AlxN1-x)
supernitride
Alox SN2 multilayer, 3500 1100 2.7-2.9
nanocomposite
FerroCon® nanocomposite 3800 1100 2.8-2.9
FerroCon® + | multilayer, 3800 1100-1150 2.9-3.0
Ti,Al(C,N) nanocomposite

Table 3. An overview of the coatings and their specifications (some details presents a company know-how)

(2=439.69 pm .

C1=150:34 pm

14.66 mm

110K 120K 1.3(

600 700 900 1K
Distance [um]

RESOLUTION

a)
Fig. 4. The principle of coating thickness measurements — the kalotest (a) and the linear EDS with the distribution of
elements across the section, corresponding with the diameter of the ball and thickness of the layers
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Cutting speeds 2.8-3.9-5.3-7.0-9.4 m/min were set in the tests, but the basic speed was 2.8 m/min. The cutting oil
FUCHS ECOCUT 532 LE was used for the lubrication of machined surfaces. The ECOCUT 532 LE is a high-
performance cutting oil that is chlorine-free, for machining difficult (stainless) materials and very difficult-to-machine
materials (density at 15 °C - 0.94 g/ml, flashpoint 210 °C, kinetic viscosity at 40 °C 32 mm?/s). The oil was applied to the
tool with a brush during all cutting and chip production. The temperature of the cutting was recorded by the thermo-
camera FLIR EP XT. The instant inspection of the threads was conducted by the caliper M10x1,5-6g VOLKEL (MT
Nastroje, Moravska Trebova, Czech Republic) and by the micrometric caliper INSIZE Czech, lvancice). The shape
deviation and quality parameters were checked by the Bruker Alicona IF G5, Graz, Austria, and by the optical microscope
3D SMART (HotAir, Ostrava, Czech Republic).

3. Results

The selected time series of the torque moments for dies with different coatings can be seen in Fig. 5. All coatings
performed very well, but they differed in the stability of the torque moments reflecting the chip production.
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Fig. 5. The time series of torque moments for various PVD coatings

The TINALOX® GOLD and ALOX SN2 exhibited excellent performance even at increased cutting speeds — Fig. 6,
where no rise in torque moment was measured.
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Fig. 6. The torque courses for selected PVVD coatings - the effect of cutting speed on loading of the selected tools

The analysis of the cutting die design confirmed an irregular undeformed chip cross-section, but the specific cutting
force acting on the cutting edges [30] was approximately stabilized — Fig. 7. It confirms a very good cutting geometry
from the producer, because no cutting edge is too overloaded.
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Fig. 7. A detailed analysis of the undeformed chip cross-section Ad, torque moment, cutting force Fc and specific
cutting force ke acting on the cutting edges at the beginning of cutting ( a selected pass of the TINALOX ® GOLD).

The thermal fields showed the following ranges of maximal temperatures for the cutting materials (Fig. 8):
e HSS: 104-105°C

e Tinalox Gold®: 107-111°C

e Alox SN2: 114-117°C

e FerroCon® + TIAI(C,N)® : 118-127°C

e FerroCon® : 128-130°C.

Erei i

JAGHE N

Fig. 8. Distribution of temperatures when cutting threads with a round die: a) uncoated HSS, b) HSS coated with
FeroCon®, c) the workpiece after cutting by uncoated HSS, d) the workpiece after cutting by HSS coated with
FeroCon®.

The change in surface quality could be seen visually first because of the change in the light contrast— Fig. 9.
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Fig. 9. Selected samples: a) excellent surface quality of tested samples, b) first appearance of defects on the surface

Analysis of surface morphology by Alicona Infinity Focus G5 revealed many deviations from the right shape and
dimensions of the threads — see Fig. 8,9. Most of them were initiated by the built-up edge, chipping of the edge, and a
combination of the phenomena. However, excellent profiles have been found for the majority of the samples (except for
uncoated HSS), and chip removal was running smoothly — Fig. 10. According to the quality of the threads, stability of the
torque moment, and some other wear effects, the total cutting performance can be seen in Fig. 11.

Height
mm

Height
mm

. |
342
€ 340
338 |
] [mm] 50 .

€)
Fig. 10. An overview of typical results a) the correct design of the thread, b) incorrect crest, c) side defects, d)
completely affected all produced surfaces, €) a cross-section of the threads, f) evaluation of the shape discrepancies
in the thread design.
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100 pm
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a)

Fig. 11. Chip produced by the TINALOX® GOLD coating: a) overview of the chip, b) detail from the chip, c) a
magnified detail of the chip — a production of fine segments, with the convenient plastic flow of the austenite
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Fig. 12. The average tool life of the tested cutting dies. The integrated criterion of the wear was applied — a
deterioration of the surface quality, irregular torque moment when cutting, and edge chipping.

4. Discussion

The experimental results confirmed the previous results in phenomena that could be expected in the technology of
thread production in austenitic steel [27-29]. However, the standard sputtering technology is exhibited to prevail due to
better tribology of the tested coatings against steel in the test conditions where the hardest coating is more sensitive to
edge chipping and production of built-up edges, affecting the design of tools and produced threads. The higher
temperatures of chips and workpiece surface seduce to exclude the lubrications, however, such tests ended with
catastrophic failure and fracture of tools.

5. Conclusions

The four hard coatings have been proven to be very effective in thread cutting in austenitic steel AISI 304, all of them
much better compared to the uncoated HSS round dies. The coatings provided a high wear resistance and prevented the
cutting edges from production of built-up edges, and cold welding of the chip to the cutting tool. The longest effective
time of chip formation for TINALOX® GOLD was 43-45 minutes. The higher recorded temperatures of chips (107-
111°C) resulted in better formability of the material, compared to 104-105°C for uncoated HSS tools.

The PVD coatings worked like ceramic insulators, preventing intensive heat flux into the tool, and enhancing se the
plastic deformation of the austenitic steel. The higher working temperatures resulted in a more convenient plastic flow of
workpiece material and higher quality of the cut surfaces. The production of built-up edges is the worst problem in
austenitic steel because it affects the thread quality and integrity. The best results with TINALOX® GOLD and ALOX
SN? reflect good tribological properties. The phenomenon of BUE can be detected by the torque measurements, where
sudden drops or rises in the loading reflect the problem, and the production of defective threads follows.
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Anyway, to reach such good results with PVVD coatings for threading in austenite steel means that the dies must be
free of any burrs after grinding or polishing. These results are important for the next improvement of cutting die production
— the PVD technology can significantly increase the cutting performance of the tool, but an effective deburring of the
acting edges is needed. Ultrasonic polishing with diamond tools proved to be a very effective way for it, but it should be
automatized or the CNC grinding machines should be able to do it. Perfect integrity of the tool surface and advanced PVD
coating prevent built-up production and enhance the quality of threads, tool life, and economy of the production. The best
results for TINALOX® GOLD will be tested also for tool-supportive guides (e.g. reaming heads) and work materials
suitable for welding.
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