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Cutting force model for machining of CFRP laminatewith diamond
abrasive cutter

A. Boudelier'? - M. Ritou'® - S. Garnier’ - B. Furet’

Abstract

The article presents a cutting force model for trimming operations of CFRP laminate with diamond abrasive cutters. Those
tools are more and more encountered on industrial applications of CFRP trimming, due to their abrasion resistance and their
low cost. Contrary to endmills, they consist of a large number of cutting grits, randomly distributed around the tool. To tackle
the issue, a continuous model of tool engagement is proposed. Validity of the approach is verified. A mechanical model of
cutting forces, adapted to CFRP laminate, is then presented. The evolution of specific cutting coefficient in relation to fibres
orientation is investigated through a piecewise constant model. It leads to the proposal of a sine model for the specific cut-
ting coefficients. The simulated forces are in good agreement with the experimental results of cutting tests, carried out in
multidirectional CFRP laminate for different fibres orientation and widths of cut. Cutting mechanisms are finally discussed

depending on fibres orientation.
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Cutting mechanism

1 Introduction

Machining of composite laminates is often difficult because
of their mechanical and thermal properties: heterogeneity,
anisotropy and low thermal conductivity [18]. Moreover,
their high abrasiveness, notably mentioned by Ramkumar
et al. [13] in drilling operations and Dumas et al. [7] in mill-
ing operations, conducts to premature tool wear. That is why
diamond abrasive cutters, constituted of small diamond grits
(Fig. 1), have been specifically developed for CFRP trim-
ming operations. In comparison with carbide or polycrys-
talline diamond tools (PCD), tool life and productivity are
improved while material integrity is respected. Moreover,
costs are reduced.

Very few studies concern diamond abrasive cutters.
Collingan and Ramulu [6] characterised trimmed sur-
faces depending on tool grits size and feedrate. They also
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performed preliminary tests to study influence of these
parameters on cutting forces. Boudelier et al. [5] studied
the CFRP machinability with diamond abrasive cutters.
However, no cutting force model has been proposed for this
tool technology whereas it is necessary in order to optimize
cutting conditions and avoid material integrity defects.

Slamani et al. [15] studied the cutting force during the
robotized trimming of CFRP. Force models have been pro-
posed for orthogonal cutting with carbide [2] and PCD tools
Wang et al. [12, 19]. Influence of fibres orientation, feed rate
and cutting speed has essentially been studied. Empirical
[20], numerical [1, 10, 14] and analytical models have been
developed. The latter are based on a tangential—radial cut-
ting force approach. At a macroscopic scale, the influence
of fibres orientation can be integrated into the specific cut-
ting coefficients through sine [3, 8, 16] or polynomial mod-
els [17]. At a microscopic scale, approaches based on the
chip formation were developed, considering fibres breaking
mechanisms [2, 11, 22]. Also, Yuan [21] proposed a force
model for the ultrasonic machining of CFRP.

In this paper, an analytical model of cutting force for
trimming operations of multidirectionnal CFRP laminate
with diamond abrasive cutters is presented. Contrary to end-
mills, diamond cutters consist of a multitude of grits with
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Fig. 1 Diamond abrasive cutter with grits size of 852 um

irregular shapes that are randomly distributed around the
tool [9]. That is why a continuous model of tool engagement
is proposed. Secondly, as the influence of fibres orientation
on the specific cutting coefficients is unknown, a first inves-
tigation is carried out based on a piecewise constant model.
The results lead to the proposition of a sine model of specific
cutting coefficients. Then, accuracy of the model is evalu-
ated and compared to experiments carried out over the entire
range of fibres orientation (— 90° to 4+90°). Finally, results
of the model are expressed in the fibres reference system in
order to discuss cutting mechanisms depending on fibres
orientation.

2 Tool engagement models
2.1 Cutting edge model

Classical milling cutters rely on a given number of cutting
edges. Tool engagement is modelled by localized engage-
ments of cutting edges. Then, cutting forces generated by
each cutting edge during material removal are proportional
to chip thickness. Tangential and radial forces, applied by
tool on material, are respectively defined by the following
expressions:

Fi(p) =K,0) - f, - sin(p).q,

F (@) = K,©) - /. - sin(p).a, )
where K, and K, are the tangential and radial specific cutting
coefficients (MPa), f; is the feed per tooth (mm/rev/tooth), a,
the depth of cut (mm), ¢ the tooth angular position.

In the case of machining of CFRP laminates, the spe-
cific cutting coefficients vary with fibre orientation 6 that
corresponds to the angle between cutting speed direction

Fig.2 Cutting forces at the cutting edge

and fibre orientation of the considered unidirectional ply
in the laminate (Fig. 2). During tool revolutions, it evolves
with the tool angular position.

2.2 Continuous model of tool engagement

Considering trimming operations with diamond abrasive
cutters, cutting models must be adapted. Indeed, a dia-
mond abrasive cutter is close to a grinding tool but with
a larger grit size. Contrary to tools with cutting edges, it
relies on a large number of grits, with a random distribu-
tion of height and position around the tool body (Fig. 1).
From one tool to another, the distribution is different.
Contrary to endmills, multiplicity and randomness of cut-
ting grits lead to constant cutting forces during machin-
ing. Consequently, the classical approach with a localized
engagement of each cutting edge is not appropriated.
The assumption is made that the grits distribution
around the tool is homogenous and uniform. This is the
reason why a continuous tool engagement model is pro-
posed in the paper. At each instant, it is considered that the
diamond abrasive cutter generates cutting forces all along
the tool engagement domain. The domain is discretized
into elementary sectors dy (Fig. 3). In order to obtain the
elementary tangential F,, (y) and radial F,, (y) forces for
each elementary sector dy, angular specific cutting coef-
ficients K, (6)/2x and K, (8)/2x must be introduced:

K,0) .
Fu) = 5— 1 -, -sin(p)

K,(0) _ @
Fre(I)z 2 -f-ap-sm()()

where f'is the feed per revolution (mm/rev).



Fig.3 Elementary cutting forces applied on a dy sector

2.3 Coherence between the two approaches

The objective of the paragraph is to demonstrate that K, (6),
which has been introduced in the expression of elementary
tangential force with diamond abrasive cutter approach
(Eq. 2), is similar to the one considered with endmills
(Eq. 1). To do so, the mechanical works of the spindle dur-
ing a revolution are compared for the two tool engagement
approaches.

In case of machining with endmills, the spindle work W,
during one tool revolution is the sum of the work of each
cutting edge j. It can be obtained by summing the instantane-
ous spindle power during one tool revolution period:

7 T
W) /VC-Ft-dt 3)

=y

where T is the tool revolution period, V, the tool cutting
speed and R the tool radius. Considering that V.=R.dg/dt,
and introducing Eq. [1] in (3), the spindle work can be
expressed as:

W.=R-f-a,- /K,(é’)-sin((p)-d(p 4)
Q*
In case of machining with diamond abrasive cutter, the

instantaneous spindle power P, resulting from the elemen-
tary tangential forces F,, () can be expressed as:

2

Pd=/Vc-F,g(x)-dx (5)

X*

From Eq. [2], it follows that:

T

Pi= VoS gy [ 2 sinGo) - dy ©)

X*

As the tool is considered as continuously engaged
(Fig. 3), the spindle power is constant. Thus, the spindle
work for abrasive cutter W, is simply given by:

T
Wd=/Pd-dt=Pd-T ©)
0

As the period T=2zR/V,, the work can be written as:

T

W, =R-f-ap/K,(9)-sin(;()-d;( ®)

X*

The analytical expressions of the spindle work (Eqs. 4
and 8) are identical for the two tool engagement models.
Consequently, the specific cutting coefficients that will be
identified in the paper can be compared with ones obtained
for other cutting tool technologies.

3 Cutting force model for multidirectional
laminate

The CFRP multidirectional laminates of aeronautic struc-
ture consist in a stack of plies with, generally, unidirectional
carbon fibres (see Fig. 4); according to the laminate lay-up
that defines the sequence of ply orientations (see lay-up in
Table 1). y represents the fibre orientation of a given ply, in
relation to feed direction.

Let’s consider the machining of a given ply with a dia-
mond abrasive cutter, the local depth of cut corresponds to
the ply thickness e. The feed force F; (y) and the normal
force F, (y) can be obtained by summing the elementary
forces along the tool engagement domain. After projection
in the feed reference system (x,y), they can be expressed by
the following expressions:

Fwy) | _ f T cosy siny K, (0)
[F(u/)] 27 /Z Sm(}‘)'[—sin;( cosx] [K(e)]
©))

where y represents the fibre orientation in relation to feed
direction. @ is the relative orientation between fibre and cut-
ting direction:

O=w+y 0 € |-n/2x/2] (10)
In order to determine the average cutting forces gener-

ated during the trimming of a multidirectional laminate, a
mixture approach is used [16, 1720]. It assumes that the



Fig.4 Example of configuration of a multidirectional laminate, composed of m =4 plies with unidirectional fibres

Table 1 Mechanical properties
of carbon/epoxy material
T800-M21 (Hexcel)

Number of plies
Ply thickness
Fibre volume fraction

Laminate Density
Compression modulus
Tensile modulus

Lay up

37
0.27 mm
56.6%

1580 kg/m®

136 GPa

172 GPa

(90/— 45/0/45/0/45/0/— 45/0/0/0/0/— 45/90/90/45/0/90/
90/0/45/90/— 45/90/— 45/0/0/0/0/— 45/0/45/0/45/0/—
45/90)

interactions between plies are neglected. Indeed, the inter-
face between two plies is only composed of polymer matrix.
Its mechanical behaviour during trimming is negligible in
comparison with plies one’s. This hypothesis will be vali-
dated in a following section. Consequently, the cutting forces
can be simply obtained by summing the forces necessary
to machine each unidirectional ply of the laminate (Fig. 4):

F, f "
7] =ﬂ2nwe/){ sin(z)
cos y siny K.©0) |
'[—sinxcosx]'[Kr(G)] dy (11)

where m is the number of different ply orientations, n,, the
number of ply oriented at an angle of y; degrees and e, the
ply thickness, for a given orientation i.

4 Model of specific cutting coefficients

At this step of the study, the evolution of the specific cutting
coefficients in relation to the relative fibre orientation 6 is
unknown. This is the reason why the expression of K, (6)

and K, (0) are, in a first approach, modelled by a piecewise
constant function in order to observe their evolution.

4.1 Investigation of the influence of fibres
orientation on specific cutting coefficients

The relative fibre orientation 6 varies from — n/2 to+n/2. It
is divided into n, different sectors of 3, degrees. The specific
cutting coefficients K, (6) and K, (8) are assumed constant
for each sector. As the feed direction and the ply orientation
w remain identical during the cutting tests, the relative fibre
orientation @ also remains identical considering a given sec-
tor of the tool (Fig. 5).

Consequently, the tangential and radial specific cutting
coefficients are considered constant for each sector of the
tool. Hence, only tool sectors will be considered. In this way,
the feed force can be expressed as:

m

f /“’z .
F,o=. e - K.(0.)- . .d
1= L ; (O [ sin)-cos() - dy

i=1

+ ) K0, sin®(y) - dy
j=n,, G=D-5;

12)



|:| Non cutting
|:| Cutting

ae

Fig.5 Piecewise constant model

where 0;; is the relative fibre orientation of an angular sec-
tor j, for a ply orientation i; and n_, is the index of the first
cutting sector of the tool, evaluated by the floor function of
n.y*ln+1.

In this way, the Feed and Normal force models lead to
a linear combination of the specific cutting coefficients,
which will simplify their identification. Since the radial and
tangential specific cutting coefficients are represented by a
piecewise constant function, Eq. [12] can be expressed as a
matrix product of the specific cutting coefficients K:

n

F=AK with F= [gf ] , K= [11?] and Ay, 5,
gyl r1on, 1
13)
where n_,, is the number of cutting tests. Therefore, the
specific cutting coefficients can be identified by matrix inver-
sion: K=A"'F.

cut>

4.2 Experimental setup

An aeronautic CFRP laminate of T800-M21 was trimmed
to carry out the experiments. The laminate was composed
of 37 plies of unidirectional graphite fibre fabric, made by
alternating four fibres orientations (Table 1). The matrix
used was a thermosetting epoxy resin M21.

The diamond abrasive cutter used during the experiments
was composed of natural diamond grits fixed with a nickel
bond on a cylindrical body by electro deposition (Fig. 1).
A 16 mm tool diameter with 852 um grits size was used.
Widths of cut of 16 mm (slot) and 5.94 mm (in down-mill-
ing) were machined. For a discretization of the tool engage-
ment in 12 sectors (n,=12) in the piecewise model (Fig. 5),
these two widths of cut have solicited respectively 12
(x*=0°) or 5 tool sectors (y*=105°). For each width of cut,
12 machining directions from y=0° to 180° were studied.

Trimming tests were carried out on a three-axis Huron
KX30 milling machine, equipped with a 28,000 RPM —40 kW
Kessler spindle. Cutting forces were measured using a 9255B

Table 2 Cutting conditions

Cutting speed 1400 m/min
Spindle speed 27,850 RPM
Feed per revolution 0.25 mm/rev
Depth of cut 9.96 mm

Widths of cut
Machining direction

16 and 5.94 mm

—75°, — 60°, — 45°, — 30°,
— 15°,0°, 15°, 30°, 45°, 60°,
75°,90°

Kistler three-component dynamometer. It was mounted
between the workpiece and the table of the machining cen-
tre. Contrary to endmills, diamond abrasive cutters lead to
constant cutting forces during cuts. So, for each run, average
values of feed force Fyand normal force F), are evaluated and
resultant of cutting forces F is calculated.

All the experiments were carried out with external and
internal water-based coolant, and industrial HSM cutting con-
ditions were used, as defined in Table 2.

4.3 Results of the investigation

The specific cutting coefficients of the piecewise model have
been identified by matrix inversion (Eq. 12) and based on the
feed forces Fyand normal forces F), of the n,, =24 cuts of the
experiments. Results are illustrated in Fig. 6.

Experimental results show that the mean value of tangen-
tial specific cutting coefficient is 1050 MPa and mean radial
coefficient is 2360 MPa. Moreover, it is shown that fibres ori-
entation significantly affects the specific cutting coefficients,
and consequently on cutting forces. Indeed, variations around
the average values are important. Tangential coefficient varies
from 80 to 1780 MPa and radial coefficient varies from 780 to
3680 MPa. That is why considering the fibres orientation in
cutting force model is necessary.

However, a constant piecewise model is not robust and
could lead to different shapes after identifications in relation
to the noise in the experimental results. Consequently, based
on the observations with the piecewise model, a simplified
analytical model is proposed to describe the evolution of the
specific cutting coefficients in relation to fibres orientation.

4.4 Specific cutting coefficients model

Due to the previous results (Fig. 6), an analytical model of the
specific cutting coefficients in relation to fibres orientation is

proposed:
K@) =K, +K, -sin2-0+y,)

K0) =K, +K,-sin2-0+y,) (14
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where K,,, and K,,, are the mean values, K,, and K, their
amplitude and y, and y, their phase angle. In accord-
ance with previous investigation, a 26 appears since 6 is
n-periodic. Finally, the expressions of cutting forces (11)
F f

fl=-_. ce. -
[F ] 2.z Z”"’f ‘i

can be expressed as:
/ " cos y siny
sin(y) - .
A l . —sin y cos y

| Ko + Kig-sin2.0 + ) | d
K,,+K,,.sin(2.0 +y,)

=1
s)

In order to simplify the identification of model param-
eters, the model can be linearized:

K, (0)=ay+a;-sin(2-0)+a, -cos(2-6)

K.(0)=0by+ Db, -sin(2-0)+ b, -cos(2-0) (16)

ay =K,

a, =K,, - cos (y,)
a, =K,, - sin(y,)

b() = Krm
and b, =K,, - cos(y,)
b, =K,, - sin(y,)
a7

with

Thus, Eq. [15] can be expressed as a linear combination
of the parameters of specific cutting coefficient model:

Fp =
i=1 *
T

+az-/ sin(;()-cos()()-cos(Z-G)-d}(+b0-/ sin?(y) - dy
l*

x*

of the analytical model can hence be identified by matrix
inversion (Eq. 19).

5 Results

All the experiments presented in Table 2, i.e. 24 couples
of feed/normal forces, have been considered in order to
identify the parameters of the specific cutting coefficients
model (Eq. 14) through matrix system inversion (Eq. 19).
Results are presented in Table 3 and illustrated in Fig. 7.

Maximum tangential and radial specific cutting coef-
ficients are obtained respectively for a fibre orientation of
—54° and —40° whereas their minimum corresponds to an
orientation of 36° and 50°.

Considering the identified model of specific cutting
coefficient, feed and normal forces have been calculated
(Eq. 15). Simulated cutting forces are compared with
experiments in Fig. 8.

The prediction of feed and normal forces is in accord-
ance with the experimental data. The relative errors are
respectively estimated at +7.8% and +£5.8% (or 39 N
and + 24 N) for machining operation with a low width of

2L- nwi-ei-<a0-/ sin()()-cos(;()-d;(+a1-/ sin(yy) - cos(y) -sin(2-0) - dy
- Y

X*

(18)

+b1-/ sinz()()-sin(Z-Q)-d;(+b2-/ sinz()()-cos(2-9).d;(>
X X

* *

It can be expressed as a matrix product:

Fy, 1 =4, ,6'K6,1

19)

with F is the matrix containing the experimental cutting
forces of the n,, experiments, A the matrix representing
chip sections, and K the matrix containing the specific

cutting coefficients (agy,a;,a,,by,b;,b,). These parameters

Table 3 Identified parameters of the specific cutting coefficient model

Ko 1053.7 MPa Ko 2361.5 MPa
K, 189.8 MPa K, 1082.2 MPa
v, 17.3° v, -9
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Fig. 7 Analytical model of the specific cutting coefficients in relation
to fibre orientation, a Kt(0) and b Kr(0), identified from the experi-
ments

cut (5.94 mm) whereas they are evaluated at +3.2% and
+6.1% (=46 N and +39 N) for a 16 mm tool engagement.

6 Discussion

First point of discussion concerns the levels of specific cut-
ting coefficients. During machining with diamond abra-
sive cutters, and contrary to machining with endmills, the
radial component is more important than the tangential one

(Fig. 7). Tool geometry explains this trend. Indeed, rake
angles are generally positive for milling with carbide or
PCD tools (from 0 to 18°) [2, 19]. Consequently, cutting
configuration is favourable and specific cutting coefficients
associated to the couple Tool/Material are low. During
machining operation with diamond abrasive cutters, cutting
is less efficient. Indeed, the rake angles are highly negatives
because grits have rather a spherical shape. By tool scan-
ning, Boudelier et al. [4] established that the average rake
angle is -65° (Fig. 9). Consequently, level of specific cutting
coefficients is higher.

In order to explain the influence of fibres orientation on
the variations of specific cutting coefficients, results have
been transposed to an orthogonal cutting configuration
(Fig. 10). The grit is represented with the average rake angle.
A chip section of 1 mm? has been considered (f=0.1 mm/
rev, a,=10 mm). Tangential F,, radial F, and resultant F,,
forces have been simulated depending on fibres orientation,
using the previously identified parameters (Table 3). Then,
the resultant force F,,, have been projected onto the fibres
reference system (xg; y4,)- TWo components are obtained:
F,,; oriented in the fibres direction and F,,,,, orthogonal to
the fibres (Fig. 10). Results are shown in the Fig. 11.

Firstly, the lowest resultant force is obtained for a fibers
orientation of about 60°. In that case, the grit cutting face is
nearly perpendicular to fibres axis (Fig. 10a). Transverse force
is negligible and only an axial force F,; is generated

F
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Fig. 11 Cutting forces in orthogonal cutting configuration

(Fig. 11). A compressive load is applied along fibres direction
and a significant shear at the fibre—matrix interface appears. It
is very favourable to crack initiation and propagation. Indeed,
the fibre-matrix interface is considered as the weak point of
polymer matrix composites due to their low interlaminar shear
strength [17]. As resultant force is minimal, this configuration
of fibres orientation is optimum for cutting operation.

The highest resultant force is obtained for fibres orienta-
tion around —30°. In that case, the grit cutting face is nearly
parallel to fibres axis (Fig. 10b). In this configuration, a signifi-
cant transverse force F,,,, is generated, perpendicularly to the
grit cutting face. Fibers are compressed the one on the other.
Besides, axial force F,,; applied on fibres is very low. That
leads to very low shear at the fibre—matrix interface. As the
weakness of the material is lowly solicited, this configuration
is unfavorable for the cut.

7 Conclusions

A cutting force model dedicated to the machining of multidi-
rectional CFRP laminate with diamond abrasive cutters was
proposed. The analytical approach is based on the variation
of specific cutting coefficients depending on fibres orienta-
tion. The following conclusions can be drawn:

1. The model allows accurate prediction of cutting forces
during trimming of multidirectional CFRP with dia-
mond abrasive tools, over the entire range of fibres ori-



entation (— 90° to +90°) and for different widths of cut.
Indeed, the simulated forces were in good agreement
with the experimental results. Model error was evaluated
at +7.8% for feed force and +5.8% for normal force.

2. An original approach was proposed in order to consider
the large number of grits that are randomly distributed
around the tool. Conversely to the local engagement of
endmill cutting edge, a continuous engagement of the
tool was introduced. Coherence with endmill model was
verified. This approach represents a significant improve-
ment over previous models and could be extended to
grinding applications.

3. Variations of specific cutting coefficients depending on
fibres orientation were investigated using a piecewise
constant model. It led to the proposal of a sine model
for the specific cutting coefficients. Combined with a
mixture approach, accurate prediction of cutting forces
during trimming operation of multidirectional laminate
was obtained.

4. Results of the model were transposed to an orthogonal
cutting operation and cutting forces were expressed in
the fibres reference system. Cutting mechanisms were
then discussed depending on fibres orientation in order
to explain the variation of specific cutting coefficients.
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