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Abstract

Carbon Fibre Reinforced Polymer (CFRP) is favoured for its high strength to weight ratio, excellent directional mechanical and thermal properties,
and the ability to be optimized in the direction of stress or heat flow. These properties make it ideal for power transmission applications. Meeting
the high-quality requirements in this area requires a precise grinding process and a thorough understanding of cutting forces, which are influenced
by different factors e.g. coolant usage, or cutting material. However, machining unidirectional CFRP is challenging due to its anisotropic
behaviour, resulting in different machining forces for identical parameters with different fibre orientations.

A universal process-independent model was recently developed to describe the engagement conditions during oblique cutting of unidirectional
CFRP by introducing the spatial fibre cutting angle 8, and the spatial engagement angle ¢,.Using this description, an universal mechanistic
machining force model for grinding of CFRP was developed.

In the paper, an extension of the model of oblique cutting for grinding is extended and experimentally verified, taking into account additional
parameters e.g. coolant and cutting material. Therefore, the process forces were measured as a function of the spatial fibre cutting angles for

different cutting materials, both with and without the use of coolant.
© 2025 The Authors. Published by Elsevier B.V.
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1. Introduction

Carbon fibre reinforced polymers (CFRP) are used for their
excellent weight specific mechanical properties. CFRP consists
of carbon fibres and a polymer matrix. The fibres exhibit
anisotropic behaviour and are responsible for transferring
mechanical and thermal loads in the composite. The polymer
matrix supports the fibres against lateral loads, distributes the
load between the fibres and protects the fibres from
environmental influences.

In order to comply with tolerance requirements, FRP
components often have to be machined on contours, surfaces
or holes at the end of the manufacturing process chain [1].
Tools with geometrically defined cutting edges, such as end
mills [2] and drills [3], are used for contouring and drilling
respectively. Grinding tools with geometrically indeterminate
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cutting edges are used both for surface machining and for
contour machining of component contours [4].

To comply with tolerance requirements, reliably design,
monitor and optimise machining processes, knowledge of the
machining force is very important. In addition to the
measurement of machining forces, model-based force
prediction also plays an important role. Mechanistic force
models, which calculate the force based on force coefficients
and corresponding chip sizes, are widely used for defined
cutting edges [2, 3] and grinding [5, 6, 7]. Since the force
coefficients are determined experimentally as a function of the
material being machined, the engagement conditions and the
cutting parameters, these are empirical or semi-empirical
models. The force coefficients of continuous fibre reinforced
polymers are largely determined by the orthotropic structure of
the material. When machining CFRP, this results in a
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characteristic machining behaviour that depends on the
kinematics of the machining action relative to the longitudinal
direction of the fibre. Wang distinguishes between different
separation mechanisms when milling CFRP, which also occur
when machining CFRP and are already known from wood
machining [7, 8]. Accordingly, the fibre cutting angle 6, which
is defined as the included angle between the local cutting
direction of the tool in the engagement area and the longitudinal
direction of the fibre, is decisive for the separation mechanism.

Karpat et al. [2] and Boudelier et al. [7] developed a
mechanistic force model for predicting machining forces in
milling and grinding operations respectively for CFRP using a
trigonometric function to model the impact of fibre orientation
and a linear dependency of the forces on the uncut chip
thickness 4 [2].

Nomenclature

CFRP Carbon fibre reinforced polymer

Cor. Corundum

Dia. Diamond

Cool. Usage of coolant

eH, el e ¢ e, Coordinate system of the CFRP laminate

er, es, e0 Coordinate system of the cutting tool

e/, e e, Local coordinate system of the cutting tool
segment

P Position vector for tool segments

0 Fibre cutting angel [°]

X, € Reference angles [°]

0o Spatial fibre cutting angle [°]

®o Spatial fibre engagement angle [°]

p Grinding wheel inclination angle [°]

F Force [N]

t Index: Tangential

n Index: Normal

c Index Seperation

e Index: Friction

F, Normal force [N]

Ve Cutting speed [m/s]

1 Feed rate [mm/rev]

n Spindle speed [rpm]

ap depth of cut [mm)]

b Width of undeformed chip [mm]

h Undeformed chip thickness [mm]

tb, bb, It Dimensions of the CFRP block [mm)]

D Grinding wheel diameter [mm)]

b Grinding wheel width [mm]

Gr Grit size [mesh]

G Grain size [um]

S Structure of the grinding wheel

o) Engagement angle [°]

N Number of cutting edges

K, Cutting force coefficient [N/mm?]
K, Friction force coefficient [N/mm]
me Exponent of specific cutting force
K* Modelled force Coefficient

Koéttner et al. [9] developed a machining force model that
takes into account the three-dimensional engagement
conditions on the fibre, which are defined by the spatial fibre
cutting angle 6, and the fibre engagement angle ¢,. It is a

mechanistic approach by Lee and Altintas, which is mainly
used for machining with a defined cutting edge [ 10]. As with
Arslan and Budak, it is extended to include a friction
component [5].

This work extends and modifies the model established by
Kéttner et al. to a wider feed range, conventional cutting
materials such as corundum and the use of cooling. To this end,
systematic experiments are carried out with corundum and
diamond tools. The new applications result in a non-linear
dependency of the griding forces on the feed which has not been
observed so far for CFRP. Therefore, an adapted cutting force
model is developed and validated.

2. Process-independent description of fibre engagement
conditios

A process-independent description of the spatial
engagement conditions during the oblique cut of CFRP with
reference angles, in which they applied a transformation of the

workpiece coordinate system {a), e_n)' e_lz)} into the tool
coordinate system {e,, e., e,} (Figure 1) was developed by
Hintze et al.[11]. With the reference angles 6, y, ¢ and the
inclination angle A4, any cutting process can be described.
Considering the orthotropy of CFRP, Hintze et al. [!1]
introduce the spatial engagement angles, which describe the
spatial angles between the vectors e, and e_”’ for the spatial
fibre cutting angle 6, and between the vectors e, and ¢|| for the
spatial engagement angle ¢,, as shown in Figure 1 a). With the
equations (1-3) 8, and ¢, can be calculated.

)

e cos® sinB 0 cosf 0 —sin&
e |= —sm 0 cos 6 0 cosy siny 0 1 0 |-
e 0 —siny cosyl Lsiné 0 cosé

V(’Q ﬁm

(1
cos (6p) = (e, ep)) 2)
cos (po) = (&5, e))) (3)

Figure 1: a) Workpiece coordinate system and the tool coordinate system
with the reference angles, b) spatial engagement angles

3. Experimental Setup

The experiments are carried out using the experimental set-
up shown in Figure 2. A unidirectional CFRP specimen
(HexPly 6367, HTS-(12K)) is clamped to a dynamometer
(Kistler 9257B). Grinding wheels with an outer diameter of D =
200 mm and a width of b= 20 mm are used. Two different
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Figure 2: Experimental setup

cutting materials are used: Corundum with a ceramic bond, a
grit size of Gr= 46 mesh (G = 301 um) and a structure of
S = 11, and single-layer electroplated diamond with a grain size
of G =301 um. The use of coolant and dry machining are also
investigated. Blaser B-Cool 675 emulsion, approx. 8% is used
as coolant. The experiments are carried out at a cutting speed
ve= 10 m/s, which corresponds to a rotational speed n=
955 rpm. The feed rate f= 0.05/0.15/0.3]0.6 mm/rev is also
varied.

In a machining operation prior to the examination, a block
with the dimensions t, = 3.6 mm, b, = 3.6 mm and lf= 2.5 mm
is cut free at the tip of the sample in order to avoid interference
with the disc face during the main examination. The square
cross-sectional area is always aligned parallel to the feed
direction. Different spatial engagement conditions are realised
by varying the fibre cutting angle 6 and the grinding wheel
inclination angle p (Table 1), with the tool rotation axis in the
centre plane of the specimen. As a result of the large disc
diameter and the low material thickness, the engagement angle
can be assumed to be ¢ = 90° over the entire engagement
range. The following applies to the calculation of the spatial
engagement conditions:

x=0°;:¢=p 4
6, = arccos[cos(8) - cos(é)] (5)
@, = arccos[sin(6)] 6)

Regarding equations (7) and (8) p =0°...90°and 6 =0° ...
180° is sufficient to cover all possible engagement conditions.
The position of the measurement points in the 8,,¢,-plane is
shown in (Figure 3). Part of the measurements are used to build
the model and part are used to validate the model. The
distribution between model and validation tests is shown in
Table 1.

The measured force signals are low-pass filtered with a cut-
off frequency of 10 Hz, averaged over the engagement time
and, after offset correction, converted by coordinate
transformation into grinding normal force F, and grinding
tangential force F.

Table 1: Parameter for variation of spatial engagement conditions

Tilt Fiber cutting angle 6 [°] Type

p I

0 0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, Model building
165

30 0, 15, 30, 45, 135, 150, 165 Validation

45 0, 15, 30, 45, 135, 150, 165 Validation

60 0, 15, 30, 45, 60, 120, 135, 150, 165 Model building

90 0, 15, 30, 45, 60, 75, 90 Model building

4. Force measurements results

Figure 4a shows the measurement results for the tangential
and normal forces at feed rates f= 0.05 mm/rev and f=
0.6 mm/rev for corundum with cooling in the 8,¢,-plane. The
results are shown as contour plots in the definition area of the
spatial engagement conditions 8,@,, which form a triangle. At
low feed rates the maximum forces occur at 8, = 90° and ¢, =
45°...60°. From there the forces decrease almost
concentrically. The drop to decreasing 6, is greater than to
increasing 6, . As a result, the tangential forces at f=
0.05 mm/rev are approximately symmetrical to the line 6, =
90°. At feed f= 0.6 mm/rev, the maximum tangential forces
occur in the range 90° < 8, < 135° and 0° < ¢, < 45°, while the
minimum tangential forces occur in the range 30° < 8, < 60°
and 30° < ¢, < 60°. A similar qualitative distribution of forces
has been reported with other CFRP-material and cutting
material combinations for grinding [9] and for machining with

®p= (°
¢ p=30°
o p=45°
A p=060°
V¥ p=90°

Figure 3: Measurements in 6,-¢,-plane

a defined cutting edge [!?]. The minimum of the forces is
explained by the occurrence of compressive stresses and thus
induced interlaminar fractures [V, 12]. For normal forces, the
minimum forces occur in the same range as for tangential
forces. In the range 90° <6, <135° and 0° < ¢, <45°, high
forces occur in the same area as for the tangential forces, with
the maximum forces occurring around the point 8, = 0° and
@ =90°. This can be explained by the clogging of the chip
spaces, as the largest chips are observed at 8 =0° [13].
Furthermore, the tangential forces are significantly lower than
the normal forces. Assuming that the tangential forces correlate
with the cutting forces and the normal forces with the feed
forces when cutting with a defined cutting edge, this has been
reported [ 1.

In general, a change in the qualitative cutting behaviour of
the CFRP can be observed with increasing feed rates for
grinding with corundum and coolant. This shift causes a non-
linear dependence of the cutting forces to the uncut chip
thickness h respectively the feed f under certain engagement
conditions, which can be seen in Figure 4b. In the case of dry
machining and diamond cutting material in general, this change
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Cutting parameter:
ve = 10 m/s
f = var. mm
ap = 3,6 mm
p = var. °
6 = var. °
40 Matrix: Tool:
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Figure 4: a) Force measurements in the 6,-¢,-plane, b) Forces in dependence of the feed rate

does not occur and the cutting forces show a linear dependence
on the feed rate. This non-linear shift for certain spatial
engagement conditions can be explained by the occurrence of
compressive stresses and thus induced interlaminar fractures.
Herebys, it can be concluded that machining with coolant results
in low temperature which leads to higher matrix strength,
making the CFRP less susceptible to interlaminar fracture. This
is illustrated by the propagation of minimum forces to larger 6,
as feed rates increase. Han et al. have shown that higher
penetration depths of a cutting edge favour large area damage,
probably caused by inter-fibre fractures [14].

Kottner et al. [9] described a model for predicting cutting
forces when the cutting force is linearly dependent on the feed
rate. This paper therefore extends Kéttners’s model to include
the non-linear dependence of cutting forces on feed rate.

5. Mechanistic force model

The total force results from the elementary force
components dF; and dF), transformed into the tool coordinate
system in the tangential and normal directions, which are
integrated for all cutting edge elements N in the engagement
area:

dFt] ™

- N; ¢
F = Zi:llfd,:[et en] : an

To simulate the forces, Kottner et al. use a model by Arslan
and Budak [5], which has been transferred to grinding with the
integration of a frictional force component. For the case of
corundum with coolant, this is supplemented by an exponential
dependence of the cutting forces on the uncut chip thickness
based on Kienzle. The constant m. is determined for a stable
model, while the cutting force coefficient K, = (Ko Kqp)T
and the friction force coefficient K, = (K,; K,,)" take into
account the material-specific cutting mechanisms due to the
dependence on the spatial engagement conditions 6, @,.

dF] _ Ket] [Kct] 1-me
an]_ [Ken db-7-dg+ || db- ®)

5.1. Contact zone model

Analogue to Kottner et al. [], for each cutting edge segment
a position vector p, and a local coordinate system {e;, ey, €,} is
defined. ey, is the direction of the cutting tool contour, e, is the
local vector normal to the machined surface and e; is the local
vector in the direction of the cutting velocity. Thus, the
geometric engagement parameters of the tool are determined.
The uncut machining parameter are defined as follows:

db = |p.1 — DIl ©)
dh =L (@ 2) - do (10)

Angle of entry ¢, and exit ¢, remain as in Kottner et al. [9].
5.2. Force coefficients

The measurements (model building: Table 1) are used to
determine the separation and friction coefficients of the
mechanistic force model. Equations 7 and 8 are used to do this.
Assuming that the engagement conditions are approximately
constant during the tests, [ d¢ = A¢ can be simplified.

?] _ [Ilget] _A¢D by + [Kct] by, - ( .ﬁ)l—mc an
n en 2 Ken 2m

To determine the constant exponent of specific cutting force
m., a linear regression of the model support points is
performed according to equation 11. The exponent mc is
increased in steps of 0,1. The mc with the highest overall
coefficient of determination R? is selected. For corundum with
coolant, this gives m, = 0.2. In the other cases there is a linear
relationship m, = 0. The force coefficients are then calculated
for the model points.

Figure 5 shows the cutting force coefficients for the
tangential and normal forces for all the machining variations
investigated. Corundum with coolant leads to normal cutting
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v, = 10 m/s p = var. Fiber: HTS (12K) Material: ~ var.
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Figure 5: Experimental force coefficients K, and K,
Ken
force coefficients to vary between K, = 1000 ... 2500 N/mm? 2000
and between K., =400 ... 550 N/mm? for the tangential force. N/mm?>
Whereas, corundum with dry machining and m. = 0 leads to 1000
K., = 4000 ... 8000 N/mm? and between K. = 1400 ...
. . K 2=0.90 |y 500
2200 N/mm?. For diamond, K., varies between 2000 and o,
4500 N/mm? and K, between 1000 and 2000 N/mm?. The 0 45 9 ° 1800 45 90 ° 180 Kz
minima of the cutting force coefficients occur in the range 90 —> 0, —>
o o o o - H
30 < 6y, < 60 anq 30° < ¢y <60°. While the maximum Material:  UD HexPly 6376 Tool:
cutting force coefficients for corundum occur around 8, = 0° Fiber: HTS (12K) Material:  Cor.
apd Qo = 90", the;e are 90°< 6, < 180° and ¢, = 6,-90° for b 36 mm Gritsize: 46 Mesh e ©
diamond in a strip. The general dependence of the force f = 005..06 mm Grain size: 301 um 33514
coefficients in the 8,-¢,-plane are same as for the machining ) _
forces and can be explained with the change of separation ~  &ure 6: Modelled force cocfficients
mechanisms. Furthermore, the forces with coolant are higher Table 2: Model parameter for the force coefficients
than during dry machining which can be attributed to higher
temperatures during dry machining and therefore lesser ao a a a3 ay
(slt’iffgness of the CFRP. 1Th.e largbe btliiff(eirence b}ftv:;g} the Unit  Nmm®*  N/mm? . . o Process
ifferent cutting materials is proba ue to the different
£ mate Probably KW 4668 5293 079  0.046 52
hardness of the cutting materials, so that the forces are .
significantly lower for diamond than for corundum. The K -067 00017 -38.73 12.81 78 | Cor.
friction coefficient K, behaves qualitatively similar to the K'an 532 4% 1172 172 52 | cool:
cutting coefficient K, but its value is very low and represent Ko 1.87 0451 096 -0.645 52
only 0.2% of the force value, therefore is not shown. K 1713 202.5 046  0.0864 64
. . Ky 0263  0.085 0.54 0.86 30 | Cor,
5.3. Modeling force coefficients K 3720 2773 926 404 sy | dry
Kottner et al. [9] describe two separation mechanisms, k; Ko 0876 0-303 0619 1.26 150
and k,, for modelling the force coefficients. k; describes the Ko 1286 1427 0497 0982 32
separation mechanism with dominant compressive loads in the Ky 0.049 0.022 0.905 0.047 54 | Dia.
fibre direction, favouring interlaminar fractures formation and K 4342 111 -0964 1392 137 | cool.
interfibre fractures. K. 0140 0078 0212 -0244 57
k1(B8o,00) = a; — a, - cos(2p, — 26,) (12) K 1041 2146 0638  0.959 44
The influence of the varying number of severed fibres with K 0.049 0.022 0.905 0.047 34 | Dia,
changing spatial fibre engagement angle ¢, is described by ko: Ko 2571 1.981  -101.3 142.1 0 | dry
K. 0.185 0.074 0.429 0.447 42
ky(po) = ay + az - cos(2¢y — az) (13)

The force coefficients are therefore:

K* (80, 90) = a; - (ap — cos(26, — 2¢,)) - (az +

cos(2py — ay)) + a, (14)

To determine the model parameters (ap-as), the model is
fitted to experimentally determined force coefficients using
non-linear regression. The method of least squares for non-
linear functions is used. The corresponding minimisation
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problem was solved using the Trust-Region algorithm in
Matlab. The model parameters are given in Table 2 and the
corresponding functional values of the modelled release force
coefficients are shown in Figure 6 as examples for the normal
and tangential force components K, and K;; for corundum
with coolant.

6. Validation

Figure 7 shows the correlation between the modelled and
measured forces Ft and Fn for measurement points not used in
the model for machining with corundum and coolant. The
relative error AF,, = 6.9 % and AF, = 5.6 % show no significant
differences between the measured and modelled forces.

The model is also capable of predicting the linear
dependence of cutting forces on feed rate with small deviations,
as is case for machining with diamond and dry machining with
corundum as was shown by Kéttner et al. [9].

60

e F, P Tool:
6 F ‘” Material: ~ Cor.
T N ‘ v Gritsize: 46  Mesh
— ‘° 4 Grainsize: 301 pm
o /
& 30 / Material: UD HexPly 6376
- // Fiber:  HTS (12K)
Cutting parameter:
4 AF,=6.9% ve = 10 m/s
0 / AF, =5.6% f = var. mm
0 20 20 N 60 |% =36 mm
p = var. P
Fi (Model) —>» 0 = var ©

Figure 7: Correlation of the modelled and measured forces
7. Summary and Outlook

In describing the spatial conditions for grinding CFRP, the
following statements can be summarised with regard to the use
of different cutting materials, cooling variants and force
modelling:

e The cutting material corundum produces significantly
higher cutting forces than diamond, which can be
attributed to the different hardness of the cutting material.

e Cooling results in slightly higher forces than dry
machining. This is due to the higher machining
temperature and therefore lower stiffness of the CFRP.

e The machining forces for corundum with cooling are not
linearly dependent on the feed rate. This is due to the
increasing influence of interlaminar cracks in the CFRP
as the feed rate increases.

e The presented model is capable of predicting machining
forces of different spatial engagement conditions in the
CFRP.

e In the future, it is planned to transfer the model to other
grinding processes such as cylindrical grinding and to
integrate it into a deformation and removal model.

e There appears to be an interaction between the cutting
material and the use of coolant as the combination of
corundum and coolant results in a significantly different
force behavior as other investigated combinations. Future
work will focus on modelling this interaction by

measuring the cutting temperature of dry and wet
machining.
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