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Abstract. Additive manufacturing (AM) of cutting materials such as high-speed steel (HSS) is
very challenging. So far, the impact of the layer-by-layer manufacturing technique onto the AM
tool performance during machining is widely unknown. In this study, the performance
characteristics of AM grooving inserts manufactured from HS6-5-3-8 (ASP 2030) in AM Laser
Powder Bed Fusion (LPBF) process were investigated in fundamental cutting experiments. Six
different workpiece materials were analyzed and two different parameter sets for the LPBF process
investigated. All AM grooving inserts withstood the thermal and mechanical stresses during
machining of the investigated materials. Based on these results, AM threading tools manufactured
from HS6-5-3-8 will be investigated in a next step, using the geometrical freedom of the AM
process for an adapted channel and outlet nozzle design of the internal cutting fluid supply.

Introduction

Additively manufactured (AM) cutting tools enable new design concepts in tool development
including benefits such as lightweight construction [1], damping behavior [2] and internal cutting
fluid supply [3]. So far, mainly basic bodies of indexable cutting tools were additively
manufactured from steel materials, with conventional cutting inserts mounted. AM tools such as
drills, grooving toolholders or indexable milling tools can be already found in industrial
applications [4-6]. AM processing of cutting materials is rather rare due to the high requirements
to geometrical accuracy, defect-free production and the high demands for the material regarding
thermal and mechanical resistance in use. Even though some studies dealing with the processing
of cutting materials in different AM techniques exist, only very few works investigating the
performance behavior of AM processed cutting tools during machining are known. Examples for
AM cutting materials can be found in processing of tungsten-carbide in Binder Jetting [7], slurry-
based three-dimensional printing (3DP) technology [8] as well as in Laser Powder Bed Fusion
(LPBF) [9], processing of ceramics in Lithography-based Ceramic-Manufacturing (LCM) [10] or
LPBF processing of HSS [11].

High-speed steel (HSS) still is a very relevant cutting material. Due to its favorable
characteristics of high ductility and bending strength, HSS is widely used for drilling and threading
tools but also in broaching of difficult-to-cut high-temperature resistant materials, fine blanking
tools and high-performance bearings. [12]

LPBF (also known as SLM or DMLS) is the most commonly used AM technique [13]. Due to
LPBF machine concepts with preheated base plate, processing of HSS materials became possible
during the last years. Thus, even in hard-to-weld materials with high carbon content, such as HSS,
crack formation can be prevented. Kempen et al. [14] manufactured AISI M2 HSS with a relative
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density of 99.8 % and a hardness of 57 HRC. Zumofen et al. [15] used higher preheating
temperatures to further reduce residual stresses in processing of AISI M2 HSS. Saewe et al. [11]
processed defect-free AISI M50 HSS with a relative density up to 99.5 % and a hardness of up to
65 HRC for the application in roller bearings.

So far, no studies regarding the performance behavior of LPBF-processed HSS cutting
materials in machining experiments are known. In this work, as-built grooving inserts
manufactured from HS6-5-3-8 (ASP 2030) were investigated in orthogonal cutting experiments.
Main evaluation criteria were cutting force components, tool wear and chip form. Thus, the
potential of the AM HSS for an application in geometrical adapted AM threading tools with
individualized cutting fluid supply should be assessed.

Tool Characteristics

In a first step, grooving insert test specimens were additively manufactured by LPBF from HS6-
5-3-8 on a modified machine Aconity Midi at Fraunhofer Institute for Laser Technology (ILT).
The cutting edges had a slight allowance for the downstream grinding process. Two different LPBF
parameter settings were applied with focus on high density (Standard, relative density of 99.96 %)
and high productivity (Productive, relative density of 99.87 %), see Fig. 1. As the inserts with a
total height of 26 mm were built vertically, a slight increase of hardness between +3.2 % to +4.9 %
could be detected between edge 1 close to the build plate and edge 2 in distance to the build plate.
The hardness of the specimens built with the parameter setting Standard was around 24 % higher
than for the parameter setting Productive. This can be explained by the longer exposure time of
the laser per area and the resulting differences in heat generation and dissipation. As no heat-
treatment was carried out, this difference in mechanical properties had to be considered for the
machining experiments.

LPBF parameter settings

Standard Productive

Standard: 817 HV Edge 2 ‘
Productive: 686 HV 8¢

v

Standard: 432 % Build directig }! Laser power | P, /W 250 300
Productive: +4.9%| Build plate " Scan speed |v,/mm/s| 940 1340
Hll Hatch distance | Ay / um 80 100
Standard: 792 HV Edge 1 —] Layer thickness| D,/ pm 30
Productive: 654 HV Preheating T/°C 350

Measurement points

Fig. 1. Micro hardness measurement in dependency of build height and LPBF process
parameters.

Both cutting edges of all inserts were then uniformly grinded by the company Meyer + Dorner
Réumwerkzeuge GmbH. The cutting edges were measured on an optical microscope Algona
Mikro CAD (cutting edge radius rg) and a tactile contour measurement device MarSurf PCV (rake
angle y and clearance angle o). The mean values are given in Fig. 2, a. The tools were uncoated.
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Fig. 2. Measured tool geometry over all investigated cutting edges (a)
and experimental setup (b).

Experimental Setup

The experimental setup inside an external vertical broaching machine Forst RASX 2200x800x600
M / CNC is shown in Fig. 2, b. The tool holder was mounted on a dynamometer Kistler Z21289
on the machine table. The workpiece was clamped into the broaching stroke. The chip formation
was captured with a high-speed camera Vision Research Phantom v7.3. In order to evaluate the
performance behavior of the AM tools, chip formation, chip shape, cutting force and tool wear
were investigated. Six different workpiece materials were analyzed with different cutting speed vc
and undeformed chip thickness h each. The cutting parameters are given in Table 1. The applied
materials were two steel alloys (X5CrNiMo17-12-2 (1.4401) and 42CrMo4+QT), one copper alloy
(CuZn218Si3P (Ecobrass)), one cast iron (GJL 250) as well as two difficult-to-cut materials

(Ti6Al14V (B-annealed) and Inconel 718).

Table 1. Cutting parameters for all investigated workpiece materials.

Workpiece material v, [m/min] h [mm]
42CrMo4+QT 30 0.15
X5CrNiMo17-12-2 (1.4401) 30 0.15
CuZn21Si3P 60 0.2
GJL 250 60 0.2
Ti6Al4V 15 0.1
Inconel 718 5 0.05

For the evaluation of the force signal, cutting force F. and cutting normal force Fen (respective
thrust force) were averaged within the range from 30 % to 70 % of the total signal of one cut (see
Fig. 3). Each insert was only used for nine consecutive cuts within one workpiece material. Tool
wear was analyzed by optical light microscopy and optical 3D measurement Alicona FocusGS.
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Fig. 3. Evaluation of force signal.

Results and Discussion

In the following section, different comparisons are made in order to evaluate influencing factors
onto the tool performance within the scope of the experiments. Not all inserts were tested in each
combination of edge number, LPBF parameter setting and workpiece material. A comparison
between different materials is not useful as every material was machined with individual cutting
parameters. The focus of the analysis was on the comparison between built height and LPBF
parameter settings as well as on information regarding the performance behavior of the AM inserts
in use with a wide range of different workpiece materials.

In Fig. 4 the influence of the build height (edge 1 and 2) onto the force development is shown
for cutting of 42CrMo4 and Inconel 718 with inserts “Standard”. A significant change of the force
amplitudes between cut no. 1 and no. 2 to 9 was observed for all experiments. This can be traced
back to inaccuracies in the positioning of the machine table and thus the cutting edge relative to
the workpiece surface for the first cut, leading to a slightly deviating undeformed chip thickness.
For all following analyses, the mean value of cut 2 to 9 is taken into account. The growing mean
forces Fc and Fen can be explained by a changing cutting edge microgeometry and blunting of the
cutting edge. For 42CrMo4, no significant change in the mean forces could be detected, whereas
for hard-to-cut Inconel 718 the mean cutting force F. was around 7 % lower for edge 2. The higher
hardness in bigger distances to the build plate (see Fig. 1, edge 2) seems to increase the edges
resistance to blunting. For the application in threading tools, which are also build up in vertical
direction, the functional part should thus be positioned on the top relative to the build plate. As the
force difference for Inconel 718 could be in the deviation range, further tests with a higher number
of inserts should be conducted in the future.
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Fig. 4. Influence of build height onto force development (LPBF: Standard).

The LPBF parameter settings Standard and Productive did not influence the development and
amplitude of the force signals for cutting of 42CrMo4 (Fig. 5). For cutting of Inconel 718, F. and
Fen did grow along the number of cuts, with Fc being 11 % and Fen 21 % higher for the insert
produced with the productive LPBF parameters. The lower hardness of the productive parameters
(see Fig. 1) led to a faster wear progression of the cutting edge in the hard-to-cut material even
though forces for the standard parameters were comparable (Fen) or lower (Fe).
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Fig. 5. Influence of LPBF parameter setting onto force development
(1.4401: edge 1, 42CrMo4: edge 1, Inconel 718: edge 2).
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A visual influence of the LPBF parameter setting and the build height on tool wear and cutting
force progression for machining of 42CrMo4 could not be detected neither in the records of flank
and rake face nor in the 3D scans, Fig. 6. A thermal influence, similar in size and shape and visible
as an annealed rake face and flank face surface, was detected for all four inserts. The high thermal
load can be explained by the high tensile strength of the quenched and tempered workpiece
material. Chipping occurred on several inserts due to the high mechanical load and abrasive wear
caused by the martensitic microstructure. The rising force amplitudes along the feed travel path I,
which occurred during every cut, could not be explained by growing tool wear. The mean forces
F. and Fen remained nearly constant along the number of cuts, see Fig. 4. A possible explanation
might be the rising contact area between chip and rake face as visible in the high-speed video
recording in Fig. 7 (42CrMo4+QT). Due to the rising chip up-curl radius, the contact length is
constantly increasing, leading to more friction-induced force in and perpendicular to the direction
of cut.

LPBF parameter Standard LPBF parameter Productive
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Chipping
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Fig. 6. Tool wear and force signal after nine consecutive cuts in 42CrMo4+QT.

Fig. 7 shows the chip formation captured by the high-speed camera as well as the resulting chip
forms. 42CrMo4 exhibited a mainly continuous chip. In the first section of the chip, annealing
colors were visible, indicating a high temperature evolution during cutting of the material. For
1.4401, mainly segmented chip formation occurred with material adhesions on the backside of the
chip. CuZn21Si3P offered short, discontinuous chips due to the chipbreaking characteristics of the
alloy elements. Cast iron GJL 250 with its brittle characteristics of the pearlite lamellae led to very
short, dusty chips, whereas for Ti6Al4V a discontinuous lamellar chip formation was observed.
Inconel 718 caused a thin, segmented chip with very regular chip up-curl radius.
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Fig. 7. Chip formation and chip form for all investigated materials (cut no. 3, LPBF: Standard).

As visible in Fig. 8, the forces Fc and Fen did only grow significantly for hard-to-cut materials
Inconel 718 and Ti6Al4V along the number of cuts. The cutting inserts seemed to withstand the
mechanical load applied during the tool-workpiece-contact for all steel, cast and copper alloys.
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Fig. 8. Force growth along all number of cuts (LPBF: Standard).

The tool wear and force progression for all other materials is presented in Fig. 9. Adhering
material could be detected on the rake face for cutting of 1.4401. The thermal load led to
discolorations especially on the flank face for cutting of 1.4401 and Ti6Al4V caused by the low
thermal conductivity of the materials. A relatively high flank wear was visible for Ti6Al4V and
Inconel 718 due to high abrasive wear. The insert used for cutting of CuZn21Si3P appeared nearly
unused after nine cuts, whereas strong material adhesions became visible on the flank and rake
face for GJL 250. The continuous or discontinuous chip forms correlated with the force signal in
terms of fluctuation. Especially for cutting of CuZn21Si3P and GJL 250, a high signal noise
appeared in the force measurement, whereas for Inconel 718 nearly no fluctuations were detected.
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Fig. 9. Tool wear and force signal after nine consecutive cuts for different workpiece materials
(LPBF: Standard).

Summary

All as-built, uncoated AM grooving inserts withstood the thermal and mechanical load during
machining of the investigated materials within the scope of the experiments. The following
findings were made:

e The hardness of the as-built test specimens varied along the distance to the build plate as well
as between the two LPBF parameter settings with reduced hardness for small distances and
productive LPBF parameters.

e The differences in the material properties of the cutting edge were negligible for machining
of the steel alloys 42CrMo4+QT and 1.4401. An influence of the LPBF parameters and build
height could be detected only during machining of Inconel 718 with a rising cutting force and
cutting normal force over various cuts. The more productive LPBF parameter setting and a
small distance to the build plate led to higher forces and faster tool wear development,
respective faster tool wear rate of the cutting edge.

e For hard-to-cut materials Inconel 718 and Ti6Al4V, the cutting force rose over various cuts.
Chipping phenomena appeared for cutting of Ti6Al4V, whereas high thermal loads resulting
in discoloration on the tool flank and rake face, as well as on the chip surface occurred for
cutting of 42CrMo4+QT. Adhesion phenomena on the rake face could be detected for alloyed
steel 1.4401.

The findings show the capabilities of AM tools made from HS6-5-3-8 even in hard-to-cut
materials. As only a limited amount of cuts was performed, tool wear development and thus tool
life should be closer analyzed in future investigations, taking into account long-term phenomena.
Based on these results, the use of coatings for the AM processed HSS substrate appears reasonable.
Thus, thermal influences and material adhesion can be reduced. In future works, the influence of
a heat treatment on microstructure and mechanical properties of the AM HSS will be analyzed and
compared to conventionally manufactured HSS. In a next step, AM threading tools manufactured
from HS6-5-3-8 will be investigated, using the geometrical freedom for an adapted channel and
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outlet nozzle design of the internal cutting fluid supply, extending tool life and reducing scrap
parts. Another possible application for additively processed HSS can be the manufacturing or
repairing of AM broaching tools.
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