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Yusuf Altintas
Pak Ko

Abstract

This paper presents a model of load distribution on the cutting edge of a tool during
machining medium density fiberboard (MDF). A series of cutting tests was carried out
with tools having designated rake face contact lengths. Utilizing the experimental data
and a mechanics approach developed earlier by the third author, a model to estimate the
distribution of stresses and friction on the rake face was developed. The model provides
an essential step in the design and development of cutting edge geometry to prevent
early edge failure and to control and reduce thermal/mechanical loading of the tool

wedge.

The mechanics of metal cutting has
been studied extensively. As a result, the
design of cutting tools and the choice of
machining parameters have been fairly
successfully optimized. In the case of
wood cutting, although there has been
considerable research done, the knowl-
edge that can be practically applied ap-
pears pale compared to the more mature
research knowledge in metal cutting.

The major work in the mechanics of
wood cutting began in the 1950s by
Kivimaa (1950), Franz (1958), and
McKenzie (1960). McKenzie intro-
duced two numbers to describe three ba-
sic types of orthogonal cutting of green
wood. One is the angle, which is either
normal (90 degrees) or parallel (0
degrees), between the cutting edge of
the tool and the cellular grain direction.
The other is the angle between the direc-

tion of cutting and the grain direction.
McKenzie and Franz further described
the various types of chips that would be
expected under different tool geometry
and cutting conditions. These research-
ers have also performed a great number
of orthogonal cutting tests to study the
relationship of tool forces with rake an-
gle and chip thickness for several green
and dry wood species. In medium den-
sity fiberboard (MDF) machining, Ste-
wart (1989) found good correlation be-
tween cutting forces and edge recession
on C2 tungsten carbide tools with differ-

ent rake angles. His results indicate that
moderate rake angles between 10 and 30
degrees are optimum for C2 tungsten
carbide tools. Stewart also published the
results of a study involving 20 different
tool materials, coatings, and surface
treatments (Stewart 1991). He found
that diamond (PCD) and C2 carbide
have the lowest cutting forces and tool
wear. More recently, Suzuki et al.
(1997), in a low-speed orthogonal cut-
ting study, presented the results of the
effects of clearance angle and depth of
cut on the machinability of MDF. From
a linear cutting experiment of MDF us-
ing a modified milling machine,
McKenzie et al. (1999) developed a set
of equations relating the cutting forces
with the feed rate and the layer density
of MDE.

A finite element technique has been
attempted in wood cutting studies
(Holmberg 1998). However, because
wood is an anisotropic material, there is
a considerable challenge in modeling
the influence of grain direction and the
changes in material properties along the
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Figure 2. — Experimental set-up in plunge turning of MDF. The tangential (F,) and
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feed (F, ) forces are measured with a Kistler Dynamometer.

Table 1. — Experimented feed rates for tool number i.

Tool Tool-chip
no. contact length Feed rates
i L,‘ hiovzs =0.25- L,‘ hiovj =0.5- L,‘ hlo_75 =0.75 L,‘ hil = L,
Bias=125L  His=151L Hys=1.75 L, Wy=2-1,

cutting direction. Although, it is possi-
ble to predict the direction of failure in
solid wood, it is difficult to predict the
cutting forces, due to the unpredictable
variations of material properties. In
Holmberg’s finite element model, he su-
perimposed several layers of isotropic
material with incremental mechanical
properties to simulate the orthotropic
structure of wood. However, the simu-
lated cutting speed in the model was
much lower than that in a realistic wood
cutting process. MDF, which is closer to
an isotropic material, can be expected to
give more consistent results and is there-
fore more suitable for studying the fun-
damentals of wood cutting.

MDF can be assumed to have uniform
material property on the surface, al-
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though its hardness and density decrease
rapidly toward the core. Dippon et al.
(2000) presented an orthogonal cutting
test strategy to extract average friction
and normal forces acting on the tool.
They developed a set of constants in
terms of tool rake angle, layer depth (mi-
cro-hardness), and feed rate for cutting
MDE. These orthogonal cutting con-
stants were transformed to an oblique
plane of cut, allowing accurate predic-
tion of cutting forces for routers having
an arbitrary geometry (Engin et al.
2000). In their model, the friction and
normal load on the cutting tool were
considered as point loads. In the present
study, the distribution of these forces on
the rake face is investigated, which

could provide essential information for
the design of tool edge geometry.

In this present work, tools with re-
stricted tool-chip contact lengths were
studied in order to map the friction and
normal load distribution between the
rake face and chip in machining MDF.
This paper presents the results of a series
of orthogonal cutting tests using tools
with different contact lengths and em-
pirical equations for the prediction of
friction and load distributions.

Experimental set-up

Cutting tests were performed on a
CNC lathe using a set of carbide tools
with a 10-degree clearance angle (y) and
a 10-degree rake angle (o) on MDF
discs 400 mm in diameter. The carbide
tools were ground on the rake face with
a 30-degree secondary rake angle (0)
and each with a different contact length
L; (Fig. 1). The tool-chip contact is ad-
justed to the desired length L; by chang-
ing the grinding location along the rake
face. The purpose of restricting the rake
face contact length is to control the con-
tact of the cut chip with the rake face.
Sixteen tools were ground to varying
contact lengths from 0.05 mm to 1.5
mm.

The MDF discs were initially ma-
chined with a peripheral recess 5 mm
deep on both sides, leaving a
4-mm-wide rib in the middle (Fig. 2).
For the cutting tests, the MDF disc was
fixed to a metal plate, which was at-
tached to the spindle of the lathe. Or-
thogonal cutting was carried out on the
periphery edge of the rib with the tool
moving in the radial direction toward the
center of the disc (Fig. 2). Since the
width of the tool cutting edge is larger
than 4 mm, the process is truly orthogo-
nal without any side contact between the
sides of the tool cutting edge and the
MDE. Furthermore, for each disc, the
same layers of MDF material were ma-
chined. The cutting speed was set to a
constant value of 4 m/sec. For each tool,
eight tests were performed at different
uncut chip thickness /2 by adjusting the
feed rate (Table 1).

A three-components Kistler force dy-
namometer (9257 B) was set up to mea-
sure the feed force (parallel to the direc-
tion of tool motion or feed) F; and the
tangential force (normal or perpendicu-
lar to the direction of tool motion) F,.
The data were collected at a rate of 2,000
samples per second and then filtered
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Figure 3. — Free-body force diagrams of the tool in orthogonal cutting.

with a low-pass filter set at 30 Hz cut-off
frequency.

Cutting force model

In metal cutting, it is possible to ex-
press the forces on the rake face as a
function of the shear stress, the average
tool-chip contact friction, and shear an-
gle (Altintas 2000). In the case of wood
cutting, the process involves a different
chip fracture mechanism and a hetero-
geneous material, therefore the equa-
tions derived for metal cutting based on
shear failure are not applicable. Earlier,
a mechanistic model was developed that
de-couples the forces into rake and flank
components (Dippon et al. 2000). This
model is adopted in the present article
for the development of the load distribu-
tion equations.

The process considered here is an or-
thogonal cutting operation where the
cutting edge is perpendicular to the cut-
ting velocity, hence the process is two-
dimensional with zero forces in the ra-
dial direction. In the orthogonal cutting
process, two fundamental cutting forces,
the tangential force F; and the feed force
Fy (Figs. 2 and 3) are considered. Each
of these two cutting forces is resolved
into two parts, the edge force F,, which
results from the contact between the
flank face and the finished MDF sur-
face, and the chip force F., which acts
on the chip-tool rake face contact zone.

The edge force F, is further resolved
into the two parts: tangential edge force
Fi., which is parallel to the cutting
speed, and the feed edge force F, which
is perpendicular to the cutting speed.
Similarly, the chip force F,. is also re-
solved into the tangential chip force F;,.
and feed chip force Fy. components
(Fig. 3a). Considering a sharp edge, we

assume in this study that F, is applied at
the edge as a line force, while F. is ap-
plied on the rake face. If the chip force is
assumed to be proportional to the uncut
chip area, and the edge force is related to
the width of cut only, equations for the
tangential and feed forces can be con-
structed. Thus:

F,=F,+F,=Kbh+ Kb [1]

Ff:ch +Ffe :Kf‘bh +Kfeb

where:
h = uncut chip
thickness
b = width of cut
K, = chip and.
edge cutting
coefficients,
respectively

K

e

K, and K,

te?

For zero uncut chip thickness, 7 =0, we
assume that the chip forces . and F. =
zero. Thus:

Fi. =F, and Fy, = Fy for (h = 0)[2]

Experimentally, the tangential and
feed forces are obtained from cutting
tests with incremental feed rates. Since
the edge force components £, and FY,
are independent of the chip thickness #,
and can be obtained from F; and Fy ex-
trapolated to 4 = 0, the chip force com-
ponents . and Fy. can be obtained by
subtracting the edge forces from the
measured forces F; and Fygiving:

Fi.=F,—=F, [3]

Fr.=Fp=Fp,

From Figure 3b, the normal and fric-
tion force components, respectively £,
Fjy, on the rake face can be expressed as:

F,p= Fp.cos o + F,.sin 0,
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(4]
F,, = Fy.coso.— Fy sin o

We assume that the friction on the
rake face satisfies a Coulomb friction
model; therefore, the average friction
coefficient on the rake face L, can be
evaluated using:

F,

F F,.cosa—F sina

B Fcosa+ F, sina

(3]

Mr =

rn

Thus, for a given uncut chip thickness
h, Equation [5] gives the average friction
coefficient on the rake face.

Experimental results

The 16 tools with different tool-chip
contact lengths were tested for 8 incre-
ments in chip thickness (feed rate) cov-
ering a range up to 2 times the tool-chip
contact length. For each test, the feed
and tangential components of the cut-
ting forces were measured. In order that
the force data from a number of tests can
be displayed on the same figure, the chip
thickness (or feed rate) parameter was
normalized with the tool-chip contact
length of the respective test.

The 16 sets of data were divided into
two groups and plotted in Figures 4a
and 4b, which show the measured cut-
ting forces per unit chip width in the tan-
gential direction vs. the normalized chip
thickness. The tangential force appears
to increase fairly linearly, with the ex-
ception of the ones having tool-chip
contact length longer than 0.5 mm, with
increasing normalized feed rate. The
curves of the 16 tests also appear to be
positioned fairly regularly in an ascend-
ing order with the shortest tool-chip-
contact-length curve occupying the low-
est position (Fig. 4a) and the longest
tool-chip-contact-length curve occupy-
ing the uppermost position (Fig. 4b).
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shows the results for tools 8 to 14.
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Figure 5. — Feed forces results. For each tool, the measured forces are shown in respect to the ratio feed rate/tool chip contact
length. Feed forces are normalized in respect to cutting width. Figure 5a shows the results for tools 1 to 8. Figure 5b shows the re-

sults for tools 9 to 14.

The curves with tool-chip contact length
longer than 0.5 mm appear to increase
linearly at first until the normalized feed
rate reaches around one, that is, the ac
tual feed rate equals the tool-chip con-
tact length. Then the curves change
abruptly, each to a new linear curve with
a much lower rate of increase.

The corresponding feed forces (per
unit chip width) were also plotted
against the normalized feed rates and are

4

displayed in two groups (Figs. 5a and
5b). Contrary to the tangential forces
shown in Figure 4, the positions of the
feed-force curves with different tool-
chip contact lengths appear to be at ran-
dom. For tools with longer tool-chip
contact length, a hint of decreasing feed
force with increasing normalized feed
rate exists. However, the pattern is
highly irregular and does not follow any
order of the tool-chip contact length

(Fig. 5b). On the other hand, for tools
with shorter tool-chip contact lengths,
the feed force appears at first to increase
with the normalized feed rate until this
ratio reaches about one. Then the feed
force remains more or less constant with
further increase in the normalized feed
rate (Fig. 5a). The overall variation of
the feed forces appears to cover a very
narrow range from 2.5 N/mm to 5 N/
mm. Small variations in other test pa-
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rameters could have resulted in the ap-
parent changes in the feed forces.

To clarify the results observed in
Figures 4 and 5, a new set of tests was
carried out for the tangential and feed
forces versus tool-chip contact lengths
with the feed rate kept constant in each
test. Figures 6a and 6b show respec-
tively the tangential force and the feed
force vs. tool-chip contact length for
three feed rates. The results clearly show
that the tool-chip contact length has no
effect on the tangential force. Rather, the
tangential force increases with increas-
ing feed rate. The feed forces shown in

Figure 6b appear to be independent of
the tool-chip contact length and are
within the range of 4 N/mm to 5 N/mm
for the three feed rates tested. At the
feed rate of 0.55 mm/rey, it appears that
both the tangential force and the feed
force increased with increasing tool-
chip contact length for the very short
lengths up to about 0.3 mm. It is postu-
lated that for tools with a very short
tool-chip contact length on the rake
face, the chip formation and flow may
be different than the general chip forma-
tion process involving shear and defor-
mation.

FOREST PRODUCTS JOURNAL VoL. 53, No. 11/12

The tangential and feed forces (per
unit chip width) shown in Figures 4 and
5 were further normalized by dividing
each with the respective tool-chip con-
tact length to obtain the corresponding
specific cutting forces (per unit tool-
chip contact area on the rake face). The
specific tangential forces versus the nor-
malized feed rates are shown in Figures
7a and 7b for the two groups of tools
having the shorter and longer tool-chip
contact lengths. The corresponding spe-
cific feed forces are shown in Figures
8a and 8b. Interestingly, the specific tan-
gential forces now decrease with increa-
sing normalized feed rates and the effect
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of tool-chip contact length is reversed
with the force curves appearing in a de-
scending order for increasing tool-chip
contact lengths. Of particular interest is
the specific feed forces. They were
transformed from a highly irregular pat-
tern to an orderly display of the effects
of normalized feed rate and tool-chip
contact length. The specific feed force
generally decreases with increasing nor-
malized feed rate and also decreases

with increasing tool-chip contact length.
In all cases, with both the specific tan-
gential force and specific feed force, the
effect of the normalized feed rate ap-
pears to be pronounced until it reaches
about one, that is when the actual feed
rate equals the tool-chip contact length.
For normalized feed rates higher than
one, the specific cutting forces tend to-
wards constant. In other words, the ef-

fect of the normalized feed rate
diminishes to zero.

Distribution of
normal and friction forces

The measured cutting forces were ex-
trapolated to obtain the feed and tangen-
tial forces at zero chip thickness (zero
feed rate), which provide a set of con-
stant values for the edge force compo-
nents described in the previous section
(Eq. [2]). As already described in the
earlier section, the cutting forces acting
on the rake face were obtained by re-
moving the edge forces from the mea-
sured cutting forces (Eq. [3]). The feed
and tangential components of the chip
force on the rake face were further re-
solved to obtain the normal and friction
forces on the rake face according to
Equation [4]. The rake face forces mea-
sured in experiments where the normal-
ized feed rate of one, that is, feed rate
equals the tool-chip contact length, are
plotted in Figure 9 for each tool. One of
the reasons for choosing these force val-
ues is that in the following calculations
the chip load is assumed to distribute
over the tool-chip contact area exactly,
that is when the chip thickness (or feed
rate) equals the tool-chip contact length.

F, and Frare normalized forces with
respect to the width of cut (b = 4mm). It
can be observed from Figure 9 that the
normal force-uncut chip thickness
(equivalent to the feed rate) relationship

NOVEMBER/DECEMBER 2003
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is logarithmic, whereas the friction
force-uncut chip thickness is almost
constant. The following empirical rela-
tionships were obtained by applying a
least squares curve fit to the measured
rake face forces:

Fpu(h) = [6]
0.99 +7.39% + 3.937 In(k + 0.05)

Frf(h)=1.634+0.325h

Using Equation [5] and the calculated
normal and friction forces, the corre-
sponding friction coefficients were ob-

tained and displayed in Figure 10.
Again, applying a least square curve to
fit the data, an equation is obtained for
the average friction coefficient on the
rake face i, in terms of the uncut chip
thickness 4.

1, = 0.149.) ~ 0508 (7]

The results in Figure 10 show that the
coefficient of friction decreases rapidly
with uncut chip thickness in the low chip
thickness region, i.e., near the tool edge,
and just as rapidly attains a near-con-
stant value as the chip thickness is fur-

FOREST PRODUCTS JOURNAL VoL. 53, No. 11/12

ther increased to about 0.4 mm and be-
yond. In metal cutting, the presence of a
sticking region near the tool edge is now
well known (Moore 1975), which con-
tributes to a sharp increase in friction
coefficient. In a separate friction experi-
ment using the flat face of a piece of car-
bide tool material pressed and slid
against MDF at a constant sliding speed,
it was observed that initially the friction
coefficient decreases rapidly with in-
creasing applied normal load to around
0.1 (Styles 2002). The coefficient of
friction became more or less constant
and remained at about 0.1 as the applied
normal force was increased to more than
100 N. Similar friction coefficient val-
ues around 0.12 have also been reported
by others (Niedzielski et al. 2000).

Beyond the sticking region, the chip
starts to slide over the rake face with a
lower friction coefficient. Although fric-
tion in MDF machining is not well
known, it seems that the chip cracks
close to the cutting edge, and is com-
pressed and trapped with limited motion
close to the edge. It is then pushed out
into the free zone on the rake face much
like a dust without having a solid body
energy. This may explain the low fric-
tion coefficient values, or the low fric-
tion forces.

Since the normal and friction forces
shown in Figure 9 have the units N/mm
chip width, further dividing these forces
by the tool-chip contact length % yields
the average stresses, Gayerage and
Taverages Tespectively, on the rake face.
These stresses versus the uncut chip
thickness (feed rate) are plotted in Fig-
ure 11. The curves in Figure 11 show
that the average stresses are very high
for short tool-chip contact lengths and
they decrease rapidly as the tool-chip
contact length is increased to about 0.4
mm. At further increases from 0.4 mm
to 1.5 mm, the stresses level off and at-
tain very low values. For a first ap-
proach, it is therefore safe to assume that
the tool-chip contact lengths could be
substituted for the distances x from the
tool edge to obtain the stress distribution
along the tool rake face near the edge.
Thus, the stress curves in Figure 11 rep-
resent the average stress-distributions
on the rake face. In later approaches, this
stress model can be refined by reducing
the influence of total contact lengths in
the data. These estimated stress curves
are represented by the following equa-
tions:



(8]

Gaverage = 12504 - X —0.444

_ ., —0.952
Taverage_ 1.86 - x

where:

x = the contact position on the
rake face from the cutting
edge

G yrerage » Taveraee — tNE @verage normal and
shear stresses acting on the rake face,
respectively (MPa)

Dividing the expression for T,yege by
the expression for Gyyenge Of Eq. [8]
would yield the same logarithmic ex-
pression for the coefficient of friction
shown in Figure 10.

The distribution of normal and fric-
tion stress on the tool along the chip con-
tact zone indicates that the cutting edge
is loaded most within 0.lmm, and al-
most diminishes after 0.25 mm when
machining MDF. One can make a rec-
ommendation to tool manufacturers that
the cutting wedge must be strongest
within the first 0.25 mm of the rake, and
the rake face can be ground with a sec-
ondary rake angle. The latter would lead
to a reduction in friction force with the
potential of reducing wear on the tool.
The tool edge geometry can be opti-
mally designed to resist the stresses on
the tool by the pressure and friction dis-
tribution given above.

Conclusion
Unlike in metal cutting, where the
process is dominated by plastic shear,
machining MDF and wood is dominated
by fracture and compression of MDF
dust between the incoming material and
the rake face of the tool.

This paper presents an approach to
evaluate the friction and normal load
distribution on the rake face of the tool
for cutting MDF. The cutting forces are
resolved into rake and flank components
first. By limiting the rake face-chip con-
tact lengths via restricted rake contact,
the distributions of friction and normal
stresses on the rake face are estimated.
The results indicate that both friction
and normal loading of the rake face de-
creases significantly within the first
0.25 mm of the contact. The information
can be used to help estimate the stress

9485 P & P: This study presents a
method to estimate the cutting forces
distributions on the tool tip, which can
be used to improve the tool geometry
design, and provide a better understand-
ing of the hard coating failure around the
tool tip.
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distribution on the tool face and hence
better and optimal tool design. The re-
sults also point to the importance of hard
coatings for wear protection applied to
within the first 0.25 mm on the rake
face, which can be then ground with a
secondary rake angle to further mini-
mize the friction between the restricted
rake face contact and the chip. The de-
sign of the microbevel (Deces-Petit et al.
1999) on the tool edge can also be opti-
mized using the information. Finally,
heat generated by the chip can be also
estimated by the stress distributions on
the rake face.

Notations

h = uncut chip thickness
(mm)

d = width of cut (mm)

F, F, = tangential force, feed
force (N)
F, F, = chip force, edge
force (N)
F_, F, = tangential and feed
component of the chip
force (N)

F, , F, = tangential and feed
component of the edge
force (N)

F_, F_, =normal and friction
forces applied on the
rake face (N)

K, , K, = edge cutting force
coefficients (in
tangential and feed
direction) (N/mm)

K, , K, = chip cutting force
coefficients (in
tangential and feed
direction) (N/mm”)

p, = average friction
coefficient of tool-chip
contact on the rake face

i = tool number

L, = rake face length of the
tool i (mm)
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