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ARTICLE INFO ABSTRACT

Keywords: In order to meet the precision requirements for components made of carbon fibre reinforced plastics (CFRP), the
CFRP edges are often trimmed by milling. However, this can lead to detrimental thermal damage to the machined
Mﬂli‘ng surface. The aim of the study was to investigate in detail the maximum temperatures and characteristic thermal
ISVImf/mg (};eat source parameters for various unidirectional CFRP materials under different cutting conditions. During upcut milling
Tl;:nzceiati:lage using a PCD cutter an infrared camera, thermocouples and a dynamometer were employed to monitor tem-
Heat flow peratures and the cutting power. An analytical heat flow model suitable for arbitrary fibre orientation angles was
Fibre orientation angle used to determine, based on thermal material properties, the temperature change at the machined surface and
the heat flow parameters from experiments. Material influence on the cutting power was considered by its
specific elastic energy at fracture depending on the volume content and mechanical properties of the fibres. At
the machined surface, the resin glass transition temperatures were frequently exceeded, and the highest tem-
perature changes were observed at a fibre orientation angle of ® = 135°. In most cases, higher cutting speeds
were accompanied by greater temperature changes. Phenomenological models of the thermal parameters of the
machining process were developed, which take into account both the thermal and mechanical CFRP properties
and show a good correlation with the experimental results. They provide benefits in order to predict the tem-
perature fields for materials with differing properties and under varying cutting conditions.

of CFRP components, which consist of mechanically distinct phases of
fibres and matrix [4].

An important challenge in machining CFRP lies in selecting optimal
parameters, ensuring that the applied forces effectively cut the fibres
while preserving the undegraded matrix’s ability to provide structural
support under conditions of machining-induced heat exposure [5]. The
importance of selecting appropriate cutting conditions to avoid thermal

1. Introduction and state of the art

Carbon fibre-reinforced plastics (CFRP) have become indispensable
as the foundation of technological solutions for reducing structural
weight and increasing strength in aerospace, ground and marine vehi-
cles, medicine, and sports. Their high mechanical strength, which de-

pends on the orientation of the fibre reinforcement relative to the
applied load, makes them highly beneficial for use in finished structures.
However, it also imposes significant demands on equipment and tech-
nological processes during production [1,2].

Mechanical chip-removal machining is typically applied at the final
stage of the component production chain, when near-net-shape work-
pieces still require contouring or, less frequently, surface machining to
achieve the necessary dimensional accuracy and surface quality for
subsequent assembly operations [2]. Insufficient processing quality ne-
cessitates costly sorting and rejection of defective or substandard ma-
terials and workpieces. The machining process characteristics vary
significantly depending on the selected machining parameters [3]. This
is primarily due to the highly heterogeneous and anisotropic properties
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damage in CFRP is emphasized in [6,7]. In [8], the influence of selected
cutting parameters on cutting forces and the quality of the machined
surface is studied in the context of drilling metal-GFRP stacks. Material
removal mechanisms of unidirectional CFRP at different fibre cutting
angles are considered in [9-12] and their relation to temperature dis-
tribution in [13,14]. Reference [7] classifies approaches to studying
temperature changes into two main categories: those based on force
measurements and those that measure temperature directly. Tempera-
ture measurements are usually carried out using thermocouples posi-
tioned at a certain distance from the machined edge or by means of
infrared thermography [15-19]. Optimization algorithms and inverse
problem-solving approaches for estimating the intensity of moving heat
sources in transient heat conduction problems were considered in [16,
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Nomenclature Ry ratio of the heat flow from the heat source into the
workpiece to the cutting power.

Qe off effective width of cut. S integration variable.

Qe nom nominal width of cut. SHS thermal contact length of the heat source.

a, depth of cut. T, glass transition temperature.

G specific heat capacity. Ve cutting speed.

d; tool diameter. vr feed rate and heat source velocity.

f feed. XHS horizontal position of the centre of the heat source.

h chip thickness. Xn horizontal coordinate of the point of interest for which the

Ko modified Bessel function of the second kind of order zero. temperature is modelled.

ki1 thermal conductivity in 1st orthotropic direction parallel 4 distance from the machined surface to the infrared camera
to fibres. measurement line.

kss thermal conductivity in 2nd orthotropic direction Zn vertical coordinate of the point of interest for which the
perpendicular to fibres. temperature is modelled.

n number of spindle revolutions pro unit time. ATnax  maximum temperature change.

Im length of machined path. (o fibre orientation symmetry angle.

P, cutting power. 4 fibre cutting angle.

Pus heat flow into the workpiece. Pw density.

qus heat flux of the heat source. [ fibre orientation angle.

s radius of the tool cutting-edge. 7 engagement angle.

20,21]. the present work.

Numerous strategies to counteract temperature increase have been
proposed and investigated, including specialized tool coatings, the use
of coolants and cryogenic approaches, and alternative cutting methods
[22-24]. Nevertheless, there are many applications where trimming
part contours by dry milling remains advantageous due to its techno-
logical efficiency, the absence of coolant residues on finished parts, and
the overall high processing performance of the method [1,25,26].

Detailed approaches to modeling the machined surface temperature
increase are provided in [13,21,27-29], whereas the advantage of the
approach developed in [21] is that the direction of tool motion along the
machined surface can be set at an arbitrary angle to the material’s
orthotropic directions. A considerable amount of elastic energy released
upon fibre breakage as well as energy dissipation due to friction lead to
significant heating of both the tool and the workpiece, often exceeding
the matrix’s glass transition temperature even under moderate
machining conditions [30,31]. Several studies have shown that this
deterioration in the matrix’s mechanical properties and its ability to
support the fibres directly correlates with the extent of machined surface
damage [15,32,33].

In [34], the influence of thermoplastic vs. thermoset matrix of carbon
fibre reinforced composites on temperatures in drilling was studied. It
was found, that thermoplastic matrix results in higher hole wall and chip
temperatures presumably due to continuous non-brittle chips
morphology and consequently longer tool-chip contact length and thrust
force. At the same time, the higher delamination damage of CFRP with
thermoset matrix was presumably due to lower interlaminar toughness.

In [26], an  analytical model incorporating fibre
orientation-dominated thermal anisotropy was developed to investigate
the thermal field in the machined surface layer during dry milling of
unidirectional CF/PEEK. A moving arc surface heat source was consid-
ered; however, the model was established only for fibre orientations of
0°, 45°, 90°, and 135°.

It should be noted that different definitions of the fibre orientation
angle are found in the literature. While the 0° and 90° directions coin-
cide across definitions, the 45° and 135° directions represent opposite
situations depending on the chosen convention. One approach defines
the fibre orientation angle as the angle between the feed rate vector vy
and the fibre direction on the cut-off side of the unidirectionally rein-
forced panel relative to the machined surface, as seen in [26,35,36] etc.
Alternatively, it can be defined relative to the fibre direction on the bulk
side of the panel [1,13,21,37-39], which is the convention followed in
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In [40], the influence of cutting on the mechanical and thermal
material properties was studied, for which a model based on the finite
element modeling (FEM) considering both heat flux and modulus
degradation in cutting was developed. In [41] a FEM model for milling
of GFRP was developed and the influence of cutting parameters was
investigated. In [42], the heat flux of different materials like metal,
concrete, and ceramic composites were estimated using combined FEM
and Carslaw and Jaeger approach. In [43], the influence of the width of
cut as well as the fibre orientation angle was investigated using a
FEM-based approach. The study examined the effects of machining pa-
rameters on temperature, but only for a specific unidirectional CFRP
material tested. In [37], the influence of various fibre orientation angles,
including 22.5°, 67.5°, 112.5°, and 157.5°, was analyzed using a com-
bined analytical and experimental approach. In [38], the same meth-
odology was applied to investigate the influence of tool type on
temperature rise during dry CFRP trimming.

Thus, while other aspects of CFRP machining have been extensively
researched, the influence of CFRP material properties on surface heating
during machining remains an area requiring further investigation [25].

The aim of this study was therefore to investigate in detail the
maximum temperatures and characteristic thermal parameters for
various unidirectional (UD-) CFRP materials under different cutting
conditions. Factors such as fibre volume content, which defines the ratio
of highly abrasive, high-strength fibres to the thermally sensitive matrix,
and corresponding material density may significantly affect heating.
Additionally, thermal material properties, including specific heat ca-
pacity and highly direction-dependent thermal conductivity, play a
crucial role in regulating heat accumulation and distribution within the
workpiece. The present study focuses on investigating the form, char-
acteristics and extent of these effects taking into account both thermal
and mechanical constituent influences and their interconnection.

To achieve this aim, a combined experimental and analytical
approach was employed. Sections 2.1-2.4 describe the materials and
machining setup under consideration, as well as the experimental
methods used. Section 2.5 is dedicated to the analytical model used to
calculate the maximum temperature increase at the machined surface.
Section 3 presents the analysis of both experimental and modeling re-
sults. It begins with a detailed explanation of the analysis steps per-
formed and then discusses the influence of material properties on the
mechanical aspects of the machining process. Specifically, it concerns
the cutting power, as it is the key physical quantity introduced into the
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system during machining and is partially converted into heat.

Subsequent subsections of Section 3 examine the influence of ma-
terial properties on the modeled maximum temperature increase at the
machined surface, the thermal parameters determined via the combined
experimental and analytical approach, and the portion of cutting power
that contributes to heating the material. The results are then generalized
in the form of phenomenological dependencies of the thermal parame-
ters on material properties. By knowing the thermal parameters, which
are derived from material and machining properties, it becomes possible
to calculate the temperature fields and maximum temperature increases
for given processing conditions.

Finally, the modeled temperature fields are graphically visualized,
and the results are compared with relevant findings from the literature.

2. Materials and methods

Four different UD-CFRP materials were tested in dry upcut milling at
varying fibre orientations in three test series each characterized with
one of two levels of cutting speed, feed and width of cut. Subsequent
simulations of the temperature fields were conducted based on the
temperatures measured at several distances from the cutting surface
using thermocouples and an infrared camera.

2.1. Materials

The material specification includes autoclave curing of prepregs that
combine epoxy matrix and carbon fibres. The material’s thermal con-
ductivity and glass transition temperature were experimentally deter-
mined and are provided in Table 1. Other properties are given according
to [37] and manufacturer data [44].

CFRP 3 and 4 have higher fibre volume content gy as well as higher
density p,, and thermal conductivity k;; and ks3 in both directions of
orthotropy compared to CFRP 1 and 2. Higher pressure applied during
autoclave curing of CFRP 1 compared to 2 resulted in a slightly higher
fibre volume content 9pyc. CFRP 2 is also characterized with a higher
specific heat capacity C, than CFRP 1. Among the materials of higher
9rvc, CFRP 3 has a lower specific heat capacity C, than CFRP 4. CFRP 3
differs from CFRP 1 and 2 with the matrix used. CFRP 4 has different
fibres and matrix compared to other materials. Matrixes of both CFRP 3
and 4 are characterized by the manufacturer as exhibiting high damage
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2.2. Tools

In accordance with industrial practice experiments were conducted
using upcut milling with work-sharp double-edged polycrystalline dia-
mond (PCD) cutters. Such cutters provide comparatively longer service
life compared to uncoated tools and do not suffer from coating chipping.
Moreover, they can be sharpened up to several times. The parameters of
the tools are listed in Table 2. The tool of bigger diameter was used only
for the material of the type 4 for comparison. Tools of smaller diameters
were not tested as their shafts are severely prone to brittle mechanical
failure in bending even under moderate feed speeds making it hardly
possible to reach the industrially demanded high material processing
rates. Even tools of the selected diameters are highly influenced by
heating especially during longer processing times [1,40], but it was not
investigated in this study.

The provided low number of cutting edges for the selected tools as
well as sufficient clearance angle provide better heat evacuation in
contact with the surrounding and lower friction, thus reducing the
thermal loading of the material investigated. Low rake and helix angles
indirectly provide higher wedge angle of the tools and therefore higher
strength of the tool teeth making them less prone to breaking under high
mechanical and thermal loadings.

The radius of the tool cutting edge was measured after carrying out
series of tests. For an initially new tool, the radius was typically close to
ry = 20 pm after the first machined path of I,, = 300 mm and remained
less than ry = 30 pm before the used maximum machined path of [,
= 1.5 m. The tool geometry therefore was assumed to be constant in this
range.

As the length of the tool cutting edge along the tool axis was 22 mm,
it allowed repeated use of the cutting edge for processing of machined
path of higher total length due to choosing several separate regions
along the tool cutting edge. The thickness of the tested CFRP-panels was
equal to the depth of cut aq, < 5 mm. This allowed for the use of three
separate regions of the cutting edge, each approximately 7 mm in width.
Each of them was used for the cutting length of maximally 1.5 m.

Table 2
Geometry of the double-edged polycrystalline diamond peripheral milling tool.

tolerance and impact resistance. Materials CFRP 1 to 3 are characterized Parameter Symbol  Value Unit
with the same Young modulus E and strength R, of fibres, which are Tool diameter d, 12 -CFRP 1, 2, 3 (14 — CFRP 4) mm
lower than E and R, of CFRP 4. Specific elastic energy at fracture Wy, is Number of cutting edges 2z 2 -
calculated as described in Section 3 and is related to E, Ry, and ryc. Clearance angle as 12 °
Rake angle ¥ 0 °
Helix angle 8 0 °
Table 1
Material properties of the CFRP panels.
Parameter Symbol Values for each type of material Unit
No. of material CFRP 1 2 3 4
Fibres HTS HTS HTS T800
Matrix HexPly 913 HexPly 913 HexPly 6376 HexPly M21
Density P 1517 1514 1584 1594 kg/m3
Fibre volume content Orve 52 50 58 60 %
Specific heat capacity (% 892.4 994.9 867.8 922.3 J/(kg oK)
Thermal conductivity in 1st directions of orthotropy (parallel to fibres) ki1 7.695 7.472 8.569 8.483 W
meK
Thermal conductivity in 2nd directions of orthotropy (perpendicular to fibres) k33 0.630 0.612 0.702 0.725 w
meK
Glass transition temperature T, 150.1 150.1 162.1 161.8 °C
Number of UD-layers n 16 16 16 22
Panel thickness (equal to depth of cut) a, 4.716 4.772 4.159 4.019 mm
E-module of fibres E 238 238 238 294 GPa
Strength of fibres Rn 4.3 4.3 4.3 5.49 GPa
Specific elastic energy at fracture W 20.2 19.4 22.5 30.6 mJ

mm?3
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2.3. Process parameters

Processing parameters were chosen to be possibly close to the values
usually chosen in industrial practice in order to provide maximal
possible processing rates under reliable mechanical and thermal per-
formance of the tool and the processed material [9,23], though the exact
relationships between the latter factors are the subject of the present
investigation. On the other side, the values chosen were restricted with
the parameters of the machining center used for the experiments.
Table 3 gives the used process parameters. To provide a reliable com-
parison between materials of varying properties, the same test series
were carried out for each of the tested materials. To still investigate the
influence of the tool diameter, a tool of the same type but of bigger
diameter d; was used for CFRP 4. Test series TS-I and TS-II differed in the
cutting speed v, and therefore in the feed rate v but were characterized
with the same other parameters, in particular the same feed f. TS-III was
realized with the same cutting speed v, as the TS-II but in partial cut, i.e.
with a lower nominal width of cut @enom. The relations between the
cutting speed v, and the feed f were chosen in such a way that two levels
of each parameter were tested and the same material removal rate Qy,
was provided in the TS-I and TS-IIIL.

Each test series included investigation of the influence of the fibre
orientation angle ® between the feed rate vector vy and the fibre di-
rection of the UD-reinforced panels on the bulk side of the panel relative
to the provided machined surface, i.e. not on the panel’s cut-off side (as
shown in Fig. 1). A similar definition is also applied to the fibre cutting
angle 0 defined between the directions of fibres and cutting speed v, as
shown in Fig. 1, b. To realize it, the CFRP rectangular specimens were
prepared with fibres readily placed at corresponding angles to the side.
Therefore, a straight cut of the length equal to the panel side dimension
parallel to it was provided in each experiment. Tested values of ® are
given in Table 3 and include the case of fibres perpendicular to the
machined surface with ® = 90° and two cases of symmetrical orienta-
tion to the perpendicular direction, i.e. ® =45° and ® = 135° with
corresponding fibre orientation symmetry angle ¢4 [371:

Co

45° (D)

In a number of preliminary tests, as well as in previous studies [37,
38], it was shown that cutting at a fibre orientation of ® = 0 ° leads to
immediate fracture of the unidirectionally reinforced panel when using
the test setup. This is due to the low inter-fibre fracture strength of the
UD material. Adding additional strengthening layers was not possible, as
it was necessary to maintain free access to both sides of the panel for
temperature measurement using an infrared camera and for installing
thermocouples, as described in the following section. Moreover, addi-
tional layers would have interfered with the cutting power measure-
ments and compromised the comparability of the results. Therefore, the
fibre orientation ® = 0 ° was excluded from this study.

= |o-90°| =

Table 3
Investigated range of machining parameters(*).
Parameter Symbol  Values in test series (TS) Unit
Test series number TS-1 TS-1I TS-11I
Cutting speed Ve 100 450 450 m
min
Feed f 0.06 0.06 0.107 mm
Feed rate i 0.159 0.716 1.273 m
(0.136) (0.614) (1.091) min
Nominal width of Qe nom 12 (14) 12 (14) 1.5(1.75) mm
cut
Material removal Quw 9.55 42,97 9.55 cm?
rate ﬁ
Fibre orientation o] 45 /90 / 45/90/ 45/90/ °
angle 135 135 135

(*) data is given for CFRP 1, 2, 3; data for CFRP 4 is given in parentheses
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view direction of
® thermographic

rotating dynamometer

camera offcut
a
XHS
v a
machined surface i enom
6 AN L
X qus : equivalent
Z; heat source [0)
Z 7 SHS
TC
Wi k33 “k,y
CHREpIcc x direction of fibers
TC
thermographic camera
bottom clamping N thermocouple TC ~ measurement lines L;
b

9=0° 8=45 e=90° 6=135°
-

Fig. 1. Schematic representation of the machining situation of the CFRP-
panels (a) and definition of the fibre cutting angle (b).

2.4. Test scheme and measurement equipment

To realize the test series described above, the test scheme as in Fig. 1
was used. Panels of the tested materials were installed vertically to
provide the necessary fibre orientation angle @ to the feed rate direction
of the horizontally moving spindle with rotating dynamometer and tool.
This allowed frontal access for the infrared camera with no obstacles
such as the spindle itself, tool or chips, which could prevent monitoring
of temperatures normally to the panel surface. The infrared camera
moved together with the spindle so that it was always centered relative
to the tool. This allowed continuous measuring of temperatures along
imaginary horizontal lines with the infrared camera as depicted in Fig. 1.
Three such lines were chosen at distances g; from the machined surface
to provide redundancy of experimental data and therefore compensating
possible random errors. A thermocouple was additionally installed at the
distance zr¢ from the machined surface, which was chosen to be small
enough to measure higher temperature increases but safe to avoid
damages by the tool.

The measured temperatures were followingly used for modelling the
tool interacting with the material as a heat source of width sys and heat
flux gys, as depicted in Fig. 1. The initial temperature of the composite
panels prior to machining, that is, the ambient temperature, was also
measured in advance and subtracted from the recorded data. The
following analysis was based on assumption of a uniform surrounding
temperature. The ambient temperature ranged from 18 °C to 32 °C on
different testing days. The influence of the initial temperature on the
development of temperature increases during machining could not be
accounted for, nor could the effects of humidity or other environmental
factors. This is due to the machining center being equipped with an open
processing chamber, which would require significant design modifica-
tions to maintain constant initial temperature and/or humidity
conditions.

The length of cut [, was from 21 to 25 times the diameter of the
cutting tool d;. Table 4 provides selected values for the setup arrange-
ment. The panels were clamped from the bottom side. To ensure a
uniform clamping force distribution over the clamped area of 0.015 m?,
a robust metallic traverse with a thin plastic coating on the contact
surface was used. This setup provided both rigid contact and vibration
damping, while also thermally isolating the panels from the metal
holders, which have higher thermal conductivity.
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Table 4
Setup parameters for modeling and experiments.
Parameter Symbol  Value Unit
Length of machined path I 300 mm
Distance in transversal direction from cutting W 50 mm
surface to workpiece clamp
Horizontal distance to TC Xr¢ 177.8 mm
Vertical distance from machined surface to TC 2rc 1.5 mm
Distances to the lines of measurement with the 2 0.7 /092 / mm
infrared camera 1.38
Nominal width of cut:
-for CFRP 1, 2, 3 Qe nom 1.5/12 mm
- for CFRP 4 Qe nom 1.75/ 14 mm

The processing module of the 5-axis machining center Reich-
enbacher VISION II-Sprint with the installed setup corresponding to the
machining situation is shown in Fig. 2, which also shows side and front
views of the tool used. Although a straight cutting path was used in this
study, the flexibility in selecting the motion direction provided by the 5-
axis machining center enabled optimal access for temperature mea-
surement systems on both sides of the panels. The spindle was equipped
with a 4-component rotating dynamometer Kistler Typ 9170A with a
signal conditioner Kistler Typ 5238B for measuring torque M, and
calculating corresponding mechanical processing power P.. The torque
measurement accuracy was 0.1 Nm. The influence of hot chips on the
workpiece temperature was minimized with the chips vacuuming sys-
tem Schuko, which provided suction capacity of 13600 m?® /h.

The temperature of the CFRP-panel in the vicinity of the tool was
measured with a frontally positioned infrared camera Micro-Epsilon
ThermoIMAGER TIM VGA 640 x 480 px, 32 Hz, noise equivalent tem-
perature difference NETD 40 mK, as well as a shielded thermocouple of
type J (Fe/CuNi) by TC Direct with the hot junction of the thermocouple
placed in a specially drilled hole in the CFRP-panel on the side opposite
to the side monitored with the infrared camera. The hole was of 0.6 mm
diameter and 2 mm depth filled with a thermal conducting paste. The
thermocouple diameter d,.= 0.5 mm defines the maximum achievable
spatial resolution of the temperature measurement, as it defines the
minimum physical area over which temperature can be accurately
recorded. The thermocouples operated at a sampling rate of f;= 100 Hz,

5 T
.| CFRP-chips vacuum extractlon

Infrared
camera

Rotating
dynamometer

Fig. 2. Experimental setup (a), including infrared camera, thermocouple, and
rotating dynamometer, as well as the tool used (b, ¢ — side and front views).
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resulting in a time interval between successive measurements of At;,, =
1/f;. The sampling time interval At also limits the maximum achiev-
able spatial resolution of the temperature measurement, as it determines
the distance [, = vy o At the heat source and the corresponding tem-
perature field moves between successive readings. According to the
minimal and maximal feed rate vy, the distance I, is between 0.02 and
0.2 mm and thus the resolution is limited by the thermocouple diameter
dic.

To determine the infrared emissivity of the CFRP material, separate
tests were performed, whereas an external heating source was used to
heat the specimens. The values measured with thermocouples were
compared to the data obtained with the infrared camera. An emissivity
value of &, = 0.95 was selected for the temperature range of 30 °C to
140 °C, keeping the average temperature error below 3 °C. Similar CFRP
materials are characterized with the range of emissivity values, which
aligns with the selected one [45,46]. Higher temperatures were inten-
tionally avoided to prevent exceeding the glass transition temperature
and corresponding thermal degradation of the panel.

Additional check of the thermometric camera measurements by
comparing them with the temperatures measured with the thermo-
couple showed that deviation between the temperature values measured
with both methods did not exceed 4 °C, that complies with the accuracy
of the used devices.

2.5. Analytical modeling

The region of the tool and material interaction was modelled as a
moving strip heat source of heat flux qgs, length sys, width a, and zero
depth in a plane of the machined surface (Fig. 1). Temperature fields due
to moving heat sources were investigated in [13,21,26,27,37,38]. The
heat liberation is modelled to take place across the heat source area and
represents the combined result of occurring heat producing processes
such as material cutting, different damage modes, cracks opening, fric-
tion etc. In this study, the strip-shaped heat source of constant heat flux
is considered substituting the actual periodic heat flux provided in the
case of discontinuous cutting edge engagement. This approximation is
possible due to the high speed of revolutions corresponding to the
selected cutting speed v..

The followingly cut-off regions of material panels are neglected as
well as heat exchange with the surrounding, convection and radiation.
The real processed panel with tool, chips and cut-off is substituted with
the semi-infinite solid with adiabatic surface except of the region where
the heat source is acting. In this case, the two-dimensional model for an
infinite width of the heat source and corresponding thickness of the
tested material panel can be utilized with no heat conduction in the
direction normal to the processed panel, i.e. to the coodinate plane (x,

z) (see Fig. 1). The influence of these simpifying assumptions is taken
into account by the resulting value of the heat source parameters, i.e.
heat flux gus and length sys of the introduced moving heat source.

This approach makes it possible to compare similar machining sce-
narios for different materials within the framework of the same
modeling methodology, even in practical machining scenarios charac-
terized with heat dissipation and finite workpiece dimensions. It should
be noted that accounting for subsequent cut-off regions of the material
panels, as well as heat losses to the surroundings, could lead to even
higher values of the thermal contact parameters. This is because such
adjustments would compensate for the fact that, despite additional heat
losses, the experimentally measured temperatures in the vicinity of the
cutting surface still reach the values observed in the tests.

The benefit of the previously developed analytical model [21,37,38]
is an explicit consideration of the effects of fibre orientation, as they play
a core role in determining the thermal behaviour of CFRP. The model
gives the following temperature distribution in the plane (x,, 2,) of the
CFRP panel resulting from the action of the moving strip source in a
steady state due to machining the panel along its edge at arbitrary fibre
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orientation angle ®:
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the infinite domain assumed in the original model in [27], experimen-

. S] ).Ko {Ksi(kll — (k]l — k33) [ COSzd))l/2 [(kll — k33) [ ((Zi — 52)06052<D — 2Zn eSesinde COSq)) + k]] .Sz + kggizg]l/z }dS (2)

tally observed temperatures are likely to be higher than in the idealized
case. This may result in an overestimation of the qys or sys parameters if
the same estimation procedure is applied. Nonetheless, this problem can
be addressed experimentally by significantly increasing heat exchange
with the surroundings, for example, through liquid cooling. In that case,
implementing of a suitable heat exchange model would be necessary.

Xn+Sps /2
AT(x,, 2,) =K, / exp(K;[(ki1 —ks3)(S e cos’® +z, e sind e cos®) — ky;
Xn—SHs/2
where
qHs
K, =—F—F— 3
! T/ ki1kss
K — PGV PGy WV of @

T 2ky1kss B 27ky1kss d,

Ko is the modified Bessel function of the second kind of order zero, S
is the integration variable S = x, — Xps, and the main direction of
orthotropy coincides with the fibre reinforcement direction and is
defined with the fibre orientation angle ®. Other symbols are given in
nomenclature above.

Knowing experimentally measured maximum temperature changes
and according distances to the machined surface, relevant for the ma-
terial and the tested machining situation, qys and sys were identified by
solving the nonlinear least-squares problem to fit the model in Eq. (2),
see in Section 3. Their product gives the value of the heat flow Pyg as
follows:

(5)

The measured value of the torque M, was used to calculate the me-
chanical power of material processing:

Pus = Sus ® qusea,.

Ve

PCZ2°M”'dt

(6)

The portion of the mechanical processing power P, that is converted
into heating of the machined panel is given by the ratio of heat flow to
cutting power:

@)

To be able to predict the temperature change AT at the machined
surface, additional phenomenological dependencies of gys and sgs from
the thermal and mechanical material parameters and cutting conditions
were identified and empirically modelled based on the obtained exper-
imental and calculated data. The corresponding phenomenological de-
pendencies are described below in Section 3.5.

The initial model formulation in [27] considers heat distribution into
a semi-infinite half-space from a moving heat source of an infinite width.
As a result, the temperature is assumed to be exactly twice as high as in
the case of a fully infinite space, since the same heat flux gys is
distributed into a geometrically two times smaller domain. In the model
described by Egs. (2-4), the heat generated by the unit-width heat
source is likewise distributed over a unit-width slice of the half-space.
Under the conditions considered in this article, this assumption holds,
as the heat source width is equal to the panel width. Heat exchange with
the surroundings is neglected, i.e., the panel sides are treated as adia-
batic surfaces.

It is important to note, however, that for future considerations
involving three-dimensional heat distribution under oblique cutting
conditions, where the “heat distribution slice” is bounded by the actual
structure’s geometry, greater heat accumulation should be expected,
since heat cannot dissipate beyond the structural boundaries. This
would require an appropriate correction of the K, coefficient. Due to the
limited size of the domain available for heat distribution, as opposed to

RW = PH_g/Pc.
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3. Results and discussion

The tests carried out provided the data concerning the temperatures
and torques during milling of four types of UD-CFRP materials, which
differ in the fibres/matrices used or in their physical properties as listed
above in Table 1.

The thermal parameters of the cutting process result from the con-
version of the cutting power introduced during the process into heat. As
the cutting performance is directly dependent on the mechanical ma-
terial properties, these also have an influence on the thermal parame-
ters. Therefore, in the first step, the dependence of the cutting power on
the mechanical material properties is investigated.

Secondly, temperature data and thermal material properties were
used to calculate the equivalent heat flux qyg and the thermal contact
length sys corresponding to the tested machining process using the
measured temperatures within Eq. (2) according to the physically based
model of the moving heat source.

Considering the temperatures measured at different testing condi-
tions and for varying materials, it should be noted, that the Bayesian
posterior mean of the standard deviation ¢ did not exceed 9 K for all the
tests. This corresponds to a maximum Bayesian posterior standard error
of the mean equal to not more than 5 K, computed as t e 6/+/n, where n is
the number of measurements per test condition, and t is the appropriate
quantile from the Student’s t-distribution. The prior distributions for the
mean and variance (i.e., prior variance of the mean, and prior shape and
scale parameters for the variance) were assumed to be the same for all
test conditions.

The values of qyg and sys were then used for simulation of full
temperature fields in the vicinity of the machined surface according to
Eq. (2), also in points where the temperature could not be measured
experimentally due to proximity to the processing milling tool. As a first
step, the simulated maximum temperature increases AT at the dis-
tances z; and zrc (see Table 4) from the machined surface were
compared to the values measured using the infrared camera and ther-
mocouples, respectively. The calculated root mean square error was
RMSE = 6.7 °C, which can be attributed to uncertainties in thermo-
couple positioning, estimation of the infrared camera’s observation
point, the influence of surrounding areas on infrared measurements,
particularly under strong temperature gradients, as well as the spatial
resolution limitations of both measurement methods. Then, the simu-
lated maximum temperature changes ATpax at the machined surface
were calculated and the influence of material properties or parameters
as listed in Table 1 as well as process parameters as included in Egs.
(2-4) analyzed.

As a result, empirical models for the q; and sgs are developed on the
basis of the phenomenological relationships found between the me-
chanical and thermal material properties on the one hand and the cut-
ting power and the thermal parameters qyg and sys on the other.
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Finally, the heat flow ratio Ry was calculated according to Eq. (7)
together with Egs. (5) and (6).

3.1. Influence of the material on the cutting power

The cutting behavior of CFRP with thermoset matrix can be char-
acterized as brittle because of the negligible plastic strains of both fibres
and matrix. Accordingly, the ultimate strength approximately coincides
with the yield strength. Chip formation occurs as soon as the yield
strength is reached. It can therefore be assumed that the energy required
to produce chips depends on the elastic properties of the respective
materials.

The volume-related elastic energy W,; at fracture of a brittle material
is determined from the ultimate strength R,, and modulus of elasticity E
as follows [47]:

Wy = (Rm)z/(ZE) (8)

Regarding the CFRP materials with thermoset matrix the different
properties as well as the fibre content must be taken into account. Since
the volume-related elastic energy of the matrix according to calculations
is less than 1 % of the volume-related elastic energy of the fibres, it can
be neglected. However, the volume-related elastic energy of the com-
posite is affected by the fibre volume content 9z and can thus be
expressed by

W Orvc o (Rm)” /(2E) ©)
where R, and E are the fibre properties. The volume-related elastic
energies of the CFRP material are given in Table 1.

The theoretical power for complete separation of a brittle material
can be calculated by multiplying the volume-related elastic energy Wy,

with the material removal rate Q:
Pn=Wge QW

The material removal rate Q,, should take into account the real tool
engagement. As it will be described below, large-scale material beak-
outs were observed under certain conditions in all the tested materials
leading to a reduced effective width of cut a4 compared to the nominal
one a,,on. Appropriate material removal rate is

(10)

QW,eff :f. Ve e ae.eff o ap/(” L4 dt) (11)

where the variables correspond to the ones given in the nomencla-
ture. Therefore, the theoretical power of brittle fracture

® Test seriesI: v, = 100 m/min, f = 0.06 mm, . em = 12 mm |[® d =45°
A Test series II: v, = 450 m/min, f = 0.06 mm, a,,em = 12 mm ||= ® =90°
O Test series 111:v, = 450 m/min, f = 0.107 mm, @, o, = 1.5 mm ||m ® = 135°
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Fig. 3. Measured cutting power P, vs. theoretical power of brittle fracture Py, o
based on fibre mechanical and material composition properties of the investi-
gated CFRP.
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Pth,eff = Wel o Qw,eff (12)

can be used as a characteristic parameter to differentiate the brittle
fracture behavior of individual materials during a specific cutting
process.

As Fig. 3 shows, the theoretical power of brittle fracture Py, o cor-
relates with the measured cutting power P, for the investigated CFRP
materials. The coefficients of determination are R? = 0.97 for a common
dependency for materials CFRP 1, 2 and 3, R? = 0.95 for CFRP 4. Thus,
the specific elastic energy at fracture W, can be taken as an indicator for
the material influence on the cutting power. A different slope of the
regression line is observed for CFRP 4 compared to the other CFRP
materials possibly due to the different tool diameters used in cutting (see
Table 2) and therefore due to slightly differing engagement conditions.

3.2. Temperature changes ATyax for all materials and test series

Simulated values of the maximum temperature changes ATy, at the
machined surface for the four tested materials are shown in Fig. 4. Ac-
cording marks indicate the maximum temperature changes, which
correspond to reaching the glass transition temperature of the matrix Tg.
It can be seen that T, was exceeded for all materials in all test series at
the fibre orientation angle ® = 135°. For each separately considered test
series, the maximum temperature changes AT, are highest at
@ = 135° for all materials. For all CFRPs, material break-outs have been
observed in full cut, i.e. in TS-I and TS-II, irrespective of the cutting
speed v, leading to reduced effective width of cut a, .. The classification
of resulting relative changes in the width of cut Aq, is given in Fig. 4 as
well as specified in Section 3.3. It has to be pointed out, that although
Q¢ is lowest at @ = 135° due to the largest material breakouts, the
highest temperature changes occur here.

This observation aligns with previous research findings, which report
that the highest cutting forces occur at approximately 6 = 135° [1,2].
This can be attributed to the approximate alignment between the di-
rection of the active cutting forces and the material’s fibre orientation.
Such alignment results in greater elastic energy accumulation prior to
fracture, due to the high tensile strength of fibres along their longitu-
dinal axis. Additionally, frictional forces in this configuration act nearly
parallel to the fibre direction, contributing to increased local stresses
and greater energy dissipation.

Considering CFRP 1 and CFRP 2, these materials mainly differ in the
specific heat capacity due to different consolidation routes. For CFRP 1
and CFRP 2, higher AT« for ® = 135° are reached at the higher cutting
speed v, = 450 m/min in TS-II and TS-III. For other fibre orientation
angles @, T, was also exceeded in most cases for CFRP 1 and some of
them for CFRP 2, with higher temperatures observed at the higher cut-
ting speed v,, particularly in full cut (TS-II). Among the mentioned tests,
higher temperature changes were predominantly observed at ® = 45°
than at ® = 90°. This might be to one hand due to increased heating
during each tool rotation, which is mainly influenced by the force acting
at the engagement angle range corresponding to the maximum chip
thickness. Accordingly in case of ® = 45° the corresponding active force
at # = 135° is much higher than the active force in case of ® = 90° at
6 = 0°. On the other hand, the high thermal conductivity k;; along fibres
promotes heat distribution in the more distant areas of material in case
of fibres directed normally to the machined surface at ® =90° in
contrast to a higher heat accumulation close to the machined surface at
D = 45°,

A comparison of CFRP 1 with CFRP 2, where the latter has the same
type of matrix and fibres but mainly a higher C,, shows correspondingly
lower AT, for CFRP 2 in almost all cases.

Another pattern of AT, dependency on processing conditions is
observed for CFRP 3. Compared to CFRP 1, CFRP 3 has another type of
matrix, considerably higher fibre volume content and accordingly
higher density, thermal conductivity and glass transition temperature.
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In case of CFRP 3, higher ATy, are observed in full cut, i.e. in TS-I and
TS-II, compared to partial cut in TS-III. The highest ATy« for CFRP 3 at
® = 45° and ® = 135° occurs at the lower v, (TS-I). For CFRP 3, the
partial cut at the higher cutting speed v, (TS-III) is characterized with
lower temperatures at the machined surface, compared to other test
series at the same ®. Across test series, tests at ® = 45° and ® = 90° for
CFRP 3 do not indicate a clear dependency on the fibre orientation angle
and are characterized with similar ATpax.

CFRP 4 is characterized with a less pronounced increase of the
maximum temperature changes AT, at ® = 135°, compared to the

other materials. Nevertheless, it demonstrates comparatively higher
AT often exceeding the glass transition temperature of the matrix T,
at the higher cutting speed v, similarly to the materials CFRP 1 and 2.
Similarly to how it predominantly occurs in the mentioned materials,
the highest ATp,y is observed in TS-II in full cut.

Compared to test series TS-I, test series TS-III is characterized by a
significantly higher cutting speed v, with the same material removal
rateQy, but correspondingly reduced engagement values a.nom and f,
which is generally characterized as high-speed machining. Contrary to
the advantage of lower cutting surface temperatures known from
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Fig. 5. Equivalent heat flux gys vs. thermal contact length sys at varying cutting speeds v., feeds f, nominal widths of cut a ,om and fibre orientation angles @. 1, 2, 3,

4 — No. of material CFRP (see Table 1).
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metallic materials, this is not the case with the CFRP materials analyzed
in the tested cutting speed range. It can be seen that the temperature
changes AT,y are rather high in the case of TS-III for all CFRPs except
for the CFRP 3, for which ATp,x are always higher in the TS-I.

In some cases, the matrix decomposition temperature T; was
reached, which for the CFRP 1 and CFRP 2 is equal to approximately
410 °C [38]. The influence of the matrix decomposition is not covered
by the model, but the affected zone is considerably smaller than the one,
where T, is reached.

The differences in thermal as well as mechanical properties of
investigated CFRP materials as they are seen from Table 1 seem to
provide complicated mutual effects leading to non-uniform de-
pendencies of temperature changes on the test series and fibre orienta-
tion angles.

3.3. Thermal parameters sys and qys for all materials and test series

Fig. 5 depicts the relationship between the heat flow Pys, the
equivalent heat source flux gys and the thermal contact length sys ac-
cording to the Eg. (5). Thermal contact lengths sys of the tested materials
ranges from ca. 0.5 mm to 6.5 mm and equivalent heat source flux gys
from ca. 100 kW/m? to some more than 2500 kW/m?. For all tested
materials, the tests at the lower cutting speed v, = 100 m/s (TS-I) are
characterized with generally lower values of gys than at the higher
cutting speed v, =450 m/s (TS-II and TS-III). In contrast, sys is less
effected by the cutting conditions of the test series.

This applies even taking into account the difference in the nominal
@.nom and actually observed effective width of cut a. .. The relative
changes in the width of cut Ade= (@enom —e.eff)/denom Were classified
and indicated in Figs. 3 — 7. The reason for the changes Aa, in width of
cut during machining is a break-out of large-scale material particles of
UD-CFRP panels on the cut-off side [37]. It occurs along the direction of
reinforcing fibres due to tensile stresses perpendicular to the fibre
reinforcement created by the cutting force. Break-outs occurring at
corresponding cutting-edge engagement angles ¢ result in accordingly
observed changes in the width of cut Aa,, which are therefore higher for
the fibre orientation angle ® = 135°. For all the tested materials, higher
Aa, relate to minimal values of sgs according to simulations. Due to the
small nominal width of cut a, n.m, in partial cut the possible break-outs
were not observed.

As already described in [37], the pairs of values (sgs, qus) for both
® = 45° and ® = 135° are observed at higher qys and lower sys and
closer to each other compared to the corresponding pairs of values for
@ = 90°. This observation can be expressed with the fibre orientation
symmetry angle {; according to the Eq. (1). For the case of (5= 0° (i.e.
for ® = 90°), generally higher sys are observed than for {4, = 45° (i.e. for
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@ = 45° and ® = 135°) for each separately considered material and test
series.

It should be noted that the experimentally determined parameters
sus and ggs show no clear dependence on the feed rate vy, although v¢
appears in Egs. (2) and (4). But as it will be shown later in Section 3.6,
the heat flow Pyg, which is proportional to the product of sys and ggs
(see Eq. 5), shows phenomenological proportionality to vy.

3.3.1. Compare CFRP 1 to CFRP 2 — sys, qgs and Pyg

The thermal contact length of the heat source sy of CFRP 2 is higher
than that of CFRP 1 in all test series, but ggs of CFRP 2 is mostly lower
than ggs of CFRP 1. Corresponding pairs of points (sys, qus) of CFRP 1
and CFRP 2 at the same cutting speed are arranged on hyperbolas, i.e.
curves of the same heat flow Pys. Thus, the higher specific heat capacity
C, of CFRP 2 not only leads to lower temperature changes ATy, (Fig. 4),
but also to lower gys and higher sy (Fig. 5). These observations are not
immediately apparent from Eq. (2) due to the interrelationship between
the parameters. As expected, due to mechanical properties, the cutting
power P, is similar for the both materials (Table 1 in Section 2.1 and
Fig. 6 in Section 3.4).

3.3.2. Compare CFRP 3 to CFRP 1 and 2 - sys, qus and Pys

CFRP 3 differs from CFRP 1 and 2 in its matrix composition and a
higher fibre volume content resulting in higher p,, k11, k33 and lower C,
as well as slightly higher W,;. Again, as in the case of materials CFRP 1
and 2, the values of Pys are predominantly dependent on the cutting
speed v, i.e. are similar for the TS-II and TS-III.

CFRP 3 compared to CFRP 1 and 2 leads to a slightly higher heat flow
Pys in TS-L. In TS-II and TS-III, the pairs of points (sys, qus) are shifted
towards higher sys and lower gys compared to CFRP 1 and CFRP 2. This
may indicate that interaction of thermal and mechanical material
properties considerably influences sys, qgs and Pgs.

3.3.3. Compare CFRP 4 to CFRP 1, 2 and 3 - sys, qus and Pys

CFRP 4 differs from other tested CFRPs in its type of fibres and matrix
composition and has a fibre volume content similar to CFRP 3. For CFRP
4, p,,» k11, ks are similar to those of CFRP 3 and higher than those of
CFRP 1 and 2. For CFRP 4, C, is higher than for CFRP 1 and 3, but lower
than for CFRP 2, that can be explained with the differing fibres and
matrix composition. The tests for CFRP 4 were conducted with a tool of
the same type but a higher diameter d; with corresponding feed rate vy
according to the constant v, and f, width of cut an.m Was equal to d; in
full cut and @, nom = 0.125ed, in partial cut (see Tables 2 and 3). Like for
all other tested materials, the values of Pys for CFRP 4 are predomi-
nantly dependent on the cutting speed v, and are similar for the TS-Il and
TS-1II, whereas the influence of vy is superimposed with the influence of
other parameters.

CFRP 4 at v.= 100 m/min leads to a similar heat flow Pyg compared
to CFRP 1 and 2 but lower than for CFRP 3. At v, = 450 m/min Pys is on
average slightly higher than for other CFRPs. The corresponding pairs of
points (sus, qus) at the same cutting speed are often arranged closer to
the corresponding points for CFRP 3 and shifted to higher values of sys
and lower gqys compared to CFRP 1 and 2.

These observations cannot be easily explained with thermal or me-
chanical properties considered separately, but indicate tight interactions
between their influences.

In addition, in Fig. 5, hyperbolas of constant heat flow according to
Eq. (5) are depicted. Apparently, the heat flow predominantly corre-
sponds to the value of the cutting speed v.. Thus, in TS-I at the lower
cutting speed v, the value of Pys determined with least-squares fitting
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across all the tested materials is 3.57 W. In TS-II and TS-III at the higher
cutting speed v, the appropriate Py is about 10.73 W.

3.4. Cutting power P, and heat flow ratio R,,

For the material-specific choice of thermally favorable cutting con-
ditions, the extent to which the applied cutting power is converted into
heat is of interest.

With regard to the measured cutting power P, it was found that the
material type is of secondary importance compared to the other factors
analyzed. P, is dominated by the cutting conditions differing between
TS-1, II and III. Moreover, in full cut, i.e. in TS-I and TS-II, for all ma-
terials, the lowest P, is at the fibre orientation angle ® = 135°, inter-
mediate at ® = 90°, and the highest at ® = 45°. This can be explained
with the highest uncut chip thickness occurring at the fibre cutting angle
6 = 45° in the case of ® = 135° and the highest uncut chip thickness
occurring at the fibre cutting angle § = 135° in the case of ® = 45°,
whereas the highest cutting forces occur at approximately 6 = 135° [1,
2]. Concerning dependency on the machining parameters, as expected,
the cutting power P, increases in the full cut under otherwise constant
conditions, when the cutting speed v, is increased from TS-I to TS-II.

Irrespective of the material, comparing test series TS-I and TS-IIT
under identical material removal rate Qy, P. in full cut in TS-I is
mostly slightly lower than in partial cut in TS-IIL. The differences in the
measured spindle power can partly be addressed to the reduced effective
width of cut a. . due to fibre break outs, already reported in [37], see
marked symbols in Fig. 6.

The heat flow ratio Ry is described by Eq. (7). Corresponding de-
pendencies of Ry on measured cutting power P, are shown in Fig. 6.
Delimited value ranges of (P, Ry) are shown for the three test series in
Fig. 6, but no obvious difference between the CFRP materials is
apparent. In particular, it is clear that higher heat flows Pyg are observed
in the partial cut at the higher cutting speed v, and feed rate vy, i.e. in TS-
ITI, compared to the full cut at the lower cutting speed v, and feed rate vy,
i.e. in TS-I, at the same material removal rate. This again indicates that
in the investigated speed range, high speed cutting is thermally
unfavorable.

3.5. Phenomenological dependencies of qus and sys

Concluding the experimentally obtained observations, it is reason-
able to assume, that the characteristic thermal parameters equivalent
heat flux qys and thermal contact length syg mainly depend on material
thermal and mechanical parameters as well as on the cutting conditions.
They are density p, thermal conductivities k; and ks, thermal capacity
Cp, fibre volume content 9y and specific elastic energy at fracture Wy,
fibre orientation angle ®, fibre orientation symmetry angle {4, cutting
speed v, and feed f, theoretical power of brittle fracture Py, ..

Thus, the equivalent heat flux q;;5 and the thermal contact length sy,
which were determined with the analytical model in Egs. (2-4) based on
experimental data in different test series as listed in Table 3, were used
to establish a phenomenological model to describe the dependency of
gus and sgs on the material properties of the workpiece and the
machining parameters.

The Levenberg-Marquardt nonlinear least squares algorithm [48]
was utilized to obtain the corresponding nonlinear regression co-
efficients of the thermal parameters on the parameters mentioned as
predictors. The empirically determined dependency of sys is as follows:
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Table 5
Coefficients of the thermal contact length sys nonlinear regression model.

Predictor Estimate 95 % CI (Lower, Upper)
Po 0.11010% [11.111, 11.176]
) 0.32 [0.267, 0.374]
By 0 -228 [2.657, -1.902]
B3 () 21.73 [21.726, 21.728]
Ba o) -0.04 [-0.045, —0.028]
ps (dy) -0.69 [-1.030, -0.348]
Pe (Cpop) 0.11e10°* [0.075, 0.148]e10*
Py (k1 e ks33) 0.21¢10°! [1.687, 2.469]
Bs Prnesy) 0.06 [0.021, 0.106]
mm e min
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Here the components (C, e p) and (k; e ks3) are chosen following the
analytical model in Eq. (2). For the phenomenological dependency in
Eq. (13), the coefficient of determination is R> = 0.91. The confidence
intervals at the 95 % confidence level of the appropriate coefficients are
given in Table 5.

It turned out that the dependency of gys from the parameters is
sufficiently expressed by means of preliminary empirical modelling of
Pys and sys, where Pys can be expressed as follows:

7
Pys = 0.18e¢10*W+ 0.2910° —
L V2/2
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w Wo(moK)fl/2
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m e mm d,
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*10° Mg~ Wa + 051 mePu 14

with the corresponding R*> = 0.89. The confidence intervals at the
95 % confidence level of the appropriate coefficients are given in
Table 6. For the dependencies listed, the limit for the p-value in the

Table 6

Coefficients of the heat flow Pyg nonlinear regression model.
Predictor Estimate 95 % CI (Lower, Upper)
Po 0.18¢10* [1815.894, 1816.478]
N0 0.29¢103 [292.163, 292.259]
by 0% 0.249 [0.132, 0.367]
P (dD) —0.1910* [-0.194, -0.193] 10*
Pa Co) -0.08 [-0.105, -0.046]
Bs ((ky o ks3) /%) 0.24010° [24192.304, 24292.626]
Pe (Cp e p) 0.41¢10°3 [0.399, 0.426]¢103

Ve of. ~0.530107! [-0.702, -0.36]10"!

pr C A )
Ps War) 0.490103 [0.486, 0.487]103
By Piness) 0.51 [0.222, 0.791]
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calculation of the coefficients was set to 0.05.

From the Egs. (13) and (14) it can be seen, that most common pre-
dictors have similar influence on both the heat flow Pys and the thermal
contact length sys. Thus, the parameters considered increase with the
feed f, product of the thermal capacity C, and the density p, as well as
the theoretical power of brittle fracture Py, 5, and decrease with the
fibre orientation symmetry angle (4. The increase in tool diameter d;,
which was considered for the material CFRP 4, also leads to decrease of
both the heat flow Pys and the thermal contact length sys. It can be
explained with a better heat removal by the bigger tool body as well as a
higher cutting edge cooling time when not in engagement with the
panel. Although a full factorial variation of the tool diameter d, was not
the case across the realized testing groups, this parameter was included
in the resulting models based on the sufficient significance value of the
corresponding coefficients.

Using the values of sys and Pys calculated according to Egs. (13, 14),
the value of qys was calculated with the Eq. (5). A good correlation
between the analytically determined thermal parameters sys, Pys and
qus, according to Eqs. (2-4) and those calculated empirically with Egs.
(13, 14) and using Eq. (5) is depicted in Fig. 7. The corresponding co-
efficients of determination for the linear regression shown in Fig. 7 are
R? = 0.9 for sys, R? = 0.87 for Pyg, and R? = 0.8 for qys.

Compared to the phenomenological models presented in [28], the
models developed in this study enable consideration not only of the
processing parameters but also of the thermal and mechanical properties
of the CFRP material. In addition to the possibilities provided by the
previously known approaches [13,21,28,29,37], the developed
phenomenological models allow it to determine not only the maximum
temperature reached, but give the thermal process parameters gys and
sps relevant to the overall cutting process depending on both material
properties and cutting conditions, which in combination with the model
in Eq. (2) reveals the temperature fields and therefore the thermally
damaged zone of the CFRP panel, as well as provides these dependencies
not only on the cutting parameters, but on the fibre orientation direction
and thermal and mechanical properties of the material.

3.6. Simulation of temperature fields

According to the computational procedure described above, once the
thermal parameters, the equivalent heat flux qys and the thermal con-
tact length sys, are determined based on both the known cutting pa-
rameters and material properties with the help of the phenomenological
models in Egs. (13, 14) and the analytical Eq. (5), it becomes possible to
calculate the temperature fields in the machined panels. These fields are
tailored precisely to the specific cutting conditions. Several examples of
such temperature fields are presented in Fig. 8.

The temperature fields in Fig. 8 are represented by color, with the
matrix glass transition temperature T, indicated in the color legends.
Corresponding isolines are shown within the temperature fields, delin-
eating the heat-affected zones (HAZ), where the temperature exceeds Tj,
from the surrounding non affected regions. Not only the maximum
temperature changes, but also the shapes of the temperature fields and
thus the geometry of HAZ vary significantly depending on the fibre
orientation angle ®. The highest maximum temperature changes are
observed for ® = 135°, consistent with the findings in [13,23]. But
additionally, the optimal heat dissipation regions of unidirectional
CFRP, as discussed in [13,49], can result in increased heat penetration
depth along the fibres, thereby elongating the HAZ in that direction.

HAZ can be characterized in its length Axpyaz, i.e., extension along
the cutting path, and its depth Azgsz in direction normal to the
machined surface. The former is important as it indicates duration
Atpaz = Axpaz /vy of the temperature action at the same feed rate. E.g.,
in Fig. 8, the lengths of HAZ for CFRP 1 and 4 at ® = 135° exceed the
corresponding values for ® = 45° and 90°. The influence of the time
duration of exceeding the glass transition temperature T; on the
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Fig. 8. Temperature fields in the machined panels for two tested materials,
CFRP 1 and CFRP 4, in the same test series TS-II (please see Table 3 for the
cutting parameters) for three different fibre orientation angles, ® = 45°,
® =90°, and ® = 135°.

resulting strength and processed material properties as well as on
delamination and damage during machining requires further detailed
investigation. In this context, the shape of HAZ becomes particularly
important, whereas not only the width of the HAZ at the machined
surface, Axmpaz(z = 0), but also the width at various depths,
Axpaz(z > 0), are significantly different depending on the fibre orien-
tation angle ®@. The gradient of the HAZ width decrease d(4xpaz)/dz, is
lower for ® = 45° and 90°, which can facilitate the development of
deeper cracks and fracture craters at the machined surface, which are
known from [9,10,12].

Another important aspect is the skewness of the HAZ, i.e., how the
center of HAZ Axpgayz at each depth z > O is shifted relative to Axpaz at 2
= 0. Depending on @, this shift determines whether cutting occurs in
already preheated material, as in the case of ® = 45°, or in still unaf-
fected, undeteriorated material. This observation supports the experi-
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mental findings of [43], where the boundary of the HAZ tended to align
with the fibre direction due to anisotropic heat conduction.

In [16] the heat penetration depth corresponding to the glass tran-
sition temperature at V= 0.4 m/min is found to be in the range of 0.33
to 0.43 mm. This corresponds to the values of Azg,z indicated in Fig. 8
for the current research.

When comparing these results with the findings reported in [6,8], it
becomes clear that thermal considerations impose an additional
constraint on the proper selection of optimal cutting parameters. Thus,
the procedure described here is capable of modeling maximal surface
temperatures and heat distribution in milling of UD CFRP.

4. Summary and outlook

The influence of material properties on the thermal performance of
machining process was investigated in upcut milling for four UD-CFRPs
of differing composition under three sets of cutting parameters and for
three different fibre orientation angles. The thermal parameters were
analyzed based on experiments and simulations using analytical and
empirical models. The findings can be summarized as follows:

@ semi-analytical model for heat flow and temperature field in CFRP
milling developed;

@ model valid for arbitrary unidirectional brittle CFRP materials and
fibre orientations;

@ thermal properties and specific elastic energy of CFRP materials
considered;

@ glass transition temperature at the machined surface mostly
exceeded;

@ dimension and shape of the heat affected zone predictable.

Irrespective of the material, the highest ATy,.x are observed at the
fibre orientation angle ® = 135°.

Irrespective of the material, the glass transition temperatures of the
matrices T, were exceeded in all test series at the fibre orientation angle
 =135°.

The differences in thermal as well as mechanical properties of
investigated CFRP materials provide complicated mutual effects leading
to non-uniform dependencies of temperature changes on the test series
and fibre orientation angles.

Higher cutting speed v, correlates to higher AT,y in most materials
irrespective of full or partial cut.

All tested materials demonstrate a similar relation between the heat
flow Pyg, cutting power P, and heat flow ratio Ry.

Apart from the thermal material properties, the mechanical proper-
ties, namely the specific elastic energy at fracture W, as well as the
theoretical power of brittle fracture Py, o, which includes the influence
of cutting conditions, are indispensable for modelling the thermal pro-
cess pararneters SHS> qHS» PHS~

Considering the effective widths of cut a, . is necessary to properly
evaluate the theoretical power of brittle fracture Py, o;r, whereas a, . is
up to now determined experimentally.

Thermal parameters sys, qus, Pys can be empirically modelled for
arbitrary brittle unidirectional CFRP materials fibre orientation angles,
and cutting conditions with a good correlation. The approach presented
makes it possible to specifically determine cutting parameters for
machining that are both highly productive and remain within thermally
permissible limits. In the future, the influence of heat dissipation due to
radiation from the side panel surface and from the machined surface as
well as material parameters temperature dependencies and thermal
parameters evaluation for multilayered composites should be consid-
ered. Special attention should be given to extending the model to
multilayered laminates with varying fibre orientations, where interlayer
thermal coupling must be considered. A similar approach can be applied
to multidirectional CFRP structures by representing each multidirec-
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tional layer as a set of thermally coupled unidirectional subsystems.
Each of these subsystems can be characterized by its own thermal
properties.
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