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Abstract In this paper, the effects of cutting parameters
and tool geometry on cutting forces and tool wear when
up-milling high-density fiberboard with alumina ceramic
cutting tools were investigated. Under the condition of
the same feed per tooth, average chip thickness, and
clearance angle, the results shown are as follows: first,
the tangential forces Ft and normal forces Fr at low-
speed cutting were higher than those at high-speed cut-
ting, but increased slowly with the increase of cutting
length and rake angle decrease. Second, increased cut-
ting speed and decreased rake angle had a great effect
on rake face wear. Third, the wear patterns of tool wear
were rake wear and flank wear, which included pull-out
of grain, flaking, and chipping. The wear mechanisms
were adhesive wear and abrasive wear. Finally, at low-
speed cutting, the cutting tools with bigger rake angle
can be selected to reduce the energy consumption of
machine tools. The tools with smaller rake angle can
be used for high-speed cutting to improve tool life
and productivity of processing.

Keywords Ceramic cutting tool . High-density fiberboard .

Cutting forces . Tool wear

1 Introduction

Subject to resource constraints, traditional culture, develop-
ment of science and technology, furniture design, and so on,
the age of furniture materials has changed from a single wood
to composite materials. But no matter how the furniture ma-
terials have evolved, wood materials have always taken the
dominant position of furniture materials. Among the furni-
ture materials, high-density fiberboard (HDF) has been
used widely, because of its fine texture, stable perfor-
mance, strong grip nails, well resistance to deformation,
and surface decoration [1].

With the widespread application of HDF, CNC working
centers are widely used, especially when high quality of prod-
uct and flexibility of manufacturing process are expected [2].
Most processing methods have been conducted, such as mill-
ing, planning, routing, and sanding [3]. Among them, milling
is the most commonly used for wood processing, which has
posted great challenges to the wood-processing industry.
Nowadays, the cemented carbide cutting tools were used in
wood processing frequently. Though they can provide a good
ratio of hardness and fracture toughness [4], the cemented
carbide cutting tools cannot meet modern wood processing.
The reasons are as follows: first, the wood cutting processing
is very complicated, because cutting speed is 5–20 times
higher than conventional metal, and the high density of
cemented carbide cutting tools may be dangerous in high-
speed cutting [5]. Then, wood materials are anisotropic and
inhomogeneous, which contain knots and silicates. Last, the
tannins and adhesive in the wooden products are easy to cor-
rode cemented carbide cutting tools [6]. Above all, they all
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shorten the lifetime of cutting tools and decrease the efficiency
of industrial production. Aimed at the higher efficiency, some
enterprises have tried to use diamond cutting tool, but its high
price seriously raises production costs [7]. All those attract our
attention to the ceramic cutting tools naturally.

Due to the poor toughness of ceramic materials that are
usually based on oxide components, ceramic cutting tools
have been limited in the wood processing [8]. However, the
development of toughening [9] has alleviated the problem of
the fracture toughness of ceramic and expanded the market of
ceramic cutting tools, making us see the prospects of ceramic
cutting tools for wood processing. As we all know, ceramic
cutting tool has the incomparable advantages to other mate-
rials. First of all, its excellent wear resistance and high hard-
ness can expand the scope of the processing object and using
life. Then, the excellent chemical stability can availably pre-
vent chemical attack from the tannins and adhesive of wood
products. Besides, its low density may offer benefits in high-
speed cutting, where centrifugal forces occur, due to high
spindle rotation. Last, low friction coefficient of ceramic tool
is more suitable for high-speed wood processing [10–12]. The
first study of alumina-based ceramic cutting tools was
Gogolewski [9], who showed the main wear of ceramic cut-
ting tools was chipping. Then, a further study made by
Eblagon [12] showed that the lifetime of ceramic cutting tools
was much longer than cemented carbide cutting tools. Huang
studied the milling properties of compressed wood, which
showed that the horizontal cutting forces increased with the
increase of compression and cutting depth, but decreased with
rake angle increase [13]. Claudia Streher [5] found the reces-
sion of the Si3N4/SiC cutting tools was less than one half of
the minimum edge recession of the cemented carbide cutting
tools bymeasuring the edge recession after the lifetime cutting
test. Kumar’s results showed the wear patterns of alumina-
based ceramic cutting tools inmachining hardenedmartensitic
stainless steel were flank wear, crater wear, and notch wear
[14]. Guangming Zheng identified the wear mechanisms of
ceramic cutting tools in the machining tests involved adhesive
wear and abrasive wear [15]. The most important research
was carried by Forni [16], who found Si3N4-based ce-
ramic matrix composites have the potential to become a
tool material for wood processing with the deepening of
multiple experiments.

Though the research and application of ceramic cutting tools
are sufficient in metal processing [17], the domestic and interna-
tional research on ceramic cutting tools in wood processing is
still relatively limited [18]. In order to provide theoretical basis of
the use of ceramic cutting in wood processing, in this paper, three
different geometry ceramic cutting tools were used in milling the
HDF at different cutting speeds, and the purpose of this experi-
ment is to study the influence of tool geometry and cutting pa-
rameters on cutting forces and tool wear.

2 Experiment

2.1 Ceramic cutting tools

The TiC-reinforced Al2O3 ceramic cutting tools made by
Kyocera Trading Co. Ltd. in China were used in this milling
test. The cutter carried six inserts each with a diameter of 100
mm to maintain a constant cutting condition. Figure 1 and
Table 1 show the tool geometry parameters and mechanical
properties of ceramic cutting tools.

2.2 Workpiece materials

The milling objects were HDF (Power Dekor Group Co. Ltd.
China), which were made of raw materials comprising of pine
and poplar wood fiber, with the addition of the adhesive of
urea-formaldehyde resin catalyzed by ammonium chloride.
The average density, modulus of elasticity (MOE), and mod-
ulus of rupture (MOR) of the HDF are 861 kg/m3, 4312, and
49.7 MPa, respectively (Table 2). The HDFs were rectangular
blocks, whose dimensions were 150 (length) × 80 (width)
× 10.7 (depth) mm.

2.3 Experimental design

In this paper, the cutting forces and tool wear were tested by
up-milling on the CNC (MGK01A, Nanxing Group Co. Ltd.,
China). As shown in Fig. 2, HDF samples were mounted on
the dynamometer, which transmitted the signal to a charge
amplifier. Then, the charge was transferred from the amplifier
to the A/D transducer that would transmit the signal to the
computer, on which the specific data can be seen. The cutting

Fig. 1 The model of ceramic
cutting tools. a The parameters of
angle. b The parameters of size
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forces of three-axis directions (Fx, Fy, Fz) were measured,
where the direction of Fx was paralleled to the feed speed,
the direction of Fy was perpendicular to the feed speed, and
the Fzwas normal direction of the panel of Fx and Fy. Because
the cutting tools used straight cutting edges, Fz was almost
zero and would not be considered as specialized problems.
As shown in Fig. 3, for a better study of cutting forces, the
tangential forces (Ft) and the normal forces (Fr) were used as
reference object. Ft was defined as the cutting force compo-
nent perpendicular to the radius direction, and Fr was defined
as the cutting force component parallel to the radius direction.
The angle (θ) was defined as the angle between the direction
of rotation and the direction of feed. Then, according to the
measured date Fx and Fy, Ft and Fr can be obtained by con-
version Eqs. 1 and 2, which are shown below.

The calculating formula of angle (θ): (1), the cutting force
conversion formula of Ft and Fr: (2)

θ ¼ arcsin

ffiffiffiffi

h
D

r

ð1Þ

Ft

Fr

� �

¼ cosθ −sinθ
sinθ cosθ

� �

Fx

Fy

� �

ð2Þ

where h = 1 is the cutting depth (mm), D = 100 is the tool
diameter (mm), and sinθ = 0.1 and cosθ = 0.995.

In this paper, scanning electron microscope (SEM) and
energy-dispersive spectroscopy (EDS) were used to quantify
tool wear, and the wear patterns and wear mechanism of ce-
ramic tools were obtained by observing the wear morphology
and analyzing the elements.

With three different rake angles of cutting tools, as shown
in Table 2, experiments were performed at two different cut-
ting speeds, shown in Table 3. It is worth mentioning that
although this experiment chose two different cutting speeds,
namely a high-speed cutting and low-speed cutting, the

average thickness of chip and feed per tooth of two cutting
speeds are identical. Eqs. 3 and 4 and Fig. 4 show how the
average chip thickness and feed per tooth were obtained in
different ways where the cutting depth was 1 mm, the cutting
diameter was 100 mm, and the number of teeth was six. In
other words, the same average chip thickness and feed per
tooth were attained by combination of the low spindle and
feed speed in a low-speed cutting condition and the high spin-
dle and feed speed in a high-speed cutting condition. The aim
of this experimental design was to study the effect of tool
geometry and cutting speed on cutting forces and tool wear
under the condition of the same average thickness of chip,
feed per tooth, and clearance angle.

The formulas of feed per tooth and average chip thickness
are as follows:

Uz ¼ U
n⋅z

mmð Þ ð3Þ

aav ¼ U
n⋅z

ffiffiffiffi

h
D

r

mmð Þ ð4Þ

where Uz is feed per tooth (mm), aav is average chip thickness
(mm), U is feed rate (mm/min), Z is number of teeth, n is
rotation speed (rpm), h is cutting depth (mm), and D is tool
diameter (mm).

Table 1 The geometry
parameters and mechanical
properties of tools

Ceramic
cutting
tools

Mechanical properties Structure parameters

Chemical
composition

Hardness/
GPa

Flexural
strength/
MPa

Toughness/
MPa

Rake
angle
(°)

Wedge
angle (°)

Clearance
angle (°)

Tool A Al2O3 +
TiC

20.1 980 4.1 6 79 5

Tool B 10 75 5

Tool C 15 70 5

Table 2 The physical andmechanical properties of HDF (the content in
parentheses is the standard deviation of MOE, MOR, and density
calculated from 10 data of the sample HDF)

Sample Density (kg/m3) MOE (MPa) MOR (MPa)

HDF 861 (1.07) 4312 (1.43) 49.7 (0.92)
Fig. 2 The schematic diagram of cutting force measuring system
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3 Result and discussion

3.1 Cutting forces

Cutting force, a crucial parameter for tool design, has a direct
effect on power consumption, cutting heat, tool wear, and the
quality of machined surface [19], whereas the effects of work-
piece material, cutting thickness, friction, tool geometry, and
cutting parameters on cutting force are significant [20]. This
paper studied the influence of tool geometry and cutting pa-
rameters on cutting forces under condition of the same feed
per tooth, average chip thickness, and clearance angle.

3.1.1 The influence of cutting length on cutting forces

Figure 5 shows the trends of Ft and Fr with cutting length.
Whether at low-speed or high-speed cutting, Ft and Fr in-
creased slowly with cutting length increasing. The increase
of Ft and Fr was due to the tool wear, which mainly came
from two aspects. One was the increase of resistance in sepa-
rating chips from workpiece, because in HDF processing, the
wear on cutting edge increased gradually, and even breakage
might appear. The other was the more serious friction between
the tool face and HDF, which all led to the increase of cutting
forces.

3.1.2 The influence of cutting speed on cutting forces

As shown in Fig. 6, the influence of cutting speed on Ft and Fr
is relatively obvious, which reveals that Ft and Fr at low-speed
cutting were higher than Ft and Fr at high-speed cutting. As
mentioned above, high-speed cutting contained high feed
speed and spindle speed, in unit time; the friction frequency
between tool and workpiece increased with cutting speed in-
creasing, and it led to the increase of cutting temperature in
contact zone; then, the friction coefficient decreased with cut-
ting temperature increasing, which led to cutting force de-
crease. Therefore, Fr and Ft at low-speed cutting were higher
than those at high-speed cutting. So, the high cutting speed
could not only decrease cutting force and energy consumption
but also improve the productivity of processing.

3.1.3 The influence of tool geometry on cutting forces

Figure 7 shows the influence of tool geometry on cutting
forces, which reveals whether at low-speed cutting or high-
speed cutting, Fr and Ft decreased with the increase of rake
angle. Because the bigger rake angle means the smaller wedge
angle and the shaper cutting edge, it was more likely to cut the
fiber and glue of HDF. Besides, the acting forces between
chips and rake face decreased with rake angle increase.
Hence, Fr and Ft decreased with the increase of rake angle.
If tool strength is insured, the greater the rake angle, the

Fig. 3 The schematic diagram of cutting forces

Table 3 The design of the same
average chip thickness value can
be reached either by changing the
feed rate at low rotation speed
(left) or by changing the feed rate
at high rotation speed (right)

Test
number

Low-speed cutting aav
(mm)

Tools h
(mm)

Cutting
length (m)

High-speed cutting Test
number

n
(r/min)

U (mm/
min)

n
(r/min)

U (mm/
min)

1 5000 30,000 0.1 A/B/C 1 0 10,000 60,000 7

2 5000 30,000 0.1 A/B/C 1 5 10,000 60,000 8

3 5000 30,000 0.1 A/B/C 1 10 10,000 60,000 9

4 5000 30,000 0.1 A/B/C 1 15 10,000 60,000 10

5 5000 30,000 0.1 A/B/C 1 20 10,000 60,000 11

6 5000 30,000 0.1 A/B/C 1 25 10,000 60,000 12

Fig. 4 The model diagram of cutting parameters
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smaller the cutting force, it is more conducive to reducing
energy consumption of machine tool.

3.2 Tool wear patterns

The wear patterns of alumina ceramic cutting tools were pri-
marily divided into rake face wear and flank wear, where the
former is always accompanied by flaking, chipping, crack,
and even breakage [21]. In this paper, under condition of the
same feed per tooth, average chip thickness, and clearance
angle, the influence of cutting parameter and tool geometry
on tool wear was discussed.

3.2.1 Rake wear

As shown in Figs. 8 and 9, due to the extrusion and friction
between chips and rake face in the cutting process, some sig-
nificant wear could be observed on the rake face, such as pull-
out of grain, flaking, and chipping. The reason for pull-out of
grain and flaking was the cutting forces increasing, which led
the increase of extrusion and friction between chips and rake
face. Then, as the cutting temperature increased with cutting

Fig. 5 The influence of cutting length on cutting forces. a The change of Fr. b The change of Ft

Fig. 6 The influence of cutting speed on cutting forces. a. The comparison of Fr. b The comparison of Ft

Fig. 7 The influence of tool geometry on cutting forces
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forces increasing, the workpiece material was adhered to the
tool surface.When the bondmaterial fell off under mechanical
and thermal shock, it led to pull-out of grain and flaking.What
led to chipping was that, in the early stage of cutting, the
cutting edge was relatively sharp. When the new cutting edge
cuts HDF, the concentrated stress led to chipping. Even when
crashing to the hard particles, it was easy for the instantaneous
impact force to produce chipping as well.

By comparing a and d, b and e, and c and f, the
influence of cutting speed on rake face can be seen
clearly, where tool wear at high-speed cutting was more
serious than tool wear at low-speed cutting; because the
high cutting speed included high feed speed and spindle
speed, it increased the processing capacity in unit time,
which brought more cutting heat and acting force to

rake face. Besides, in high-speed cutting processing,
when encountering hard particles that produced more
impact forces, it is more likely to cause wear, even
breakage. Therefore, the high-speed cutting condition
had a great influence on rake face wear, where the
bigger rake angle tools can be chosen to reduce wear.

By comparing a, b, and c, and d, e, and f, the influence of
cutting speed on rake face wear can be seen clearly, where the
rake face wear increased with the decrease of rake angle, be-
cause in the same clearance angle, the smaller rake angle
means the bigger wedge angle and blunter cutting edge, which
was more difficult for the tool to cut the fiber and glue in HDF.
In addition, the smaller rake angle led to the bigger power
consumption, where the most obvious is that the deformation
coefficient of chip, as depicted in Fig. 10, decreased distinctly
with the rake angle increasing. If tool strength is insured, the
tool with larger rake angle can effectively reduce the rake face
wear to improve the tool life.

3.2.2 Flank wear

According to Fig. 10, it is the intense friction and cutting heat
occurred between the workpiece surface and flank face that
cause flank wear. Due to the same clearance angle, the acting
force of the machined surface on the flank shows almost no
difference and the flank wear is similar. From Fig. 11, it can be
seen that there are many intensive scratches on the flank face,
which is the typical abrasive wear.

Fig. 8 Model diagram of tool wear

Fig. 9 Rake face wear map of cutting length in 25m. a Tool A at low-speed cutting. b Tool B at low-speed cutting. c Tool C at low-speed cutting. d Tool
A at high-speed cutting. e Tool B at high-speed cutting. f Tool C at high-speed cutting
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3.3 Wear mechanism

The wear mechanism of SiAlON ceramic tools was studied by
Tian [22], whose research showed the wear mechanism of
SiAlON ceramic tools in milling Inconel 718 was adhesive
wear. To understand tool wear mechanism in milling HDF
better, SEM and EDSwere used to study the wear mechanism,
and the results showed that the main wear mechanisms were
adhesive and abrasive wear.

3.3.1 Adhesive wear

Figure 12a, b shows the EDS analysis of areas a and b; the
main elements contain Ti, C, Al, and O from tool material;
small amounts of elements such as K, Cl, Na, and Ca were
detected on surface of the tool; and none of them belong to the
material elements of the tools. Because the content of K, Cl,

Na, and Ca existed in only very small quantities, the same as
those of adhesive curing agent, filler, catalyst, and calcium
carbonate in HDF, we can conclude adhesive wear occurred.
What is more, because alumina ceramic material is ionic bond
and has a strong adsorption capacity [23], in the cutting pro-
cess of high speed and high temperature, the workpiece ma-
terial was adhered to the tool easily; when the bond material
drop off, it took away some cutting tool material and eventu-
ally led to the adhesive wear.

3.3.2 Abrasive wear

As depicted in Fig. 13, many intensive scratches were ob-
served on the flank face, which is typical abrasive wear. In
the milling process, the hard particles such as adhesive curing
agent, filler, and calcium carbonate generated alternate fric-
tion, which led to groove shape on the flank face.

Fig. 10 The analysis diagram of
rake face wear

Fig. 11 The analysis diagram of
flank wear

Fig. 12 The figure of flank wear topography. a Tool A. b Tool B. c Tool C
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Furthermore, the alumina ceramic cutting tools were tough-
ened by TiC, which grinding capacity is comparable to dia-
mond; when it pulled out, it scratched the flank face too under
the action of extrusion force.

4 Conclusion

Under the condition of the same feed per tooth, average chip
thickness, and clearance angle, the conclusions of this work
are as follows:

1. The tangential forces Ft and normal forces Fr at low-
speed cutting are higher than those at high-speed cutting, but
increased slowly with the increase of cutting length and rake
angle decrease.

2. Increased cutting speed and decreased rake angle had a
great effect on rake face wear.

3. At low-speed cutting, the cutting tools with bigger rake
angle can be selected to reduce the energy consumption of
machine tools. Then, the tools with smaller rake angle can
be used for high-speed cutting to improve tool life and pro-
ductivity of processing.

4. The wear patterns of alumina ceramic cutting tools are
rake face wear and flank wear, which may take the patterns of
pull-out of grain, flaking, and chipping. Wear mechanisms of
alumina ceramic cutting tools in milling HDF are adhesive
wear and abrasive wear.
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