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A FORCE PREDICTION MODEL FOR CUTTING
UNIDIRECTIONAL FIBRE-REINFORCED
PLASTICS

L. C. Zhang,* H. J. Zhang, and X. M. Wang

School of Aerospace, Mechanical and Mechatronic Engineering,
The University of Sydney, NSW 2006, Australia

ABSTRACT

This paper aims to develop an approximate mechanics model to predict the
forces in the orthogonal cutting of unidirectional fibre-reinforced plastics when
the fibre-orientation varies from 0° to 90°. Based on the experimental under-
standing achieved, the model divides the cutting zone into three characteristic
regions, i.e., chipping, pressing and bouncing regions. The cutting tool geome-
try, such as the rake angle and nose radius, is considered. It shows that the
model developed has captured the major deformation mechanisms in cutting
the composites and can predict the cutting forces with acceptable accuracy.

1. INTRODUCTION

Fibre-reinforced plastics (FRPs) are an important class of materials in ad-
vanced structural applications due to their light weight, high modulus and specific
strength. However, because of the anisotropic and heterogeneous nature of the
materials, it has been difficult to predict the cutting forces reliably. There have
been many studies in the machining of FRPs. For example, Wang and Zhang [1]
investigated the cutting of carbon fibre-reinforced composites and found that the
machinability and surface integrity are mainly controlled by fibre-orientation.
Konig, et al., [2] reviewed some problems in machining FRPs and Zhang, et al.,
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[3] discussed the assessment of the exit defects in drilling FRPs and offered some
empirical formulae for predicting the spalling size in drilling. Wang, Ramulu and
Arola [4] studied the effect of tool geometry and fibre-orientation and Bhatnagar,
et al. [5] used a shear test to evaluate the in-plane shear strength of FRP specimens
and proposed a model for cutting force prediction. Arola and Ramulu [6] and
Mahdi and Zhang [7] applied the finite element method to investigate the cutting
of FRPs but the former adopted a homogenized material model and the latter
considered the micro details of individual fibre-tool interactions. Puw and Ho-
cheng [8] summarized some cutting mechanisms and reviewed a mathematical
force prediction model for milling.

In short, the investigations on cutting FRPs can be generally divided into
three categories: (1) experimental study focusing on macro/microscopic behavior
of FRPs, (2) simple modelling using conventional metal cutting mechanics, and
(3) numerical simulations that treat the FRPs as macroscopically anisotropic mate-
rials or concentrate on the fibre-matrix interactions microscopically. Nevertheless,
the existing macroscopic models ignored many fundamental characteristics of
FRPs subjected to cutting and did not integrate well with the true cutting mechan-
ics, while those focusing on the micro-effects were unable to offer a formula for
practical use.

This paper tends to develop an approximate mechanics model to predict the
forces in cutting composites reinforced by unidirectional fibres. The understanding
of the cutting mechanisms in the modeling was achieved by experimental observa-
tions.

2. MAJOR EXPERIMENTAL FINDINGS

A surface grinder, MININI M286, was modified for the orthogonal cutting
experiment, with the grinding wheel being replaced by a cutting tool. The hydrau-
lic table of the machine, on which an FRP specimen was held, provided a steady
cutting motion. The cutting forces were measured by a three-dimensional dyna-
mometer, Kistler 9257B, which was attached to the hydraulic table. The cutting
speed was fixed at Im/min. Two commercial resin systems, the F593 and MTM56
prepregs, were used to make unidirectional carbon/epoxy panels with the desired
fibre-orientation for the cutting experiment. The fibre-orientation, 0, is defined
clockwise with respect to the cutting direction, as shown in Fig. 1. The cutting
tools used were made from tungsten carbide with a clearance angle of 7° and rake
angles from —20° to 40°. Table 1 lists the cutting conditions used.

It was found that the fibre-orientation is a key factor that determines the
surface integrity of a machined component, as shown in Fig. 2. 6 = 90° is a critical
angle, beyond which severe subsurface damages will occur, surface roughness will
increase remarkably and the deformation mechanisms in the cutting zone will
change.
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Figure 1. A schematic of the orthogonal cutting of an FRP with unidirectional fibres orientated
between 0° and 90°.

It was observed that there exist three distinct deformation regions in the
cutting zone, as denoted in Fig. 3, when the fibre-orientation, 6, varies between
0° and 90°. The first region is in front of the rake face, resulting in a chip, called
a Chipping Region or Region 1. Fracture occurs at the cross-sections of the fibres
and along the fibre-matrix interfaces. The chipping along an overall shear plane,
as shown in the figure, is the result of a zigzag cracking of the fibres perpendicular
to the fibre axes and the fibre-matrix interface debonding in the fibre-axis direc-
tion. The second distinct deformation region takes place under the nose of the
cutting tool, where the nose pushes down the workpiece material. For conve-
nience, it is called the Pressing Region or Region 2. The third region, called the
Bouncing Region or Region 3, involves mainly the bouncing back of the workpiece
material, which happens under the clearance face of the cutting tool.

When the fibre-orientation is beyond 90°, more deformation mechanisms
take place. As illustrated in Fig. 4, both the fibre-matrix debonding and fibre bend-
ing contribute significantly to the deformation and material removal. Because of
the debonding, the depth of the subsurface damage becomes much greater, as
shown in Fig. 2(b). The bending of the fibres makes the breakage point of a fibre
vary with the movement of the cutting tool and as demonstrated in Fig. 2, the
quality of a machined surface gets much poorer.

Table 1. Machining Conditions

MTMS56 Specimens F593 Specimens
Fibre-orientation (°) 0, 30, 60, 90, 120, 150 0, 30, 60, 90, 120, 150
Rake angle (°) 0 —20, 0, 20, 40
0.025, 0.050, 0.075, 0.100,
Depth of cut (mm) 0.125, 0.150, 0.175, 0.200, 0.001, 0.050, 0.100
0.250

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 2. Effect of fibre-orientation (F593 panels) (a) surface roughness (depths of cut =
0.001mm), (b) Microstructure in the subsurface (fibre-orientation = 120°, depth of cut = 0.100mm,
rake angle = 0°).
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Figure 3. Definitions of the cutting variables and deformation zones when the fibre-orientation
is smaller than 90°.

Region 3 Shear plane
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Fibre-matrix
debonding \
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Figure 4. Fibre-bending and fibre-matrix debonding during cutting when the fibre-orientation is
larger than 90°.

3. MODELLING

Based on the above understanding, the mechanics modeling of cutting needs
to be conducted differently when 6 = 90° or when 0 > 90°. This study will focus
on the case with 8 = 90°. The modeling with 6 > 90° will be discussed in a
separate paper.

The deformation mechanisms demonstrated in Fig. 3 suggests that the cutting
zone in mechanics modeling should be also divided into three distinct regions.
Region 1 has a depth of a., as illustrated in Figs. 2 and 5, bounded by the starting
point of the tool nose according to the experiment. Region 2 covers the whole
domain under the tool nose, as indicated in Fig. 6, having a depth equal to the
nose radius, r,. Region 3 starts from the lowest point of the tool, as shown in Fig.
7. We assume that the total cutting force can be calculated by adding up the forces
in all the three regions, i.e., we assume that the principle of superposition applies.
For convenience, the positive directions of the forces are taken to be in the positive
y- and z-directions as defined in Fig. 3.

Cutting tool

Figure 5. The cutting force diagram in Region 1.
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Cutting tool

Figure 6. The contact between the tool nose and the workpiece material in Region 2.

3.1 Region 1—Chipping

Chipping occurs in this region and the process is similar to a normal orthogo-
nal cutting with a sharp cutting tool. Figure 5 shows its cutting force diagram,
where AB is a theoretical shear plane, formed by many micro events of the cross-
section fracture of fibres, along AC, and fibre-matrix debonding, along CB, as
described in the last section.

In this region, the resultant force R is equal and opposite to the resultant
force R’ which consists of a shear force and a normal force acting on the shear
plane AB. The shear force can be further resolved into Fs;, which cuts the fibres
along CA, and Fs,, which cuts the matrix or delaminates the fibre-matrix interface
along BC, parallel to the fibre axis. Clearly, Fs, and Fs, can be written as

{R1 = F, - sin(6 — 0)

1
Fy, = F,-cos(B0 — ¢) M

Cutting tool

Figure 7. The contact in Region 3.
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where 6 is the fibre-orientation varying from 0° to 90° and ¢ is the shear plane
angle to be determined. On the other hand, if T, and T, are the shear strengths of
the work material in AC and BC directions, respectively, the two shear forces can
be expressed as

{Fﬂ =1, Leh
2

Fo =1, Ilpc- h

where [, is the total length of all the cross section fractures along AC, [ is the

total length of all the matrix fractures along BC and £ is the thickness of the

workpiece material perpendicular to the yz-plane. Therefore, by equating Eqs. (1)

and (2), we obtain

l T
= 3)
lAC TZ . tan(e - q))
According to Fig. 5, we also have
lgc - sin ® — ;- cos 6 = a,, €))
where a. is the real depth of cut. Equations (3) and (4) then give rise to
Lic = — )
T, - sin O
—— —cos 0O
T, - tan(0 — )

Therefore, using Eqgs. (1), (2) and (5), the total shear force F; in Region 1
can be calculated by

F, = Tk . ©)
T cos(@ — ¢) - sin ©® — sin(®@ — ¢) - cos O
T,

Since

F,=F,-tan(¢ + B — V), (7

where [ is the friction angle on the rake face, referring to Fig. 5 again, we have

Fa) _ [ sin¢coso F,
F, cos 0 — sin ¢ /\F,) 8)

where Fy, and F, are vertical and horizontal cutting forces. Hence the substitution
of Egs. (6) and (7) into Eq. (8) yields the cutting forces in Region 1:
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sin T - tan(¢ + B y,) + cos

Fy=1-h-a.
E~cos(9—(1))~sin9—sin((9—(lp)~cos9
) T )
Fo=1-h-a.- cos ¢ - tan(p + B — v,) — sin ¢
E-cos(e—(lp)-sine—sin(@—(1))-0039
\ T

To calculate the forces using Eq. (9), ¢ needs to be determined. According
to the general cutting mechanics, we have
re - COS Y,

tan ¢ =
1 —r.-sinvy,

where v, is the rake angle of the tool and

r. = —%
A

in which a., is the chip thickness. Because an FRP in cutting behaves like a typical

brittle material [1], it is reasonable to let ». = 1. Therefore,

¢ ~ tan™! _Cosh )
1 — sin v,

3.2 Region 2—Pressing

The deformation in Region 2 is caused by the tool nose, which can be viewed
as the deformation under a cylindrical indenter, as shown in Fig. 6. Since DB
and BE are generally unequal when the fibre-orientation, 0, varies, the tool nose
indentation by surfaces AB and BC needs to be considered separately. Again,
we assume that the principle of superposition applies. By using the indentation
mechanics of a circular cylinder in contact with a half-space [9], the indentation
force on the tool nose can be approximately calculated by adding up half of the
indentation forces on arc lengths 2AB and 2BC. We therefore obtain

P1=l~b%'n'E*'h,
2 4.1,
(10)
1 b3-mw-E*-h
R
2 4.7,
where P, and P, are the indentation forces, perpendicular to the fibre axis, that
the tool nose exerts on AB and BC, respectively. E* is the effective elastic modulus
of the workpiece material in the direction of P, and P,, & is the thickness of the
workpiece, r, is the nose radius and b, and b, are the widths of the contact arcs
AB and BC, which can be calculated as

MaRcEL DEKKER, INC.
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b,=vr,-sin0 an
by,=r,-cos 0
The effective elastic modulus E* is defined by
E
E¥ = —— 12
= v 12)

where E is the Young’s modulus of the workpiece material in the direction of OP
in Fig.6, and v is the minor Poisson’s ratio. The resultant force P is therefore

P =P + P, 13)

It must be pointed out that Eq. (10) is based on the contact mechanics of
elastic deformation. In a cutting, however, the deformation of the workpiece mate-
rial under the pressing of the tool nose must have introduced micro-cracking and
failure of matrix. To take such micro-effects into account, the resultant force P
can be approximately modified by

P..=K-P, (14)

where P, is called the real resultant force in Region 2 in which the coefficient
K is a function of fibre-orientation, i.e., K = f(8), to be determined by experiment.
Combining Egs. (10) to (14), we get

{szp = P, - cos O

Fz2]) = Preal ' Sin 9
When the friction coefficient is W, the frictional force

freal = Preal : Ma

can be resolved as

fv2=Preal'M'Sine
szZPreal'u'Cose

Finally, the total cutting forces in Region 2 become

{F‘,z = P, - (cos O — L - sin 0)

. (15)
F,=P,  (sin® + - cos ¢)

3.3 Region 3—Bouncing

In this region, the contact force between the clearance face and the workpiece
material is caused by the bouncing back of the workpiece material.

For simplicity, assume that the bouncing back is complete, i.e., the height
of the bouncing back is equal to the thickness of Region 2, r,. Thus the contact
length, a, in Region 3, as illustrated in Fig.7, can be obtained as

MaRcEL DEKKER, INC.
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a= "¢

= —— (16)
tan o

where o is the clearance angle of the tool. Using the contact mechanics between
a wedge and a half-space [10], the total force N can be calculated by

N=%-a-E3-tanoc-h, 17)

where E; is the effective modulus of the workpiece material in Region 3, which
must be smaller than that of the original workpiece material, because the material
in this region has been damaged during the deformation experienced in Region
2 and thus has become weaker. Using Eq.(16), we get

N=L.r . E h
2

The friction force f; between the clearance face of the cutting tool and the
workpiece material is LN and can also be resolved into y- and z-directions to get
f3 and f;;. Hence, the cutting forces in Region 3 are

Fv3:%'re~E3~h~(1—},L~cos(x~sin0c)

(13)
Fio==-r-E-h-cos’a

3.4 The Total Cutting Forces

The total forces, F, and F,, are the summation of the corresponding compo-
nents from the above three regions, i.e.,

{EVZEV1+EV2+Fy3

(19)
F.=F,+F,+ F,

where F); and F,; (i = 1, 2, 3) are defined in Eqgs. (9), (15) and (18), respectively.
In this mechanics model, the parameters to be determined by experiment, when
a workpiece material is given, are T,, T, B, E, v, W, E; and K.

4. COMPARISON WITH EXPERIMENT

We focus on two materials, MTM56 and F593 [1], of which the property
parameters and results in terms of cutting forces were experimentally available
for examining the validity of the model. With these materials, it was found that
T, = 90MPa, 1, = 20MPa, B = 30°, u = 0.15, E = 10GPa, v = 0.026 and
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Figure 8. Comparison between model predictions and experimental measurements when the depth
of cut and fibre-orientation change (Material: MTMS56, E; = 5.5GPa).

K = 0.5 - tan"! (30/6). For MTM56, the effective modulus in Region 3 is E; =
5.5GPa, while that for F593 is E; = 3.5GPa. The specimen thickness is # = 4mm.

Figures 8 and 9 show the comparison between the model predictions and
experimental measurements [1]. It can be seen that although the model involves
simplifications and assumptions as presented in the previous section, it predicts
nicely the nature of the cutting force variation when the cutting parameters change,
such as the depth of cut, fibre-orientation and rake angle. This means that the
model has captured the major deformation mechanisms in cutting the FRPs. How-
ever, the maximum error in predicting the vertical force is 37% and that in pre-
dicting the horizontal force is 27%. The errors are relatively large but it is under-
standable because experimental measurements were influenced by many factors
in manufacturing the FRP specimens, for instance, the inability to align the fibres
perfectly in a desired uni-direction or to distribute them uniformly throughout a
specimen.

S. CONCLUSION

This paper developed an analytical mechanics model for predicting the forces
in cutting the FRPs of fibre-orientation varying from 0° to 90°. A comparison with
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Figure 9. Comparison between model predictions and experimental measurements when the rake
angle and fibre-orientation change (Material: F593, E; = 3.5GPa).

experiment shows that the model, though approximate, has captured the major
deformation mechanisms in the cutting zone.

When the fibre-orientation is greater than 90°, a cutting involves some other
deformation mechanisms. The modelling with 90° < 6 << 180° is currently under-
taking in the authors’ research laboratory.
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