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Abstract

A main requirement in the field of polymer composites milling with fibre reinforcement is to machine with high quality in one
operation (without delamination or burrs). That requires precise selection of cutting tool geometry and cutting conditions. Fibre-
reinforced plastics (FRPs) are difficult-to-machine materials due to high abrasivity, relatively low melting point of polymeric
matrices and inclination to delamination or large burr formation. This study investigates the main factors influencing the forces,
temperature and surface quality in terms of the cutting conditions through ANOVA testing. Machining during this experiment
was performed with a polycrystalline diamond (PCD) end mill. Next, the strongest factor with various double-helix cutting tool
geometry was compared. The geometric model of the cutting forces was created based on previous measurements as well as a
general empirical model of cutting forces, temperature on the machined surface and average delamination length for C/PPS
material.

Keywords Composites with thermoplastic matrix - Edge trimming - Machined surface temperature - Delamination - Cutting

forces - Cutting tool geometry

1 Introduction

Fibre-reinforced plastics (FRPs) are commonly used for their
convenient strength-to-weight ratio and possibility to change
their mechanical properties in various directions by modifying
the composite compound proportion and placement of fibres
in the matrix [1]. Thermoplastic composites (FRTCs) are still
more widely used in this group of materials. FRTC possesses
the flexibility of varying their properties during milling in
comparison to more commonly used thermoset composites,
including composites with epoxide resin. Thermoplastic ma-
trices are tougher. Their chip formation mechanisms are more
similar to metal materials compared to thermoset composites
which create small and dust-like chips [2, 3]. The higher
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toughness and plasticity of thermoplastic composites decrease
their inclination to delamination during workpiece edge trim-
ming [4]. The machining process is limited by the melting
point of the matrix and by delamination occurring as a result
of cutting force load. Most publications are focused on the
machining of C/epoxy that means thermoset matrices.
Studies focused solely on thermoplastic matrices are rare.

The quality of the machined surface is the most mentioned
aspect of FRP materials. The most discussed quality parame-
ter is the delamination. The delamination is defined as a sep-
aration of the neighbouring plies of the composite [5]. The
three types of delamination can be observed after milling as
was determined in [6]. The second and third types of delam-
ination are described as uncut fibres and matrix partially at-
tached to the machined edge and has an appearance of fuzz.
There is no standardised method for evaluation of delamina-
tion, but delamination can be quantified by the delamination
factor Fd [7, 8, 9] or Ay [10]. There are many references for
evaluation of delamination on thermoset composites [11-15]
but no one for thermoplastic composites.

The temperature in cutting zone is a significant factor
which affects the quality of the machined surface and tool life.
The glass transition temperature 7, is considered the critical
temperature for machining of FRP [4]. A decrease of mechan-
ical properties can be observed for the thermoplastics when
the T, is reached. Thermoplastic polymers have 7, much
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lower than the melting point 7},,. Thus, a decrease of mechan-
ical properties can be observed earlier than damage of the
machined surface. The study of the thermal phenomenon dur-
ing milling of FRP materials is focused mainly on the meth-
odology of the temperature measurement. A comprehensive
overview in various recently used methods of temperature
measurement during machining was made by Davies [16].
Each measuring method had various physical limitations in
application for a given design of an experiment. The limitation
presents itself during certain usages of a milling cutter, work-
piece material or cutting conditions. Using an artificial ther-
mocouple is possible with the cutting tool [17, 18] or with the
workpiece [19], but a design intervention in the cutting tool or
workpiece is necessary. Thermography is also an applicable
measuring method for FRP materials. A pyrometer was used
in [20] as the main temperature detector. As an additional
measurement device, an infrared camera was utilised in [18,
21]. Nevertheless, the cutting temperature cannot be measured
by artificial thermocouple or thermography. Cutting tempera-
ture can be defined as the mean temperature between all con-
tact areas on the edge of the cutting tool and the workpiece.
The measured temperature is only somewhere near the contact
area between the cutting tool and workpiece. Only a method
with a chip-tool thermocouple can be used for measuring the
cutting temperature during milling of FRP [21]. It is possible
to use this method only when either the cutting tool or the
workpiece material is electrically conductive. The electric
conductivity in a workpiece is ensured by carbon fibres.
However, this method is not applicable for diamond-coated
or polycrystalline diamond (PCD) tools, which are almost
insulants and are commonly used for machining FRP. A
semi-artificial thermocouple with workpiece material can be
used during milling with diamond cutters. The requirement is
only electric conductivity of FRP [22].

A cutting force is a significant entity which characterises a
machining process and can affect the wear of the cutting edge
as well as machined surface quality during machining. A mag-
nitude of a cutting force follows on specific cutting force. The
coefficients of specific cutting forces for C/PEEK a C/ABS in
a different fibre orientation were determined by Puw [23].
Kala utilised neural networks [24] for prediction of the specif-
ic cutting force coefficients for C/epoxy. The model for pre-
diction of the cutting forces was determined for a single-helix
cutting tool. The relationship between cutting force and fibre
orientation in FRP was modelled by Karpat [25]. He also
developed a cutting force model for double helix [26].
This type of cutting geometry is mentioned in [27] as
suitable for prevention of delamination. Double-helix
geometry of a cutting tool was tested in [28, 29].
Opinions on suitability of this geometry vary. However, a
double-helix geometry of the cutting tool was recommended
to prevent delamination [30].
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Table 1 Properties of C/PPS
Property Unit Value
Ply thickness mm 0.388
Reinforcement
Ply orientation [[(0.90)/(+45)]4]s
Tensile strength MPa 3530
Elongation % 1.5
Tensile strength modulus GPa 230
Density g/em’ 1.76
Electric resistivity Q-cm 1.7x1073
Diameter of single fibre pum 7
Matrix
Polymer volume in composite %o 50
Glass transition temperature °C 90
Melting point °C 258
Chemical resistance Excellent
Moisture uptake (23 °C, 50% RH) % 0.03
Thermal conductivity W/m-°K 0.19
Mechanical properties of composite (bending)
Ex MPa 8,751.27
Ey MPa 36,204.1
Gxy MPa 874.64

This paper is focused on the edge trimming of thin sheets of
polyphenylene sulphide with 4H satin woven carbon fibre
T300B reinforcement (C/PPS). It belongs to the semi-
crystalline thermoplastic composite family. This type of com-
posite is often used in the aircraft industry, mainly for produc-
tion of internal panels. Its properties are shown in Table 1.

Monitored values in this study were active cutting force
(F,), average delamination length (A4,) and temperature of
the machined surface (©). Values of these entities are affected
by both production requirements and process properties
(Fig. 1). Suitable methods for measuring the machining

Production requirements

Workpiece
quality

Machining
productivity

Manufacturing
costs

CFRP part production using milling

Cutting
tool
material

Cutting workpiece

condition material

Process properties

Fig. 1 Chart of the link between production requirements and properties
of workpiece material
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Fig. 2 Principle of the burr
measurement (left); arrangement
of the specimen during measuring
(right)

A / T Bottom and front/bottom
Aot direction of photography

characteristics are given by the previously stated limitation of
the experiment. The C/PPS composite was machined by a
diamond-coated sintered carbide tool as well as by a PCD tool
in this study. The preferred method of the delamination eval-
uation is through the average length of the delamination to
avoid delamination extremes. That leads to more reliable data
for the statistical evaluation. Because carbon fibres in the cho-
sen workpiece material are electrically conductive and the
chosen tools are electrically insulated, the semi-artificial ther-
mocouple with C/PPS is a suitable choice for evaluating the
machined surface temperature. The preferred procedure for
force measuring uses a piezoelectric dynamometer which is
sufficiently sensitive and with a high sample rate for measur-
ing small forces during milling operations.

The main aim of this study is to define strong and weak
control factors which influence measured F,, Ay and © to
determinate the model equations. The paper involves three
consequential parts:

*  Preliminary tests of edge trimming for identification of the
most important influence of cutting conditions.

» Investigation of the cutting tool geometry influences the
cutting forces, delamination and temperature.

*  Mathematical modelling of cutting forces, average length
of delamination and temperature of the machined surface
for the strongest factor and geometry of the cutting tool.

2 Experimental procedure methods

Study of the C/PPS trimming is based on the evaluation of
cutting forces, size of the delamination and temperature mea-
sured on the machined surface by means of collected data. The
method utilised for measuring and evaluating the quantities is
described in this section.

front view

- = - — ]
3 O T i

Fig. 3 Choosing of burr area (red highlight) on the top side of the
specimen in the graphic editor

Top and front/top
i direction of

photography

\

Active force (F,) was calculated from feed force (£) and
normal feed force (Fyy) (1), which were measured by means of
a Kistler 9255B stationary dynamometer. This type of dyna-
mometer was used in preliminary tests because the radial (F,)
and tangential (Fy) cutting forces were not the objects of the
observation. The F, was a prior for finding a control factor
significance. Moreover, this type of dynamometer gave more
accurate results in higher spindle speed regime than the
rotating dynamometer.

Fo=\[F}+Fjy= \[Fi+Fpy (1)

Tangential (F,) and radial (F,y) forces were calculated
from torque and tool diameter with knowledge of the dyna-
mometer coordinate system orientation provided by a Kistler
9123C rotating dynamometer. This type of dynamometer was
used in the second block of tests. Radial and tangential forces
were evaluated to calculate specific radial and tangential cut-
ting forces. This type of dynamometer can measure torque
directly. Then the tangential force can be simply expressed
based on the tool diameter. Radial force was calculated from
the active and cutting force. The measurement by this type of
dynamometer was done at low spindle speed.

Ay (2) was evaluated via the graphic-numerical method. A
photograph of the machined surface was taken on the top and
bottom part of C/PPS as well as the face of the machined
surface. A Canon EOS 550D camera was applied with a can-
non macrolens 100 mm 1:2.8. Complex information was pick-
ed up from position measurements of the delamination type II

Passage of the end mill through
the measuring point

-3 1 A B R AT VT T M
é 0 RS 11110 A 1
w 4
> A AT
M2 H area of
0 i evaluation
13.6 14 14.4
Time [s]

Fig. 4 A time record of the EMF values by semi-artificial thermocouple
Ni-Cr-C/PPS
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Fig.5 Design of C/PPS specimen
(left) and the scheme of semi-
artificial thermocouple measuring
(right)
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or III delamination in the space when two perpendicular di-
rections were photographed in resolution 12,000 pixels per
1 mm?. The delamination type II or III occurred only. These
two types of delamination include uncut fibres and matrix and
make fuzzy appearance. This appearance looks like burr.
Therefore, it will be called as “burr” in this article. The entire
area of delamination was the sum of the top-edge and the
bottom-edge burr on specimen. Proper lighting and contrast
control of the background were necessary for correct evalua-
tion of the burr area.

AT+ A2) + \/<A2 +43)
_ Adtop + Adbottom \/( ! S b 7

A =
dl i i

(2)

Here, Agiop and Agyorom are areas of delamination (burr) of
the top and bottom specimen edge and / is the machined
length (Fig. 2). Next, A, is the area of delamination (burr)
photographed from the top. Analogically, A, is the area
photographed in the bottom view. Then A, and Ay, are
photographed in the face view. Burrs on the edge of the com-
posite were chosen with the help of a graphic editor. The burrs
were highlighted; see Fig. 3.

The temperature of the machined surface was measured by
means of a semi-artificial thermocouple which utilises electric
conductivity of carbon fibres. Nickel-chromium wire was
chosen in combination with carbon fibres in the thermocouple.
The sensitivity of the thermocouple was 37.6 °C/mV.

Fig.6 PCD cutting tool PKD FRAESER 05492-12,000 manufactured by

the Giihring company for preliminary tests
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Thermocouple calibration was provided under solder with ad-
justable temperature. The temperature in the hot junction was
measured during calibration by the thermocouple type K.
Correct function of the semi-artificial thermocouple rests in
the defined contact of the Ni—Cr wire and C/PPS. This was
ensured by tight imposition of the wire in the laser-machined
groove. The laser source with ultrashort pulse duration (a few
picoseconds) was used for machining grooves. Minimum af-
fecting of the specimen matrix by heat was achieved. The
electric conductivity of the carbon fibres was not changed
by laser machining. The fibres are the dominant element
for used method of measurement. The wire was, during
engagement of the cutter, pushed into the wall of C/PPS
groove creating the hot junction. The machined width of
grooves was 0.3 mm, the same as the diameter of the
wire without any insulation cover. The contact length
between C/PPS and Ni—Cr must be small due to occur-
rence of parasitic thermocouples. They can decrease the
real measured electromotive force (EMF). The optimal
contact length was found to be in the range from a,+
0.5 to a,+1 mm. The distance between hot and cold
junction was 200 mm. This was a sufficient length to
avoid heating cold junction with potential influencing of
measured EMF.

Table 2 Parameters of

PCD tool Parameter Unit Value
Number of teeth - 2
Tool diameter mm 12
Clearance angle ° 10
Rake angle ° 0
Helix angle ° 2.5
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Table3 DOE—preliminary tests
Parameter/factor Unit Symbol Level

1 2
Cutting speed m/min Ve 100 300
Feed per tooth mm f 0.05 0.1
Radial depth of cut mm a, 1 3
Axial depth of cut mm a, 3 6

EMF was measured by NI DAQ and the signal was evalu-
ated by the Labview software. The measured signal was fil-
tered by moving average. A higher voltage appeared which
repeated in the same frequency as the tooth frequency (Fig. 4).
This high voltage represented probably instantaneous defor-
mation of the Ni-Cr wire during machining which was
followed by extreme value of temperature. Nevertheless, this
temperature was immediately conducted to the surroundings
(cutting tool, Ni—Cr wire, C/PPS and air). The various peak of
the voltage extreme can be explained with run-out of the cut-
ting edges, run-out of spindle or flatness of uncut surface. The
maximum of the temperature of the filtered signal was evalu-
ated as temperature of the machined surface. The scheme of
the experimental setup for EMF measurement is presented in
Fig. 5.

3 Evaluation of cutting conditions factors

These preliminary tests were performed for identification of
the most important cutting conditions influencing the cutting
forces, machined surface temperature and average delamina-
tion length. The results were used for a reduction in the num-
ber of the subsequent tests for the main experimental work
with investigations for the cemented carbide tools. The mill-
ing cutter with PCD cutting edge was used in this preliminary
test (Fig. 6 and Table 2). The diameter of the tool was 12 mm.
The chosen cutting tool was standard geometry recommended
for cutting polymer composites by a well-known producer.
This type of cutting tool should offer long tool life with good

quality of a machined surface. A chemical vapour deposition
diamond (CVD-diamond) coated compress carbide tool
G24L15 (Table 7) was used for comparison of active force
in the preliminary test. The design of main block of the exper-
iment will be derived from this comparison.

This tool was set up with precise adjustment of the cutting
tool geometry on both cutting edges. The type of cutting ma-
terial was chosen with regard to durability of the cutting edge
to minimise cutting edge wear. The used end mill design was
considered “neutral” alternative for the verified double-helix
geometry [31]. The main task of the experiment was to mea-
sure a significance level of cutting parameters.

The magnitude of the cutting force, delamination factor and
temperature of the machined surface during milling were mea-
sured. The full factorial design of experiment (DOE) was cho-
sen and the results were evaluated with an ANOVA test. DOE
is presented in Table 3. Experiments were performed on the
three-axis vertical milling centre with a maximum spindle
speed of 15.000 1/min and maximum spindle power of
18 kW. DOE included four control factors f;, v., a, and a,
(Table 3) The influence of the change of control factors on
the active force magnitude, average length of delamination
and maximal temperature of the machined surface was
investigated.

3.1 Results and discussion of preliminary test

An ANOVA test was performed for significance level a =
0.05. The statistically significant influence of all control fac-
tors was proved for F,. It can be estimated for PCD tool on the
base of the F-ratio and Tukey’s test that F,, was the most
affected by the control factor a,, (Table 4, left), then the f;
and a,. According to the main effect plot for mean values, it
is obvious that the higher the control factors £, a,, and a, were,
the higher the active force was (Fig. 7, blue). Conversely, if v,
was increased, then F,, was decreased. ANOVA does not take
into account differences in unit order or units at all. If the
guideline coefficients will be compared, the steepest trend
can be measured for f;. The same situation can be derived
for CVD diamond-coated compress tool where the a, had

Table 4 The ANOVA test results for #,—PCD tool (left) and CVDD-coated compress tool (right)

Source DF Seq SS Adj SS Adj MS F P Source DF Seq SS Adj SS Adj MS F P

ae 1 43.9 439 43.9 22.9 0 ac 1 4736 4736 4736 3629 0

a, 1 1422.7 14227 1422.7 742.1 0 a, 1 2773 2773 2773 2125  0.001
Ve 1 132 132 132 6.9 0.014 v, 1 9.7 9.7 9.7 0.07 0.79
S 1 69.2 69.2 69.2 36.1 0 fi 1 640.8 640.8 640.8 491 0.049
Error 27 51.8 51.8 1.9 Error 27 1435.4 1435.4 130.5

Total 31 1600.7 Total 31 9595
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Fig. 7 Main effect plot for mean values of F,—PCD tool (blue) CVD
diamond-coated compress tool (green)

the strongest significance because of more teeth in engage-
ment at once, but the steepest trend had also the control factor
1 This factor was close to reject the zero hypothesis for CVD
diamond-coated tool in the ANOVA results, but still statisti-
cally significant on the signification level a:=0.05 (Table 4,
right). The cutting speed was calculated as insignificant for
CVD diamond-coated tool.

Evaluation of the A, shows the statistical significance of all
control factors again. According to F-ratio and Tukey’s test, it
is possible to determine a,, as the most significant (Table 5).
Ay decreased with increased a,. It can be explained by
variform geometry along the length of the cutting edge, due
to the slope of a cutting edge, the rake angle increases from the
point to the end of the cutting edge. A higher rake angle could
cause the significant reduction of the A;. The second most
significant control factor was similarly observed in measuring
F,, feed per tooth and then the axial depth of cut. A, decreased
with £; and increased with a,. When v, was increasing, A, was
decreasing Fig. 8.

In the case of the temperature measurement, the zero hy-
pothesis was not cancelled on the significance level of 5% for
control factor v, only. The other control factors were statisti-
cally insignificant (Table 6). On the basis of the F-ratio, the f;
was more false-significant than the a,. The less false-
significant factor was factor a.. The higher v, a,, and a, were,
the higher machined surface temperature went, but when f;
increased, the temperature fell (Fig. 10). The measured tem-
perature was higher than T, for PPS matrix for all cutting
conditions but still lower than the melting point of the PPS.

f, [mm] V.. [m/min] a, [mm] a, [mm]

(o8}

2.7
£24 Y - i
% I W \ 7
1.8

h

0.05 015 100 300 3 6 1 3

Fig. 8 Main effect plot for means of A,

Detailed observation of the chips confirmed that there was no
heat damage in the chips during a machining process in the
whole range of used cutting speeds (Fig. 9). The comparison
shows that the structure and shape of the chip were the same at
various cutting speeds. The increase of temperature with cut-
ting speed was relatively small, only 18% when cutting speed
was tripled (Fig. 10).

On the basis of preliminary experiment results, the most
influential factors were chosen for the main block of experi-
mental work. This work was focused on the dependence of
cutting tool geometry on cutting forces, burr creation and ma-
chined surface temperature. Although a, was the most influ-
ential factor for F, and A, f; was chosen for the next exper-
imental block. If it is considered in the range of the values in
tests, steeper dependence is possible to measure in the case of
F, and A, for f;. The comparison between PCD- and CVD
diamond-coated tools gives the same result in the case of the
dependence of f; on F,. f; is the strongest control factor when
comparing guideline functions of F, dependence on each con-
trol factor. v, was chosen as the main factor for the second
block in the cases of temperature investigation.

4 Influence of cutting edge geometry
vs. cutting conditions

Mathematical models for cutting forces, average delamination
length and temperature are included in the variables of cutting
geometry of proper cutting tool type. A double-helix geometry
ground in fine cemented carbide and CVD diamond-coated

Table 5 The ANOVA test results for A Table 6 The ANOVA test results for ©

Source DF Seq SS Adj SS Adj MS F P Source DF Seq SS Adj SS Adj MS F P

a, 1 1.208 1.208 1.208 17.03 0.002 a, 1 194.1 194.1 194.1 1.67 0.222
a, 1 5.947 5.947 5.947 83.8 0 a, 1 400.8 400.8 400.8 3.46 0.09
Ve 1 0.352 0.352 0.352 497 0.048 Ve 1 2282.2 2282.2 2282.2 19.69 0.001
f 1 1.332 1.332 1.332 18.78 0.001 f 1 529.6 529.6 529.6 4.57 0.056
Error 11 0.780 0.780 0.071 Error 11 1275.1 1275.1 115.9

Total 15 9.622 Total 15 4681.8
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— e
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s

Fig. 9 Comparison of chips collected for different cutting speeds. v. =100 m/min (left), v. = 300 m/min (middle), v. = 500 m/min (right)

was used in this part of study. A double-helix geometry
is more suitable for the machining of FRTC materials.
The assumption based on previous experience was that
the strongest control factor is the same for PCD- and
CVD diamond-coated tools, no matter the tool proper-
ties, as was discussed in the previous text. Only CVD
diamond-coated tools were used in this block of

fi 1 529.6 529.6 529.6 4.57 0.056
Error 11 1275.1 1275.1 115.9
Total 15 4681.8
f, [mm] V. [m/min] ay [mm] a, [mm]
140
134
o128 \ . A
o122 By P -
116
110
0.05 015 100 300 3 6 1 3

Fig. 10 Main effect plot for means of ©

experiments. This combination of cutting geometry and
cutting tool material minimised delamination and cutting
forces [30]. A combination of fine-grained cemented
carbide with CVD diamond offers simple adjusting of
geometry and relatively long tool life in the cut. Cutting
tool parameters are described in Table 7.

Six levels were chosen for factor f; and five levels for v,
(Table 8). The speed limit of the spindle was almost reached in
the case of the control factor v, at the highest level. The ex-
periment was randomised to avoid time-dependent errors,
such as with cutting tool wear.

4.1 Results and discussion of the second block
of experiment

Results of the ANOVA test for F, show that the control factor
rake angle had indemonstrable significance on the chosen sig-
nificance level. Zero hypothesis had been cancelled for the
control factors f; and \,;. These two factors are statistically
relevant. Feed per tooth had the highest significance as can
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Table 7  End mills for the second part of experiments
unit G25L.28 G25L15 G25L5 G15L28 G15L15 G15L5

The view on the

cutting part of end

mill

No. of teeth - 5

Clearance angle ° 12

Rake angle ° 25 15

Helix angle ° 28 15 5 28 15 5

be deduced from results of F-ratio (Table 9). This was
also proven in main effect plots for the mean values of
F,. The plots show that the higher the rake angle was,
the lower F, was. Inflexion point in the F,—\; depen-
dence was on the value of A\;=15° The F, was the
smallest here, but still the trend can be determined as
slightly decreasing. Increasing of F, after inflexion
point can be explained by the mechanism of chip for-
mation. Chips could be pressed to the middle part of
compress geometry when higher angles of helix are
chosen. F, had a rising tendency with f; in agreement
with preliminary testing (Fig. 11).

It was impossible to cancel alternative hypotheses for all
control factors on the basis of p value in the case of A;. All
control factors were statistically significant. It was de-
duced from the results of the F-ratio that the most sig-
nificant factor was A, and then f;. The less statistically
significant was =, on the size of the burr (Table 10).
According to main effect plots, the A, decreased with
increasing f;. The increase followed the power function
with high confidence. A higher rake angle can likewise
reduce burrs. The helix angle reduces burrs although the
ratio of burr reduction was decreasing with helix angle
(Fig. 12).

Table 8 DOE for the second part of experiment

The ANOVA test results for temperature of the machined
surface show two statistically significant control factors A\, and
v.. Factor 7, was on the basis of the p value found to be
insignificant. F-ratio proved that the cutting speed is
more significant than A; (Table 11). The temperature
increased with increasing v, according to an exponential
function. The temperature decreased with \; and slightly
increased with ~, (Fig. 13). The results of ~, were in
accordance with the results from the work of Saglam
[32]. The temperature of the machined surface was
slightly higher than T, for all measurements.

5 Geometrical model of cutting forces

The geometrical model of cutting forces follows the Karpat
model [26]. Improvement of this model consists in including
overlap of the right and left helix marked as k. This feature
avoids uncut fibres and matrix in the middle of the workpiece
thickness due to occasional incorrectness in grinding of the
tool geometry. This causes the increase in cutting forces
due to elongation of both helixes. The overlap can vary
from a few tenth of millimetre to several millimetres. A
cutting tool was divided to three sections in the

Parameter/factor Unit Symbol Levels
1 2 3 4 5 6
Significant factor for F,, and A, mm f 0.03 0.05 0.07 0.1 0.13 0.15
Significant factor for © m/min Ve 100 200 300 400 500
Rake angle ° Yo 15 25
Helix angle ° As 5 15 28
Radial depth of cut mm a, 3
Axial depth of cut mm a, 3
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Table 9 The ANOVA test results—F, vs. geometry and feed per tooth
Source  DF  SeqSS  AdjSS AdGjMS F P

As 2 227.7 227.65 113.82 9.44 0.001
Yo 1 40.5 40.51 40.51 3.36 0.078
f 5 6080.8 6080.78 1216.16 1009 0
Error 27 3254 325.44 12.05

Total 35 6674.4

model—the left helix, the right helix and the overlap.
They are distinguished in the model by axial depth of
cut (a;, ap2, ap3). Each of them engages into material
in different time delay . These three components were
summarised in the final calculation.

k
0 p>m-z +a,
k
ap) = a, m-sp +a, > ap (3)
k
m=op +a, elsewhere
Apy = Q=1 —Ap3 (4)
k
0 < ad
p<m+ )
a3 = a, pmm=>3 > a
p—m—k/2 elsewhere
(5)

A distance from the top of the cutting part of the cutter is p
(mm); m (mm) is the distance of the middle of the overlap
from the end of the cutting part of the cutter. Axial depth of the
cut of the right helix in the engage is a,,,, axial depth of the cut
of the left helix is a,,; and axial depth of the cut of the overlap
is a,, (Fig. 14).

f, [mm] Yo [°] A [°]

70 : 2 2

60
Z 50 o~ “~_
o e g
=40

30

20

0 0050.10.15 15 25 5 15 28
Fig. 11 Main effect plot for means F,—tool geometry vs. f,.
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Table 10 The ANOVA test results—A,; vs. geometry and feed per
tooth
Source DF Seq SS Adj SS AdGMS F P
As 2 0.074 0.074 0.037 313 0
Yo 1 0.0096 0.0096 0.0096 8.09 0.008
I 5 0.0311 0.0311 0.0062 524 0.002
Error 27 0.033 0.033 0.0011
Total 35 0.1472

If the position of the cutting tool towards the workpiece is
in the axial direction, the width of cut is given by the next rule:

WD(Lpii(b?t)

R <p.<

360sin\, Gu<PiSQy+T
WD(¢€X_SDi)

r e —T<p.<
b(sp) = 360sin\ (bex T—‘)Oz—cbex
Ap;

COSAS ¢st < Pi < d)ex
0 elsewhere

(6)
Here, the a,; generally describes various helixes on the
cutting tool. The left helix engages into the cut with the delay

Y+ % A delay in the middle part of the cutting tool is defined

as ¢+ % + 7. Here, 7 is the additional delay implied from
geometrical characteristics on the cutting tool, namely the he-
lix and the overlap. The angle ¢; is instantaneous angle of
immersion. The angle ¢y, is the start of immersion and the
angle ¢,, is the end of immersion.

180 (ap—k)tan),

- (7)

-
D is the diameter of the cutting tool. Instantaneous uncut
chip thickness is:

COS¢S[_COS¢EX

h((p):—ft b—0

f

, [mm]

0.14

mm]

Adl

— 0.06 \ '\
0.02
0

0 0.050.10.15 15 25 5 15 28

Fig. 12 Main effect plot for means A,—tool geometry vs. f;
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Table 11 The ANOVA test results—© vs. geometry and cutting

velocity

Source DF Seq SS Adj SS AdGMS F P

Ve 4 3935.6 3935.6 983.9 8.94 0

As 2 1669.2 1669.2 834.6 7.59 0.003

Yo 1 369.1 369.1 369.1 3.36 0.081 I
Error 22 2420 2420 109.6

Total 29 8394

Instantaneous uncut chip thickness for the middle part with
the overlap of the cutting edges can be calculated as:

COS¢S[_COS¢CX (9)

1
h(sa):_ifz b~

The model was based on the assumption of Kienzle’s equa-
tion for calculation of the specific cutting force (K):

Kc(p) = kerh(p) ™ (10)

where kc; and m, are the coefficients of the specific cutting
force. Similarly, the specific normal cutting force (Ky) can be
expressed as:

Ken(p) = kenih(p) " (11)

Here, kcy, and my are the coefficients of the specific cut-
ting force. Then the cutting (tangential) force is calculated
from (12):

Fe(p) = Ke(9)'h(9)b(#) + Fee (12)

Normal cutting (radial) force is derived from (11) and
(12):

Fen(¢) = Ken () Fe (13)
V. [m/min Yo 2] A [°]
130 c [ ] 0 S
/P
120 I's o
o °

%’j 110 // = .
[—) . .
® 100 "

90 | ¢

80

0 200 400 15 29 5  [&5] 28

Fig. 13 Main effect plot for means ©—tool geometry vs. v,
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Fig. 14 Engagement characteristics necessary for model

And then the transformation of . and F .y to the coordinate
system of the dynamometer (¥, and F}) is possible according
to (14) and (15) for comparison of model with measured data.

Fi(p) = —Fc(p)sing; + Fen(ip)-cosp; (14)

F\(¢) = Fe(p)sing; + Fey(p)-cosp; (15)

5.1 Verification of cutting force model

A verification was done for the cutting force model developed
with coefficients k.;, m, k.;n, m.y and F,, and Fp,, which
were related to the each tested cutting tool. Average error of
the model was 3.2%. It was proved that the mathematical
model for cutting tools with double helix without including
the overlap returns significant differences in results. The dif-
ference is affected by the size of &, A\, and a,,. An influence of k
is decreased by increasing a, and decreasing A,. An example
of the overlap influence is presented in Fig. 15.

5.2 Generalisation of cutting force model

It was necessary to find coefficients which include geometri-
cal features of cutters for generalisation of the model.
Coefficients for the general cutting force model were obtained
from the nonlinear estimate with the least squares method. On
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Fig. 15 Comparison of the modelled relations F—f; and F_—f; for the
cutting tool G25L.28 for k=1.6 mm and k=0. a,=3 mm

the basis of statistical significance of the chosen coefficients,
we found that the coefficients ., for the rake angle and m, for
the overlap were sufficient for reaching the highest accuracy
of the model (see Table 12). The final general model for cut-
ting force is described by Eq. (16).
Fe(p) = Ke(p)h()bleo)y ™ k™ (16)

The regression coefficient for the estimated model was
R*=0.989. The average deviation of all comparison measure-
ments between real and modelled values was 4% and maxi-
mum deviation was 15.9%. Comparison of the measured and
modelled relationship between F,. and f; for the cutting tools
G25L28 and G15L5 is shown in Fig. 16. These two cutting
tools were chosen due to verification of cutting force model
which was recalculated for F, and F), (coordinate system of
rotary dynamometer) and the real measured force record is
presented in Fig. 17. The significant peak errors between mod-
el and measured data are probably caused by the dynamic
effects between machine tool, cutting tool, measuring device
and workpiece. It must be mentioned that rough measuring
data without any filtration were used for comparison with
cutting model and this could add some differences between
measurement and model. Nevertheless, the course and mean
values of forces were predicted accurately.

5.3 Identification of the delamination model

An empirical model of average delamination length fits the
real situation with the highest accuracy by means of Eq. (17).

Table 12 Estimation of parameters for cutting force model

Table Estimate parameter St. dev. t-value p value
ke 82.897 6.768 12.248 0.00
me —0.265 0.016 —16.385 0.00
m,, —0.201 0.0098 —20.415 0.00
my —0.139 0.0253 —5.4851 0.00

© G25L28 measured

@ GI15L5 measured

- — = (G25L.28 model
- = = GI15L5 model

50 ’:&”g
; ttj:’
3=

F. [N]

30 -
20 5.4}

0.03 0.05 0.07 0.1

f, [mm]

0.13 0.15

Fig. 16 Dependence of F. model on f; compared with measured values
for tools G25L.28 and G15L5

The dependence A, =f{f;) was estimated in the power course
(Fig. 18).

—uA .\ —uA\,  —uA
Ag = Caarf, "Ny

(17)

The coefficient C,, showed considerable high p value.
This indicates a small statistical significance of this coefficient
as Table 13. This small statistical significance was not taken
into account because without this coefficient, other versions of
the model had a substantially smaller regression coefficient.
Regression coefficient of the estimated model was R* = 0.966.
The average deviation of the delamination model from the real
measurement was 37%. However, the maximum deviation
from the model was very high, almost 191%. There was a
strong deviation in the respective measurement of A,. The
creation of delamination is almost unpredictable phenomenon.
Nevertheless, with higher amount of repetition of experiment
and very strong influencing factor, as f; was, presented power
dependence can be estimated presented. The big deviances in
measured A, below f;=0.06 mm can be explained by small

~Fx - experiment —Fx - model

Fy - experiment —Fy - model

Fx, Fy [N]

60

360° tool rotation

80

0 0.01 0.02 0.03 0.04 0.05 0.06

cas [s]

Fig. 17 Verification of the model for tool G25L15, f;=0.05 mm, a.=
3 mm, @, =3 mm, v, = 100 m/min
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Fig. 18 Dependence of A,;; model
on f; compared with measured
values for tools G25L.28 and
GI5L5

Area of small uncut
chip thickness
High deviation of
measured values

Ay [mm]

©  G25L28 measured
@ GI5L5 measured

= = =(G25L28 model
= = =GI5L5 model

0.40

Area of high uncut
chip thickness
Small deviation of

chip thickness, which can be smaller or near the edge radius
dimension and material could not be machined properly. This
was the reason why the model fits very well but some mea-
sured values were relatively outlying as the measurement of
G15L5 in Fig. 18 shows.

5.4 Identification of the temperature model

The empirical model for temperature of the machined surface
was estimated in power form according to the measurement.
Coefficients of important factors were also estimated in power
function shape on the basis of the least square results. The
helix angle was only one statistically significant factor with
coefficient ug).

6= C(_),vcue,)\u(—))\

The model of machined surface temperature had a regres-
sion coefficient R* = 0.681 with values of estimated parame-
ters for the empirical model, as seen in Table 14. The average
deviation from real measurements was calculated as less than
7.5%. The maximal deviation was measured as 19% in com-
parison to the real situation. The deviation of the model from
measurements is presented in Fig. 19. The range of measured
values was relatively high and this led to the smaller regres-
sion coefficient than in the case of force and burr modelling.

Table 13 Estimation of parameters for A, model

Table Estimate parameter St. dev. t-value p value
Cauar 2.724 1.015 2.684 0.011436
Uy —0.806 0.048 —16.845 0.000000
U —1.135 0.067 —16.844 0.000000
Upy —1.185 0.114 —10.421 0.000000

35
%‘* / measured values
0.25 \
0.20 <
0.15 ~H %
0.10 =& ¢
0.05 i @
0.00 & ~go-Ho-~-85-0
0 0.03 0.06 0.09 0.12 0.15
f, [mm]

6 Discussion

This paper focuses on the effects of temperature of the ma-
chined surface, cutting forces and average delamination length
during C/PPS machining.

Cutting forces The measured cutting force values showed the
dominant influence of axial depth of cut according to main
effect plot but the f; had the steepest guideline of dependence
F, on control factor. It was found that the active cutting force
F, increased with increasing feed per tooth f;, radial depth of
cut a, and axial depth of cut a,,. Only if cutting condition v,
was increased, there was a decrease in F, observed. It was
discovered that the inflexion point of F, was for helix angle
As of 15°. The reason of higher cutting force for the higher
helix angle would be reduced chip evacuation from the
double-helix tool that could clog it up. Therefore, setting the
helix angle 15° and employing a higher cutting speed between
500 and 600 m/min are recommended for cutting force
minimisation. In addition, the cutting speed could be limited
by adjusting the cutting temperature only.

Cutting temperature The method for measurement of ma-
chined surface temperature based on semi-artificial thermo-
couple is presented. This method makes use of the electric
conductivity in the carbon fibres. The main advantage of this
method is the possibility to measure workpiece surface tem-
perature during the cutting process. Utilising the Ni—Cr wire
gives good thermoelectric sensitivity of 37.6 °C/mV.
However, the method has limited robustness due to high sen-
sitivity of the experiment setup. The Ni—Cr measurement
wires should be applied to the coupon very carefully. The only

Table 14  Estimation of parameters for © model

Table Estimate parameter St. dev. t-value p value

Co 48.292 8.9689 5.384 0.000011
uo 0.191 0.0310 6.152 0.000001
uox —0.096 0.0226 —4.272 0.000215
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Fig. 19 Dependence of predicted © on v, compared with measured
values for tools G25L.28 and G15L5

significant control factor on temperature was cutting speed v.,..
The rake angle value does not have any significant influence
on the workpiece surface temperature. During all experiments,
the workpiece surface temperature was at maximum 159 °C. It
is higher than the C/PPS glass transition temperature, but still
far under the 258 °C melting point of the PPS matrix. Since
there is a power function dependence with a decreasing tem-
perature gradient (see Fig. 19), there exist potential productiv-
ity increases due to an increase in cutting speed. The key
constraint is that the workpiece geometry should enable effi-
cient heat evacuation and increasing radial depth of cut (e.g.
during inner corner trimming) should be avoided.

Delamination (burr) Only type II and type III delamination
were observed after machining of C/PPS. It means that only
uncut matrix and fibres appear. An upgraded method of delam-
ination measurement promising a high confidence allowed us
to measure dependence average delamination length A ;—feed
per tooth f;. Delamination was decreased with an increase in
feed per tooth. The reason is higher uncut chip thickness could
be better cut out. The cutting speed showed a statistically in-
significant influence on delamination. When a,, was increased,
A, was reduced, as well as for an increased f; and increased v.,.
Contrarily, the higher @, was, the higher A, was. The most
suitable variant of cutting geometry for burr reduction was high
value of rake angle and value of high helix angle.

7 Conclusion

This paper described the influence of cutting conditions and
cutting tool geometry on cutting forces, burr and cutting tem-
perature during edge trimming of C/PPS plates. A set of ex-
periments was conducted. The experimental data were used
for developing models of cutting forces, burr size and ma-
chined surface temperature.

An investigation into cutting conditions was made and the
most important cutting condition factors and cutting geometry

were found for cutting forces, surface temperature and average
delamination length. An improved geometrical model of the
cutting force was presented. The model includes an overlap
parameter &, which increases the accuracy of the model. The
average deviation between the cutting force model and mea-
sured values was 4%.

The most suitable method for measuring surface tem-
perature was determined and tested with the diamond-
based cutting tool. The cutting speed has the greatest
influence on workpiece surface temperature. In the next
step, a workpiece surface temperature model was devel-
oped utilising the experimental data. The model showed
a safe temperature level (under PPS melting point) with-
in cutting speeds up to 600 m/min. The average devia-
tion for the workpiece surface temperature model was
7.5%.

The method of delamination measurement was improved
for random spatial orientation of burrs. A real average length
of burr was measured. Subsequently, the model for delamina-
tion was developed although the measured data had a high
level of deviation.

All of these models could be used for complex evaluation
of cutting conditions and cutting tool geometry during edge
trimming of C/PPS plates using cemented carbide tools.
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