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The growing use of composite materials in various industries implies the necessity of conducting
research on both their manufacture and subsequent machining. One of the main problems in composite
machining is the selection of a suitable cutting tool. This study investigates the effect of the geometry
and material of a milling cutter on the quality of a milled composite part. A carbon fiber-reinforced epoxy
resin matrix composite was tested. Two cutting tools were used: an end mill with PCD inserts with
a diameter of 12 mm and the number of teeth of 3 as well as a PCD-coated carbide end mill with a
diameter of 12 mm and the number of teeth of 4. Variable technological parameters were used. The
quality of the machined surfaces was assessed based on burr height and selected profile roughness
parameters. Results showed that for the milling process conducted with the same technological
parameters, the surface quality obtained with the 4-tooth PCD-coated carbide tool was higher than that

obtained with the 3-tooth tool with PCD inserts.
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1 Introduction

The trend towards reduced vehicle weight to
ensure reduced fuel consumption implies the need to
develop new materials and enhance those already in
use [3, 26, 32]. Composites, which are composed of at
least two materials  (matrix and
reinforcement) with different properties, have been of
great interest for some time. Despite the clear
interface between the matrix and the reinforcing
phase, these constituent materials are chemically
bound together during the manufacture of composite
materials [6]. Composites are characterized by
relatively low weight and very good strength
properties [8, 27, 28]. They are widely used in many
industries such as aerospace and automotive [11, 18,
31, 38]. In some cases, composites are an alternative
to materials such as steel and aluminum [24, 25],
magnesium or titanium alloys [14, 15, 43, 44]. One
example of application of composite materials in the
aviation industry is the Boeing 787 Dreamliner, in
which composites constitute up to 50% of the total
materials used by weight and 80% by volume. Another
example is the largest passenger aircraft, the Airbus
A380, in which composites — primarily carbon
fiber/epoxy (CFRPs) — constitute 25% of the total
airframe weight. The use of composite materials
makes it possible to reduce vehicle weight, which
results in lower fuel consumption. In addition, aircraft

constituent

components made of composites are characterized by
higher corrosion resistance and increased vibration
damping properties compared to components made
of e. g. aluminum alloys. It should be mentioned that
composite aircraft components primarily include
wings, fuselage and tail [16, 19, 34, 37].

CFRPs require further processing after lamination
[29, 39, 42], usually by milling or drilling [1]. However,
due to the heterogeneity and anisotropy of their
structure, these materials are difficult to machine.
Taking into account the growing interest in the
composite materials, it is important to conduct
research aimed at developing new techniques for their
processing in order to minimize the adverse effects of
machining [12, 13]. Thus, the problem of cutting tool
selection is extremely important in terms of accuracy
and quality of manufactured parts [8]. Also, depending
on the properties of a workpiece material, accelerated
wear of cutting tools is another important issue.
Composite machining should be performed using
tools with their working part made of a material with
high tensile strength and adequate hardness (wear
resistance). In composite machining there may
sometimes occur an undesirable phenomenon of
delamination [2], a damage mode consisting of the
separation of adjacent layers of the reinforcement. To
prevent such defects from occurring, tools with
special geometry are used for processing composite
materials and appropriate ranges of technological
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parameters are selected to that end. The occurrence of
delamination depends largely on the cutting tool
geometry, including the fillet radius and helix angle.
Accelerated tool wear results in, among other things,
increased roundness of the cutting edge, which, in
turn, affects the cutting force and cutting temperature
and leads to reduced quality of the machined surface.
Another type of damage is debonding, or bond
imperfection at the reinforcement/matrix interface,
which can occur both inside the layers and in the
boundary zone between them. Thus, the adequate
design of a manufacturing technique for composite
parts is inextricably linked to the proper selection of
cutting tools [11]. It is mainly recommended using
tools with polycrystalline diamond (PCD) inserts or
carbide tools with diamond coatings that are deposited
chemically (CVD) or physically (PVD), where both
the coating deposition method and coating thickness
have a significant effect on tool life and accuracy |21,
39, 41]. These tools are expensive and their selection
should primarily depend on the properties of the
composite material in question, including hardness
and abrasiveness of the reinforcement used [5, 35]. In
comparison, carbide tools undergo faster wear, and
the resulting surfaces are of lower quality than those
machined with PCD tools. Given their brittleness,
ceramic tools are not suitable for machining
composite materials. It is equally important that the
tools are resistant to cutting force variations. This is
due to the heterogeneous structure of the composite
and the frequent occurrence of decohesion between
the materials being joined. Moreover, the tool is much
more loaded in the reinforcement zone, and the
machining of composite materials considerably differs
from that used for metals. In addition to the
aforementioned heterogeneity and anisotropy, it is
important to consider variations in the properties of
the reinforcement and the matrix as well as the volume
ratio between them [4]. The abrasive nature of
composites must also be taken into account [9],
because it causes accelerated wear of tools made of
high-speed steel or carbide. Although end mills with
polycrystalline diamond (PCD) inserts are several
times more expensive than standard tools, their
purchase is indispensable owing to their durability as
well as machining results they produce [5, 7, 20, 30].
Another important aspect is the selection of
technological parameters of milling, such as the speed
and depth of cut as well as feed per tooth. Owing to
the diversity of structures of composite materials, it is
necessaty that machining parameters be adapted to the
specific type of material [33, 36]. In addition to that, it
is recommended that composite materials be
processes by dry machining with a ventilation system,
because in wet machining a semi-viscous liquid is

formed, containing workpiece particles that have
strong abrasive properties and can damage machine
tool components. To prevent the dust generated
during composite machining from mixing with the
coolant, it is recommended using filter systems for the
machining fluid. Also, moisture can weaken the
mechanical properties of a composite material, e.g.
due to matrix micro-cracking. However, dry
machining can cause overheating, which will
eventually lead to thermal damage to the material and
tool failure [9, 23, 40]. It should be noted that the
optimal implementation of machining processes
depends largely on the machining fluids [22] which, in
turn, affect the quality of the
surfaces [10, 17].

To sum up, the main problems occurring during
machining of composite include:

machined

* Intensive wear of cutting tools,
*  Numerous defects such as delamination,

*  Obtaining appropriate dimensional and shape

accuracy of elements,

* Insufficient quality of the machined surface.

It is recommended that the machining of
composite materials be performed using tools with
PCD inserts or PVD or CVD coatings because of
their properties such as good thermal conductivity and
low friction coefficient.

The accelerated wear of cutting tools in composite
machining results in reduced dimensional and shape
accuracy as well as quality of the machined surfaces,
which is reflected, among other things, in the
formation of burrs on the workpiece edge. Burrs can
also be formed as a result of improper selection of
cutting tool geometry and machining parameters. The
formation of burrs is therefore a signal of poor
machining conditions, so their early detection can
prevent shortcomings in the production process. In
addition to that, burrs hinder the subsequent assembly
process and pose a safety hazard.

2 Methodology

The study involved milling samples of a carbon fi-
ber-reinforced epoxy matrix composite material fabri-
cated from prepregs. Following the milling process,
the composite samples with dimensions 200x90x10
mm were examined for machined edge quality and
surface roughness.

Figure 1 shows the plan of the research investigat-
ing the quality of machined composite elements. The
independent variables included the technological pa-
rameters of milling, such as cutting speed, feed per
tooth and tool type, while the dependent variables
height and

were: burr surface
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Constant factors
- Milling width
- Machining material

roughness of the machined surfaces. The constant fac-
tors were: milling width and type of machined mate-
rial. The disturbing factors included machining-in-
duced vibration and material defects.

The experimental procedure, set-up and technical
equipment are shown in Figure 2.

Independent variables
- Tools
- Cutting speed

Object of the study:

Wbrdsiatiats Gl Dependent variables

Disturbing factors - Burr height

- Material defects

“Herd pestooth - Surface roughness

- Vibration

Fig. 1Research plan

Milling tools Profilometer

T1000

CINC machine tool
VMC 800HS

|

Roughness profile
parameters

F’Pobr‘am Pi:
Ra

2.69 um
RSm @.175 mm
Rz 14 3 um
Rmax 22.6 um
Rt 25 3 um
Rq 3.5 um

BRYK ATORN
D10.1210 z=3 12040303 z=4 :
Microscope

VHX-5000

Tool and sample
mounting

Fig. 2 Experimental procedure

Cutting tests were conducted on the AVIA VMC
800HS vertical machining center dedicated to high-
speed cutting (HSC) and high-performance cutting
(HPC). The experiments were performed with the use
of two end mills for machining graphite and compo-
site materials, with different cutting edge materials, de-
signs and geometries, i.e.:

*  Anend mill with PCD inserts with a diameter

of 12 mm and the number of teeth g = 3,
manufactured by BRYK, symbol 1D10.1210
(Fig. 3a),

* A PCD-coated carbide end mill with a diam-
eter of 12 mm and the number of teeth 7 = 4,
manufactured by ATORN, symbol 12040303
(Fig. 3b).

Basic geometrical dimensions of the tools shown
in  Figure 3c are listed in Table 1.

Fig. 3 Tools used in the study: a) 3-tooth end mill with PCD
inserts, b) 4-tooth PCD-coated carbide end mill, ¢) schematic
showing basic dimensions of the end mills

Tab. 1 Basic geometrical parameters of the tools [45, 46

Number of Diameter Diameter Depth of cut Overall Helix angle
Symbol teeth 5[] d) [mm] > [mm] 4, [mm] length A%
% ! 2 4 L [mm]
D10.1210 3 12 12 25 82 0
12040303 4 12 12 26 83 30
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The experiments were conducted using variable
parameters of the cutting process, and their values are
listed in Table 2. The lateral end of the sample was
only machined by the teeth on the circumference on
the cutter (cylindrical milling), with the milling width
maintained constant at 2. = 2 mm. For both tools, var-
iations in surface roughness and burr height were ex-

amined as a function of the feed per tooth f, and

Tab. 2 Milling parameters

cutting speed 2. For the first case of milling, the cut-
ting speed was maintained constant at . = 120 m.min-
I and the feed per tooth f, was varied in the range of
0.02-0.1 mm.tooth! wusing a gradient of 0.02
mm.toothl. For the other case, the feed per tooth was
maintained constant at f; = 0.04 mm.tooth! and the
cutting speed #, was varied in the range of 80-160
m.min-! with a gradient of 20 m.min.

Milling width Cutting speed Feed per tooth
a, [mm] v [m.min!] [z [mm.tooth!]
0.02
0.04
120 0.06
0.08
5 0.1
80
100
120 0.04
140
160

The machined surfaces were examined for burr
height under an optical microscope, Keyence VHX-
5000. The microscopic examination provided 3-di-
mensional images of the machined surfaces (Figures 4
and 06), which made it possible to create any number
of sections across the profile of the examined edge.
The sections obtained thereby made it possible to

measure burr heights (Figures 5 and 7). Examples of
microscopic results obtained for the edges machined
using the end mill with PCD inserts and PCD-coated
carbide end mill are given in Figures 4 and 6, respec-
tively. Examples of burr heights obtained for these
tools are shown in Figures 5 and 7.

Fig. 4 Example of a 3D view of a machined surface profile (for milling conducted using a 3-tooth end mill with PCD inserts,
ve = 120 m.omin’; f = 0.08 mm.tootly?)
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Fig. 5 Example of a burr height measurement (for milling conducted nsing a 3-tooth end mill with P

ve = 120 m.min’; f, = 0.08 mm.tooth?)

Fig. 6 Exanmple of a 3D view of a machined surface profile (for milling conducted with a 4-tooth PCD-coated carbide end mill,
ve = 120 m.min’; f, = 0.08 mm.tooth?)
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0.00 20000 40000  600.00 80000 100000 120000 140000 1600.00 1800.00 200000 220000 2400.00 2600.00 2800.00 3000.00 3200.00

Fig. 7 Example of a burr height measurement (for milling conducted nsing a 4-tooth PCD-coated carbide end mill,
ve = 120 mamin-1; fz = 0.08 mm.tooth-1)
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Surface roughness was measured using the
Hommel Tester T1000 roughness profilometer. 7
measurements of burr height and surface roughness
were made for each of the tested machining
parameters, which made it possible to make basic
statistical calculations.

3 Results
3.1 Burr height

Microscopic examination was performed to estab-
lish a relationship of burr height to feed per tooth f£;
and cutting speed .. The way of measuring burr height
was described in Section 2. A comparison of the burr
height results obtained for the end mills with PCD in-
serts and PCD coating as a function of the variations
in the feed per tooth f; is given in Figure 8. Regarding
the end mill with PCD inserts, it can be observed that
the burr height increases with increasing the feed per
tooth. For this tool, the maximum burr heights of
about 0.35 mm were obtained with the feed per tooth
values of fz = 0.08 and 0.1 mm.tooth™!. As for the
PCD-coated carbide end mill, the burr height does not
change over the entire tested feed per tooth range,
reaching very low values.

500

450
400 weses End-mill ATORN 12040303

350

Butr height [um]
~
R
2

0.02 0.04 0.06 0.08 0.1
Feed per tooth f, [mm/tooth]

Fig. 8 Burr height versus feed per tooth f;

s End-mill BRYK D10.1210

seegege8 End-mill ATORN 12040303

250

Burr height [um]

Cutting speed 1, [m/min]

Fig. 9 Burr height versus cutting speed v,

Burr heights in a function of the cutting speed 2,
for both tested end mills are given in Figure 9. Like in
the case of the variable feed per tooth, the variable
cutting speed has an insignificant impact on the burr
height obtained with the 4-tooth PCD-coated carbide
end mill, and its value practically does not change over
the entire tested range of the cutting speed. The end

mill with PCD inserts yielded the greatest burr heights
when milling was conducted using the lowest tested
cutting speeds, i.e. ». = 80 and 100 m.min-'. The use of
higher cutting speeds caused a gradual decrease in the
burr height, followed by an increase in this parameter
when the milling process was conducted with the
highest tested cutting speed of » = 160 m.min1.

3.2 Surface roughness

To assess the quality of the machined surfaces,
their roughness was also measured and obtained re-
sults are given in Figures 10-13.

3.0

2% End-mill BRYK D10.1210

mmmmm End-mill ATORN 12040303

N
o

Pasameter Ra [um]

0.5 Sk

0.0 AL A AR A
0.02 0.04 0.06 0.08 01
Feed per tooth f; [mm/tooth]

Fig. 10 Parameter Ra versus feed per tooth f,

Changes in the value of the Rz parameter as a func-
tion of the feed per tooth £ for both tools are plotted
in Figure 10. The results confirm the obvious depend-
ence between increased roughness and increased feed
per tooth. This is evident for both the Rz and RS
parameters (Figure 12). The values of both parameters
are higher for all cases of the milling process con-
ducted with the 3-tooth end mill with PCD inserts.

Figure 11 shows the changes in the value of the Ra
parameter as a function of the cutting speed #.. For the
end mill with PCD inserts, the highest Rz values are
obtained with the lowest cutting speeds ». of 80 and
100 m.min"!, like in the case of burr height. The mini-
mum value of this parameter equal to about 1 um is
reached at ». = 140 m.min-. As for the PCD-coated
carbide tool, the Rz values are similar in the entire
tested range of cutting speeds #,, with exception for #,
= 140 m.min"! where the Rz s slightly lower and equal
to about 0.85 pm.

3.0

224 End-mill BRYK D10.1210

25 wmmmmen End-mill ATORN 12040303

2.0

Pasameter Ra [um)]

Cutting speed 7, [m/min]

Fig. 11 Parameter Ra versus cutting speed v,
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Figures 12 and 13 show the values of the RS pa-
rameter as a function of the feed per tooth f; and cut-
ting speed 2, respectively.

0.20 = o
v End-mill BRYK D10.1210

b8 s Endi-mill ATORN 12040303

5]

Parameter RS/ [mm]
o o

0.02 0.04 0.06 0.08 0.1
Feed per tooth f, [mm/tooth]

Fig. 12 Parameter RSm versus feed per tooth [,

0.20

“Aan End-mill BRYK D10.1210
Ol e End-mill ATORN 12040303
0.16
0.14
012
0.10

0.08

Parameter RS [mm]

0.06

0.04

0.02

0.00

80 100 120 140 160
Cutting speed 1, [m/min]

Fig. 13 Parameter RSm versus cutting speed v,

Like was the case with the Rz parameter, the results
show that the RS» parameter increases with the feed

per tooth £, (Figure 12).

The vartiations in the RS» parameter as a function
of the cutting speed #, (Figure 13) do not show any
clear trends. The only observation to be made relates
to the decrease in Ra at the cutting speed ». = 140
m.min"! for both tested tools.

4 Conlusions
The experimental results of this study lead to the
following conclusions:

* For all tested cases, higher edge quality of
CIFRP samples was obtained when milling
was conducted using the 4-tooth PCD-coated
carbide end mill. It can be assumed that for
the milling process conducted with this end
mill, the burr height is negligibly small.

* For the 3-tooth end mill with PCD inserts,
the burrs occur in practically every tested
case, with the maximum burr height of
approx. 0.36 mm.

*  Regarding the PCD-coated end mill, it can be
assumed that for the tested range of

machining parameters the burr height is
constant and negligibly small. For the end mill
with PCD inserts, one can observe a clear
trend toward burr height increase with
increasing the feed per tooth.

For the 3-tooth end mill with PCD inserts and
for the cutting speed range z. = 80+140
m.min!, the burr height decreases first and
then slightly increases with increasing the
cutting speed. From the point of view of burr
height reduction, the optimal cutting speed is

approx. 7; = 140 m.minl.

As expected, the profile roughness parameter
Ra for both end mills increases with
increasing the feed per tooth. For all tested
cases, the Ra value is higher when milling is
conducted using the end mill with PCD
inserts.

For the tested range of the cutting speed and
the 4-tooth PCD-coated carbide end mill the
Ra parameter values are very similar, while for
the 3-tooth end mill with PCD inserts the
vatiations in the Rz parameter resemble those
observed for burr height, ie. the Ra value
decreases up at . = 140 m.min"! first and then
slightly increases with increasing the cutting
speed.

The RS parameter increases with increasing
the feed per tooth. It is, however, difficult to
establish a clear relationship between this
parameter and the cutting speed.

The reduced burr height and surface
roughness obtained with the 4-tooth PCD-
coated end mill probably result from the fact
that the geometry of this tool is more suitable
for CFRP machining.

The most important tool geometry
parameters are the helix angle A, and the tool
rake angle y,. For the PCD-coated carbide end
mill these angles are A, = 30° and p, = 12°,
while for the end mill with PCD inserts A, =
0° and y, = 12°.

Although the PCD-coated carbide end mill
has a greater fillet radius due to the presence
of the PCD coating than the end mill with
PCD inserts, the “sharper” geometry of the
PCD-coated tool induces lower cutting
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resistance and strains in the cutting zone,
which leads to higher surface quality and
smaller burr height of the machined
composite sample edge.

It can therefore be concluded that for the milling
process conducted with the same technological pa-
rameters, the surface quality obtained with the 4-tooth
PCD-coated carbide end mill is higher than that ob-
tained with the 3-tooth end mill with PCD inserts.
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