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Abstract

Milling of ferrous metals is usually performed by applying cemented carbide tools due to their high hardness, temperature
and wear resistance. Recently, ceramic tool materials have been on the rise and enhanced the efficiency in machining. As
ceramics are brittle-hard materials, tool manufacturing requires a sound knowledge in order to meet the tool requirements
such as sharp cutting edges and wear resistance. In this study, milling tools made of the high performance ceramic SiAION
were compared to tools made from cemented carbide. For both tool materials, the influence of a prepared cutting edge was
investigated. Both the tool manufacturing process and the cutting edge preparation processes are presented, followed by the
application of those tools within milling experiments. In order to evaluate the efficiency of both tool types, the cutting forces
and the cumulative process energy demand were analyzed. Additionally, surface roughness of the machined workpieces and
tool wear were examined. It was found that the ceramic tools, although process forces were higher than for cemented carbide
tools, exhibited by far lower energy consumption, less tool wear and finally generated lower surface roughness.

Keywords Milling tool manufacturing - High performance ceramics - SIAION - Grey cast iron - Cutting edge preparation

1 Introduction

The selection of cutting tools has a significant influence on
the productivity of manufacturing processes. Specifically for
milling processes, cemented carbide tools are typically used
due to their high hardness and predictable fracture tough-
ness. These advantages enable cutting operations for a wide
variety of materials at favorably high material removal rates
with a long tool life [1]. An additional improvement in tool
life can be achieved by choosing ceramics as a tool material.
A well-known disadvantage is the low fracture toughness
of this material, which prevented its use as a milling tool
material in the past. However, the recent developments of
high performance ceramics with improved properties have
reduced the fracture risk.

Investigations with milling cutters show that the use of
high performance ceramics as insert materials instead of
cemented carbide can improve tool life, the material removal
rate and the surface quality on the workpiece [2]. Milling
cutters with inserts are composed tools where the inserts
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are fixed in an insert holder. They are usually restricted
to minimum diameters of d=12 mm, though many mill-
ing operations require smaller diameters. End mills can be
manufactured in a wide range of diameters and are typically
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chosen for milling processes in which milling cutters cannot
be applied.

An investigation on the effects of end mills in cutting
Inconel 718 was performed by Wacinski [3]. Innovative
end mills were manufactured of silicon alumina nitride
(SiAION), based on the findings of Huebert [4]. The inves-
tigation shows that compared to cemented carbide tools, end
mills made of SiAION are able to reduce the processing time
by about 30%. Another finding was that the cutting edges
have a significant influence on the milling process, whereby
a suitable preparation of the cutting edges can increase tool
life. Until now, only a small number of publications investi-
gated new ceramic materials for end mills, so that this type
of tool is rarely applied in industrial environments.

The purpose of this research was to investigate if ceramic
end mills can improve the efficiency during the cutting of
cast iron. The cutting edge preparation was performed and
its influence on the milling process was observed. End mills
made of SiAION and cemented carbide CKil0 were manu-
factured with sharp and rounded edges. The milling pro-
cesses with ceramic and cemented carbide end mills were
compared with regard to the process forces, the surface qual-
ity and the tool wear. Furthermore, the energy consump-
tion in the manufacturing process and the application of the
ceramic and the cemented carbide end mills were compared.

2 Tool manufacturing

The performance of end mills is significantly influenced by
the shape of the generated wedges and cutting edges. This
section describes the different tool grinding operations used
to produce the wedges on the end mills as well as the cutting
edge preparation process. The tool grinding operations were
carried out by the Institute for Machine Tools and Factory
Management (IWF), Berlin, according to the findings of
Huebert [4]. The cutting edges were prepared by the Insti-
tute for Manufacturing Technology and Production Systems
(FBK), who applied elastically bonded grinding wheels [5].

2.1 Tool grinding

For end mill manufacturing, different grinding operations
have to be carried out, as shown in Table 1. In order to
reduce the concentricity error on the blanks of SiAION and
CKi10, a cylindrical grinding process was conducted with
a cylindrical grinding wheel 1A1 (Table 2). Furthermore,
the functional surfaces of the wedges were generated with
the grinding operations flute, peripheral and face grinding
(Fig. 1). Flute grinding was carried out on the peripheral
surface of the blanks with a cylindrical grinding wheel 1A1
(Fig. 1a). This grinding operation takes a long time caused
by the required high material removal. The flutes provide,
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Table 1 Tool grinding operations

Operation Cutting speed  Feed rate Depth of cut
ve (m/s) v (mm/min) a, (mm)
Cylindrical grinding 17 25 0.05
Flute grinding 17 25 1.00
Peripheral grinding 40 25 0.02
Face grinding 40 15 0.80
Table 2 Grinding wheels
Specifica-  Diam- Width  Grain Grain Bonding
tion eter a b, (mm) mean concen-
(mm) Diam- tration
eterd, ¢ (ct/em?)
(um)
1A1 80 20 64 4.4 Hybrid bond
11V9 40 40 64 4.4 Resin bond

besides the rake faces of the circumferential wedges, space
to transport chips and coolant. For the flank faces of the
wedges, an additional peripheral grinding operation was
conducted using a cup grinding wheel 11V9 (Table 2). This
grinding operation has a low material removal rate, but a
large influence on the manufactured wedges and the tool
diameter (Fig. 1b). Next to the curved surface, wedges of the
face have to be ground (Fig. 1c). The flank faces and the rake
face of the wedges were generated by using the cup grinding
wheel 11V9. In general, the grinding wheel specification,
the grinding strategy and the grinding parameters have an
impact on the chipping and rounding size on the cutting edge
[4]. A resin bonded grinding wheel has a good damping
behavior, resulting in better surface qualities, lower chipping
and sharper cutting edges. Because of that, a resin bonded
grinding wheel is used for generating the wedge of the mill-
ing tool. For the milling experiments, sharp cutting edges
with similar sizes of the rounding are preferred. The applied
grinding strategy, the grinding parameters and the grinding
wheel specification fulfilled these criteria for both materials.

2.2 Cutting edge preparation

Cutting edge preparation improves the cutting edge tough-
ness, increases the adhesion of functional coatings and
enhances the quality of machined surfaces. The cutting
edges of the ground end mills were prepared with a method
that uses elastically bonded superabrasive grinding wheels
(Fig. 2) [6]. This preparation process can be conducted on
a tool grinding machine without reclamping. The method is
capable of generating individual cutting edge geometries on
different cutting tools, such as end mills [5, 7] and indexable
inserts [6]. The process is path controlled, but the material
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removal mechanism depends on the applied force, because
the elastically bonded grinding wheels need a certain
preload for material removal. Rounded cutting edges result
from the soft elastic behavior of the bond, as it enables the
nestling around the cutting edge [7].

The end mills were prepared by a 5-axis CNC tool
grinding machine (Walter Helitronic Vision) using min-
eral oil as grinding fluid. The elastically bonded grinding
wheel of shape 1A1 (100 x5 mm) has a basic bond hard-
ness of 70 Shore A (Sh,) and uses diamond grains (D20,
C50) as abrasives. The lateral face of the grinding wheel
was used for cutting edge preparation (Fig. 2). The down

grinding direction was oriented from the face to the shank
(see Fig. 2). A cutting speed of v,=20 m/s, a feed rate of
v¢;=50 mm/min and a nominal depth of cut of a,=30 um
were used to machine the cutting edges.

The cutting edge radius rg and form-factor K [8] were
measured to characterize the cutting edge rounding. The
cutting edge radius is used for evaluating the size of the
rounded cutting edge and the form-factor describes its ori-
entation (Fig. 3). Thereby, the form-factor is the quotient
of the cutting edge section on rake face S, and cutting
edge section on flank face S,, S, and S, are defined as
the distance between the respective separation point of

Fig. 1 Tool grinding operations:
a flute, b peripheral and c face (a)
grinding (4]

(b) (c)

SN

x
Y

Fig.2 Cutting edge prepara- \Y
tion process at different stages
of feed motion while down
grinding

Lateral face

C))

Cutting edge

Fig. 3 Parameters for character-
izing the rounded cutting edge

(8] S,/

Ideal sharp——""
cutting edge /

Rake facg
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S, Cutting edge section on rake

Flank face face

S, Cutting edge section on flank
face

r, Cutting edge radius
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the cutting edge rounding and the tip of an ideally sharp
cutting edge.

These parameters for characterizing the rounded cutting
edges were measured by a digital micro fringe projection
sensor MikroCADP"™ with a resolution of 0.7 um in x- and
y-direction as well as 0.05 um in z-direction.

The results of the cutting edge measurements for the
ceramic and cemented carbide end mills are summarized in
Table 3. The respective scanning electron microscopy of the
sharp and rounded cutting edges of cemented carbide and
ceramic end mills are given in Fig. 4.

3 Experimental procedure

Experiments were carried out on a 5-axis milling machine
(DMG Ultrasonic 20 Linear). The manufactured cemented
carbide and ceramic tools were applied in a circumfer-
ential up-milling process under dry conditions (Fig. 5).
Typically, down-milling is recommended when surface
quality is in focus. As this work focuses on the compari-
son between sharp and rounded cutting edges, up-milling
is the preferable process in this case, which facilitates
the comparison of chip formation on the surface. The

Table3 Cutting edge radius and form-factor of the sharp and
rounded cutting edges

Milling tools Cutting edge Form-factor K
radius rp (Lm)

Cemented carbide (sharp) 42+09 -2

Cemented carbide (rounded) 16.2+1.6 0.76 +£0.15

Ceramic (sharp) 5.6+3.5 -2

Ceramic (rounded) 169+1.9 0.83+0.06

#The form-factor for a cutting edge radius less than 10 um cannot be
determined accurately with the used measuring device

Fig.4 Scanning electron
microscopy of sharp and
rounded cutting edges of
cemented carbide and ceramic
end mills (accelerating voltage
5 kV, no charging observed)

Cemnted crbide, sharp

process parameters (Table 4) were determined in prelimi-
nary experiments, where every parameter was varied in
two stages. The width of cut was chosen corresponding to
the width of the workpiece (grey cast iron with lamellar
graphite EN-GJL-200) and started 1.5 mm above the tool’s
end face. The optimum depth of cut and feed rate are the
same for both tool materials and consequently remained
constant during cutting experiments. The cutting speed
depends on the milling tool material and is varied. The
cemented carbide tool offers the best performance at a
cutting speed of v.=195 m/min and the ceramic tool at
v, =390 m/min. With these parameters (Table 4), a mate-
rial removal volume of Vy,=18,000 mm?> was machined
(material removal rate Qy =4,032 mm?>/min). All experi-
ments were repeated three times. For every experiment, a
new tool was used.

During the experiments, in-situ force and energy
measurements were performed. The process forces
(Fy=Fp; Fy=F;; F,=F) were measured at the beginning
of every process and after every 6000 mm?® of removed
material (Fig. 5). Forces were detected by a dynamometer
(Kistler Type 9254) and processed afterwards by apply-
ing a low-pass filter (Butterworth-filter 10th order). The
reason for the signal noise is the discontinuous cut during
milling and the changing chip thickness. The advantage of
the filter used is that the high frequencies are filtered and
all frequencies below the cut-off frequency are not attenu-
ated or amplified. A typical force signal before and after
processing is presented in Fig. 6.

The surface roughness of the machined surfaces was
determined by white light interferometry (Taylor Hobson
CCI HD) after the milling experiments. In order to analyze
the tool’s productivity, tool wear was evaluated by scan-
ning electron microscopy.

" | Ceramic, shar|
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Fig.5 Experimental setup of
circumferential up-milling
process

Fx(=FN)

Fz(=Fp)

Table4 Tool specifications, workpiece specifications and process

parameters

Tool specifications

Values

Materials

Diameter

Teeth

Helix angle 6

Wedge angle f§

Tool orthogonal rake angle y
Tool orthogonal clearance angle o
Cutting edge

Workpiece specifications
Material

Hardness HV30
Geometry

Process parameters
Cutting speed v,

Feed rate v;

Depth of cut a,

Width of cut a,
Number of cuts per tool
Direction

Lubricant

Cemented carbide “Thle ckil0”
Ceramic “Ceramtec SiAION
SL506”

D6 74 40°

4

40°

90°

_ 50

50

Sharp

Rounded (radius rp, see Table 3)
Values

Grey cast iron with lamellar
graphite EN-GJL-200

210

100x 50 x4 mm

Values

195/390 m/min

3360 mm/min

0.3 mm/cut

4 mm

300 (& Vy,=18,000 mm?)
Up-milling

None

4 Results

The main aspect for the application of ceramic end mills
is their higher wear resistance compared to cemented car-
bide tools, which is presented in Sect. 4.3. In the previous
Sects. 4.1 and 4.2, the results from process monitoring and
surface quality are shown, describing the machining behav-
ior of both tool types.

4.1 Process forces

Pilot experiments, performed with cemented carbide and
ceramic cutting tools with sharp cutting edges, revealed that
high cutting speeds (v,=390 m/min) are only applicable
for ceramic end mills (Fig. 7). The cemented carbide tools,
in contrast, lead to feed normal forces of up to 140 N, so
that low cutting speeds (v,=195 m/min) are more suitable
for this type of tool. The high forces can be explained by
heavy wear on the carbide tool, occurring at high cutting
speeds. In order to maintain a constant material removal
rate (Qyw =4032 mm?/min) during the main experiments,
the chosen feed rate was kept the same for all experiments
(v;=3360 mm/min). The parameters for each tool material
are colored in grey (ceramic) and blue (cemented carbide)
in Fig. 7.

As previously described (Sect. 2.2), in the main experi-
ments also sharp and rounded cutting edges for both tool
materials were compared. This means thatfour different
tool types were investigated. The feed normal forces were
measured every 6000 mm?® of removed material in order to
observe the influence of the tool wear (Fig. 8). Comparing
the first force measurement (Vy, =300 mm?) of the cemented
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Fig.6 Processing of in-situ
force measurements
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Fig.7 Cutting forces from pilot experiments depending on cutting
speed and feed rate while machining with ceramic and cemented car-
bide end milling tools with sharp cutting edge
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© N Material removal volume
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®©
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Milling tool Carbide Carbide Ceramic Ceramic
Cutting edge Sharp Rounded | Sharp Rounded

Fig.8 Feed normal forces after different material removal volumes
while machining with ceramic and cemented carbide end mills with
sharp and rounded cutting edge

carbide tool with the last one (Vy,= 18,000 mm3), forces
increase by 25% (from Fy=35 N to Fy=44 N) for the sharp
cutting edge and 15% (from Fy=59 N to Fy=68 N) for the
rounded cutting edge. For the ceramic milling tools, forces
increase by 200% (sharp cutting edge, from Fy=26 N to
Fy=76 N) and by 170% (rounded cutting edge, from
Fy=39 N to Fy=107 N).

Wyen and Wegener already found that higher cutting edge
radii lead to higher feed forces during orthogonal turning
operations. A large cutting edge radius causes a large defor-
mation of material in front of the cutting edge and thus more
energy is necessary to remove the material [9]. The results
from this study confirm these findings (Fig. 8).

While machining with the ceramic milling tools, sparks
were noticed during the machining process, indicating
high temperatures. The interrupted cut performed for this
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research leads to a quick cooling of the workpiece, which
leads to the building of cementite within the surface layer
[10]. Cementite causes high abrasive tool wear due to its
high hardness and consequently reduces tool life [11]. Cut-
ting edge chipping occurs, resulting in higher feed normal
forces.

4.2 Cumulative energy demand

The cumulative energy demand is an indicator to describe
the entire energy demand connected to the production, use
and disposal of a specific product or service. It is composed
of both the direct energy required by a particular process and
the indirect energies related to that specific activity (i.e. the
sum of all energies demanded by the downstream processes
such as material production or transportation) [12]. It is usu-
ally expressed as Megajoule-equivalent (MJ-eq).

In this paper, an evaluation and comparison of the applied
cemented carbide and ceramic end mills regarding their
energy consumption and environmental performance is
carried out. The assessment is conducted according to the
guidelines proposed by the Association of German Engi-
neers (VDI) and a research study by Kirsch, which evaluates
the embodied energy of end mills [12, 13]. A simplified
process chain analysis is conducted, in which the material
and energy consumption required for production, use and
disposal of the end mills are analyzed for individual pro-
cesses. Regarding the production phase, the system bound-
ary of this evaluation is limited to quantify the embodied
energy of the primary product [i.e. cemented carbide and
ceramic (SiAION)] and the energy demanded by the manu-
facturing processes (i.e. sintering and grinding). Accord-
ing to Kirsch, the energy demand for the use phase can be
neglected, as the tools do not consume energy themselves
during the machining process. However, energy is consumed
in the milling process via the spindle and varies depending
on the used type of end mill and tool wear. Therefore, the
cutting energy for the conducted experiments is considered
within the use phase. The embodied energy of the disposal
and possible recycling process is taken into account as well,
but the energy required by transportation is not considered.
The specifications of the analyzed end mills are presented
in Table 5.
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Table 5 Specifications of end mills

Carbide (rounded)

Carbide (sharp)

Ceramic (rounded)

Ceramic (sharp)

Material Cemented carbide Cemented carbide Ceramics SiAION Ceramics SiAION
Weight of blank 2445 ¢ 2445 ¢ 458¢ 458¢

Weight of end mill 222¢g 222¢g 421¢g 421¢g

Length of end mill 58 mm 58 mm 50 mm 50 mm
Preparation of cutting edges Yes No Yes No

Number of cutting edges 4 4 4 4

In order to determine the embodied energy of the primary
production of the blank and the recycling process, a litera-
ture research was conducted and the CES Selector was used,
which provides a database of materials and process proper-
ties, including the corresponding embodied energy [14]. The
energy data for the grinding of the end mill’s geometry, the
preparation of the cutting edges and the milling process were
taken from the experiments within this research.

According to [14], an average embodied energy of
579 MJ/kg for the primary cemented carbide (commer-
cial purity) powder and an average of 109.5 MIJ/kg for
SiAION powder can be anticipated. Further, the production
of the blank requires a sintering process for both materi-
als. Cemented carbide tools are sintered at a temperature
of around 1275-1400 °C, while ceramics are sintered at
approximately 1700 °C [15, 16]. Based on Ashby, metal
powder and ceramic powder forming processes both require
an average of 25 MJ/kg [17]. Subsequently to the produc-
tion of the blank, the grinding process to produce the end
mill’s geometry (Sect. 2.1) has to be assessed. The energy
consumption of the grinding machine tool during the process
was measured with a three phase power meter type PEL 102
from Chauvin Arnoux. Overall, the consumed energy
sums up to 2.52 MJ for grinding the cemented carbide end
mill and to 2.6 MJ for grinding the ceramic end mill. The

Table 6 Consumed energy of different end mills

energy consumption for the preparation of the four cutting
edges (Sect. 2.2) was assessed respectively and amounts to
0.47 M1 for each end mill. For the use phase the cutting
energy for the material removal volume of Vy,= 18,000 mm®
was evaluated, using the same power meter. At the end of
life, both materials can be transported to landfill for disposal
[14]. The embodied energy for collection and transportation
to the landfill site is generally estimated with around 0.1 MJ/
kg [17]. However, at end of life it is also possible to recycle
the cemented carbide and thus, return part of the embodied
energy (the difference between original embodied energy
and energy of recycling). Similar to the primary product, the
material specific embodied energy for the recycling process
was again taken from [14] with an average of 76.3 MJ/kg
for cemented carbide. With a recycling fraction of 100% the
potential credit of returned embodied energy is — 12.47 MJ.
In case of fine ceramics, the use of sintered recycling mate-
rial is generally not possible due to the high quality demands
on the raw material (purity, grain spectrum) [18]. An over-
view of all consumed energies is presented in Table 6.

4.3 Surface quality

The surface quality is evaluated using the surface roughness
parameter S,. The raw data is filtered by global leveling and

Carbide (rounded) Carbide (sharp) Ceramic (rounded) Ceramic (sharp)

Production

Primary product 14.16 MJ 14.16 MJ 0.50 MJ 0.50 MJ

Metal/ceramic powder forming 0.61 MJ 0.61 MJ 0.12MJ 0.12MJ

Grinding 2.52M]J 2.52M]J 2.6 MJ 2.6 MJ

Preparation of cutting edges 0.47MJ - 0.47MJ -
Usage

Milling 0.151 MJ 0.145 MJ 0.221 MJ 0.217 MJ
Disposal

Landfill 0.002 MJ 0.002 MJ 0.0004 MJ 0.0004 MJ
Amount (first life) 17.91 MJ 17.44 MJ 391 M) 3.44MJ
Recycling credit —1247MJ —1247M] - -
Total 544 MJ 4.97 MJ 391 MJ 3.44M]
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an ISO 16610 Gaussian L-filter with a cut-off A,=0.8 mm to
remove the long wave lengths. The surface roughness values
are averages from three repeated experiments. Additionally,
surface roughness was measured in three different locations
on the machined surface. The results of surface roughness
measurements are presented in Fig. 9.

S, values for the surfaces machined with the ceramic mill-
ing tools exhibit only 30% of the surfaces machined with the
cemented carbide milling tools, with both sharp or rounded
cutting edge. While S, ranges between 1.2 and 2.1 um for the
cemented carbide tool machined surfaces, the ceramic tools
generate surfaces with S, 0.5-0.8 um. This can be explained
by the higher cutting speed set for the ceramic milling tools,
which reduces the feed per tooth f,, resulting in lower chip
thickness and enhanced surface quality. Consequently,
lower values for surface roughness can be machined with
the ceramic milling tool under dry conditions.

25
© V¢ = 195 m/min I Max/Min of 3 experiments
@ [um]
=
k=)
2 1.5+—
L _ h
g 10 V¢ = 390 m/min
£ /N
& 051+— - |
0
Sharp [ Rounded | Sharp | Rounded
Cemented carbide Ceramic

Measurement device
White light interferometer

Parameters
vf = 3,360 m/min

Machine Tool
DMG Ultrasonic 20

Tool ap=0.3mm Taylor Hobson CCI HD

Varied ag =4 mm Objective: 50x magnification
Workpiece 300 cuts per tool Global Leveling Filter
EN-GJL-200 (Vw = 18,000 mm”) Gaussian L-Filter (A, = 0.8 mm)

Fig.9 Surface roughness (S,) after machining of grey cast iron (EN-
GJL-200) with cemented carbide and ceramic milling tools with
sharp and rounded cutting edges and a material removal volume of
Vy=18,000 mm?

The examination of the surface topographies, shown in
Fig. 10, supports this hypothesis. Both topographies meas-
ured after the experiments conducted with cemented carbide
milling tools, show a recognizable tool engagement area (red
areas in topographies remain due to the transition of the
different cutting edges). Additionally, the roughness of the
cemented carbide tool’s cutting edges themselves, which is
superpositioned to the kinematic roughness, is higher than
the ceramic tool’s cutting edge roughness.

A positive influence of the cutting edge preparation on the
surface quality could not be detected within this research.
The rounded cutting edges lead to a similar or an even
lower surface quality. This was also found by Denkena, who
machined the hardened steel AISI5S2100 with cemented car-
bide tool inserts with different cutting edge radii [19]. Due
to the insulating properties of ceramic tools, heat develop-
ment becomes beneficial for cutting processes. However, the
main aspect for cutting edge preparation is the improved
wear resistance, so that the surface quality is only taken into
account secondarily [20].

4.4 Tool wear

In general, the cutting edge geometry and the cutting edge
preparation technique play a significant role on the milling
tool performance. The cutting edge geometry also directly
affects the cutting forces, surface quality and tool life [21].
Thus, the resulting tool wear of each milling tool was inves-
tigated qualitatively after reaching the final material removal
volume of Vy, = 18,000 mm? by using scanning electron
microscopy. A strong material (EN-GJL-200) adhesion
was noticed on the cemented carbide milling tools. This is
probably due to the strong affinity of cemented carbide to
grey cast iron (Fig. 11) [22]. Hence, for the purpose of fur-
ther evaluation, it was necessary to etch the milling tools

Fig. 10 Topography differences |

Sharp cutting edge | ]

Rounded cutting edge |

between machined surfaces with
both types of tools

[Cemented carbide|

| Sa=1.622um |

Sa=1.433pm |

Ceramic
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Fig. 11 Scanning electron
microscopy of cemented carbide
and ceramic milling tools with
sharp and rounded cutting edges
before etching, adhesions are
marked

Cemented carbide, sharp

Flank face |

Ceramic, sharp

Cutting edge ,_100pm /=

(cemented carbide and ceramics) in order to remove the
workpiece material adhesions at the surface.

Sharp and rounded cutting edges of cemented carbide
and ceramic milling tools after etching are shown in Fig. 12.

A comparison between the two types of cutting edges of
the cemented carbide milling tool show the lack of stability
of the sharp, unprepared cutting edge. Progressing irregular
breakouts can be observed. In contrast, the rounded cutting
edges with low chipping show higher stability and moder-
ate wear progress in terms of partly outbreaks on the cut-
ting edge. The sharp ceramic milling tool seems to have an
overall lower chipping at the cutting edge after tool grind-
ing compared to the sharp cemented carbide tool. Hence,
irregular wear progress is lower. Comparing the ceramic and
cemented carbide milling tool, the cutting edge geometry
and surface topography of the rounded cutting edges after
cutting edge preparation can be evaluated similarly (Fig. 4,
Sect. 2.2). However, the wear state of the ceramic milling

Fig. 12 Scanning electron
microscopy of cemented carbide
and ceramic milling tools with
sharp and rounded cutting edges
after etching

Cemented carbide, sharp

tool after machining can be evaluated as less worn regarding
the surface topography of the cutting edge.

5 Summary and outlook

In this study, a comparison between the performance of
ceramic and cemented carbide end mills was conducted.
Both types of tools were applied with prepared and unpre-
pared cutting edges in order to show how this modifica-
tion influences the machining results. It was found out
that ceramic end mills enhance the performance in mill-
ing grey cast iron. This finding is based on the following
observations:

e The additional hardness of high performance ceramics

leads to less tool wear in comparison to cemented carbide
tools.

Ceramic, sharp

3

Flank face

£ -Cyt'ting‘quga?_»gpj
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e The surface roughness could be decreased by ceramic
end mills, both with prepared and unprepared cutting
edges.

e The use of ceramic end mills contributes to an ecological
and economic production by saving energy resources,
measured by cumulative energy demand.

e The rounded cutting edges lead to higher feed normal
forces but do not decrease surface roughness significantly
for both tool materials. Cumulative energy demand is
slightly higher for tools with prepared cutting edges, but
the advantages of lower tool wear overcome this drawback.

The latest developments for high performance ceramics
have eliminated the previous disadvantage of a low frac-
ture toughness. The experimental results show that the high
performance ceramic SiAION can be used as a milling tool
material without restrictions compared to carbide.

For more detailed results about the tool wear, further
investigations with a higher material removal volume need
to be carried out. Another influence on the performance and
wear characteristics are hard material coatings, which were
not considered in this study. In further experiments with
coated end mills a comparison for a specific application
should be conducted to confirm the presented results and
to assess the economic benefits. Nevertheless, the presented
results emphasize the potential of high performance ceramics
for milling operations and the value for industrial application.
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