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Abstract Wave-transmitting Si3N4 ceramics exhibits high
levels of brittleness, and the milling surface inevitably exists
defects. Critical cutting depth is an important reference param-
eter to improve the surface quality and processing efficiency in
milling. A theoretical mathematical model has been proposed
to predict the critical cutting depth in the study. The contact
relationship between the tool cutting edge and the ceramics
surface is analyzed, and the non-uniform bearing crack system
is established. The micro cracks propagation critical condition
has been put as the criterion of critical cutting depth. Through
the model calculation, the critical cutting depth is 0.38mm, and
it is confirmed the critical cutting depth is between 0.3 and
0.4 mm with experimental results. The model predictions are
consistent well with the experimental results. In addition, the
theoretical model shows that the critical cutting depth decreases
exponentially with the increase of the material hardness, while
the increase of fracture toughness, tool helix angle and side
edge rear angle, leads to critical cutting depth rising. The theo-
retical model can be applied to evaluate the critical cutting
depth of brittle ceramics in milling.
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1 Introduction

Wave-transmitting Si3N4 ceramics has been applied in aero-
space field widely due to superior comprehensive mechanical
properties and dielectric loss [1]. Compared with other engi-
neering ceramics, the hardness of wave-transmitting Si3N4

ceramics is lower, so its parts can be realized in milling, in-
stead of grinding or rotary ultrasonic grinding. However, the
low fracture toughness is still the inherent characteristic, and

its fracture toughness value is less than 3 MPa m1=2. The mill-
ing surface inevitably exists pits, collapse, and other defects.
Wave-transmitting Si3N4 ceramics material is mainly made
into antenna window, used in missiles and hypersonic vehi-
cles. These surface defects are important factors affecting the
service life and reliability of parts. In order to improve the
surface quality, it is necessary to study brittle ceramics milling
technology.

Compared with brittle ceramics milling, more investiga-
tions are focused on brittle ceramics grinding technology. Li
et al. studied the removal mechanism of nano-ZrO2 ceramics
in grinding, and the results show that the removal mechanism
changes as the cutting depth increases [2]. Fang et al. have
proved that there are plastic flow and brittle fracture materials
in hard and brittle materials machining [3]. Lv et al. have
studied the rotary ultrasonic grinding of BK7 glass; it is con-
cluded that the surface appears brittle and plastic transition,
and gradually, small cracks generate with the increase of the
cutting depth [4, 5]. They proved that material removal mech-
anism of rotary ultrasonic grinding is mainly brittle fracture.
Nath et al. found that there are lateral and longitudinal cracks
in the ceramics surface with the tool abrasive action for rotary
ultrasonic grinding [6]. They also draw conclusions that the
lateral cracks is the main mechanism of material removal and
longitudinal cracks is the main mechanism of surface defects
formation.
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Due to the low fracture toughness of ceramics, no matter
what kind of machining methods, material removal patterns
include plastic removal and brittle removal [7, 8]. Rusnaldy
et al. studied monocrystalline silicon milling, used diamond-
coated tools, and realized the ductile domain milling at depth
of 0.3 μm. As the cutting depth increases, the machined sur-
face gradually appears the brittle fracture area, forming large-
scale damage surface, and chips of varying sizes and irregular
shapes [9]. Liu et al. pointed out that when the tool has a large
negative angle, it is easy to form the compressive stress region
in the cutting zone and inhibit the expansion of micro cracks
[10]. Zhou et al. studied the mechanism of chip formation in
brittle ceramics high-speed milling and presented that brittle
ceramics chips are mainly composed of extruded particles and
broken crusts, so the machined surfaces are full of pits [11].
Zuo et al. suggested that there is critical depth of fully sintered
zirconia in milling to achieve ductile milling, and it has been
proved with experimental results [12]. The same conclusions
were also obtained [13].

There are plastic removal and brittleness removal of ce-
ramics materials in milling, but there is no effective method
for critical cutting depth determination except experiments.
Critical cutting depth is an important reference parameter to
improve the surface quality and processing efficiency in mill-
ing. In this paper, wave-transmitting Si3N4 ceramics in milling
will be investigated. The tool-workpiece contact relation will
be conducted, and a theoretical model based on the tip stress
field intensity of the non-uniform bearing cracks system is
developed to predict the critical cutting depth. Finally, exper-
iments will be designed to verify the model.

2 The model of critical cutting depth in milling

Figure 1 shows the plane milling of wave-transmitting Si3N4

ceramics. The cutting edge of the tool is in discontinuous
contact with the material removal side. Section views the con-
tact area of tool and ceramics material paralleling to the XOY
surface and XOZ plane, respectively; the relationships be-
tween the tool cutting edge and the ceramics are shown as
Fig. 1b, c. Figure 1b is the horizontal direction view and
Fig. 1c is the vertical direction view. Where λo is the tool front
angle, β is the tool helix angle, α0 is tool side edge rear angle,
and h is the milling depth.

Milling depth direction parallels to the XOZ plane. In order
to analyze the critical cutting depth, only the contact relation-
ship between tool and material in Fig. 1c is conducted.
Through the coordinate transformation, the XOZ coordinate
is turned to X′OZ′, so the tool cutting edge and the material
surface contact are shown in Fig. 2.

In the coordinate of X′OZ′, the horizontal concentrated load
force called Ft and the vertical concentrated load force called
Fn are produced under the effect of cutting force Fx and Fz.

The contact problem between the cutting edge and the mate-
rial surface can be simulated as the isotropic elastic semi-
infinite body internal stress distribution under the action of
the horizontal force and the tangential force. It is the
Boussinesq field and the Cerruti field. So the stress distribu-
tion of the ceramics material can be expressed as follows:
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Where μ is Poisson ratio of ceramics. The tool cutting edge
can be simplified as a sharp conical indenter, and the corner
angle is expressed as Eq. (3).

θ ¼ 0:5 π=2−β−λoð Þ ð3Þ

In the coordinate of X′OZ′, for the contact line of the cutting
edge and material surface, the relationship between x′ and z′

can be described as follows:

x
0 ¼ tanθ c−z

0
� �

ð4Þ

Where c is press depth of the cutting edge.
So the distance is obtained by the following equation.

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x02 þ z02

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan2θ c−z0ð Þ2 þ z02

q
ð5Þ

There is a friction coefficient called η to describe the level
of horizontal concentrated force and the vertical concentrated
load force, and the vertical concentrated load force can be
derived as follows:

F t ¼ ηFn ð6Þ

According to the coordinate transformation angle relation-
ship, the friction coefficient called η can be calculated as Eq.
(5) with the cutting force Fx and Fz.

η ¼ Fxcos θþ λ0ð Þ þ Fzsin θþ βð Þ
Fxsin θþ λ0ð Þ−Fzcos θþ βð Þ ð7Þ

The tool cutting edge is simplified as a sharp tapered in-
denter, which is pressed into the ceramics surface under the
applied vertical load to causing the plastic deformation. The
relationship between the vertical load and the surface inden-
tation feature size and material hardness can be expressed as
follows:

Fn ¼ απ c � tanθð Þ2H ð8Þ
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Whereαis the indenter shape factor, generally is equal toπ/2.
Under the common action of horizontal concentrated force

and the vertical concentrated force, the stress of X′ direction in
the ceramics can be described as follows:
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It can be seen that the contact surface stress distribution
between the cutting edge and the material is typical non-
uniform bearing system. The cutting edge pressed into the
material interior can be assumed to be a preset single-pass
micro crack. So the system is assumed to be non-uniform
bearing crack system. Then the tip stress intensity of the cut-
ting edge can be obtained as follows:

KΙ ¼ 2m

ffiffiffiffi
c
π

r
∫c0

σx0 z
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Where mis correction factor and about equal to 1.12.
When the cutting depth is less than the critical cutting

depth, the material removal process is plastic removal, and
the machined surface has no micro cracks. Then the tip stress
intensity of cutting edge must be less than the fracture tough-
ness value called K Ιc of ceramic material. If K Ι ¼ KΙc, the
critical press depth of the cutting edge can be obtained by
Eq. (10), and the critical cutting depth can be derived as fol-
lows:

h* ¼ c* � cosβ
cosθ

ð11Þ

3 Experimental design

To verify the model reliability of critical cutting depth and
analyze the influence of cutting depth, the wave-transmitting
Si3N4 ceramics milling experiments have been designed. The
wave-transmitting Si3N4 ceramics is homogeneous, and the
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Fig. 1 Plane milling of wave-
transmitting Si3N4 ceramics

Fig. 2 Tool cutting edge and the
material surface contact
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size of samples is 40 × 40 × 10 mm. The main material prop-
erties parameters are listed in Table 1.

The experiments were conducted on JDGR200_A10H
CNC milling machine. The cutting tools used in the experi-
ments are cemented carbide end mills. The parameters is that
the number of blades is 4, the front angle is 8°, the rear angle is
10°, and the helix angle is 30°. Single test design is used to
arrange experimental parameters, and the experimental no. is
8. Table 2 shows the program.

The wave-transmitting Si3N4 ceramics samples were ma-
chined by milling, shown as Fig. 3, with machining width
1 mm, according to the experimental sequence and parame-
ters. The cutting forces were measured by KISTLER 9257A
dynamometer and KISTLER 5070 charge amplifier. The ma-
chined surface of each sample was observed by VHX-1000
depth of field microscopy and OLS3000 confocal scanning
laser microscope. The chip has been collected and observed
by FEI HELIOS NanoLab 600I FIB/SEM double beam
system.

4 Results discussion

4.1 Experimental analysis of different cutting depth

As the cutting depth increases from 0.1 to 0.8 mm, the cutting
force curves are shown in Fig. 4. The cutting force change
trend of X, Y, and Z direction is presented increasing firstly,
then declining, and finally increasing. For wave-transmitting
Si3N4 ceramics in milling, if the removal mechanism is the
same, the cutting force will rise with the increase of cutting

depth. However, when the cutting depth is between 0.3 and
0.4 mm, the cutting force is abruptly changed, indicating that
the material removal mechanism has changed from plastic
removal to brittle removal, resulting in reduced cutting force.
Therefore, the critical cutting depth is considered to be greater
than 0.3 mm and less than 0.4 mm.

To prove this conclusion furtherly, the surface of the wave-
transmitting Si3N4 ceramics in milling has been analyzed.
Figure 5 shows the variation of the surface arithmetic mean
deviation called Sa and the surface root mean square deviation
called Sq under different cutting depth parameters. When the
cutting depth is between 0.3 and 0.4 mm, the surface rough-
ness also decreases and mutations have occurred.

Figure 6 presents the chip morphology of different cutting
depths. When the cutting depth is 0.1, 0.2, and 0.3 mm, the
chip of wave-transmitting Si3N4 ceramics is mainly material
powder, and its shape is more rough. So the material removal
mechanism is plastic removal. However, when the cutting
depth is 0.4 mm, in addition to material powder, a large num-
ber of fragmented particles appear in the chip. The difference
from the cluster powder is that the surface morphology is
smoother. Fragmented particles are produced due to the peel-
ing off of material in milling that is brittle removal. And when
the cutting depth is greater than 0.4 mm, fragmentation parti-
cles in the chip are more and more obvious.

It is worth noting that during the brittle removal process,
under the action of large cutting force, the crack propagation
length and the removal rate of the adjacent crack propagation
material are larger, resulting in the surface after the material
removal is relatively gentle. So the surface roughness downs,

Milling tool

Wave-transmitting ceramics
X

Y
Z

Fig. 3 Experimental setup

Table 2 Experimental program

Experimental
number

Speed
(r/min)

Cutting depth
(mm)

Feed rate
(mm/min)

1 3200 0.1 400

2 3200 0.2 400

3 3200 0.3 400

4 3200 0.4 400

5 3200 0.5 400

6 3200 0.6 400

7 3200 0.7 400

8 3200 0.8 400

Table 1 Main parameters of the
material Parameters Elasticity

modulus (GPa)
Hardness (MPa) Fracture toughness

(MPa·m1/2)
Density (g·cm3)

Material

Si3N4 104 210 2.6 1.9
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as shown in Fig. 5 when the cutting depth is between 0.6 and
0.7 mm.

Figure 7 shows the machined surface topography obtained
when the cutting depth is 0.3 and 0.4 mm, respectively. The
ups and downs of surface morphology is uniform, the density
is great, there are no obvious pits, nothing is broken, and no
other machining defects, as the cutting depth is 0.3 mm.
However, the volume of surface convex and concave peak
increases, and the machining defects such as pits and pits
occur, as the cutting depth is 0.4 mm. The formation of these
surface machining defects is closely related to the propagation
of micro cracks in the machined surface. When the cutting
depth is 0.4 mm, the material removal mechanism is brittle
removal.

The change of the material removal mechanism is also
manifested in the surface edge chipping. Figure 8 shows the
edge chipping patterns obtained when the depth of cut is 0.3
and 0.4 mm, respectively. When the cutting depth is 0.3 mm,
the surface edge of the wave-transmitting Si3N4 ceramics is
not damaged. But when the cutting depth is 0.4 mm, the sur-
face edge is damaged and the edge is broken.

From the analysis of the above experimental results, it is
concluded that when the cutting depth is less than or equal to
0.3 mm, the material removal mechanism is plastic removal.
When the cutting depth is 0.4 mm or more, the material re-
moval method is brittle removal, so the critical cutting depth
of the wave-transmitting Si3N4 ceramics in milling should be
between 0.3 and 0.4 mm.

4.2 Critical cutting depth model validation and change

When the cutting depth is 0.1, 0.2, and 0.3 mm, the material
removal mechanism is plastic removal. According to the ex-
perimental value of the cutting force and Eq. (6), it can be got
that η ≈ 1.

The material parameters, tool parameters, and experimental
results are brought into Eq. (10). If KΙ ¼ KΙc, then it is found
that the critical cutting depth of wave- transmitting Si3N4
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Fig. 6 Chip morphology of different cutting depth. a 0.1 mm. b 0.2 mm.
c 0.3 mm. d 0.4 mm. e 0.5 mm. f 0.6 mm. g 0.7 mm. h 0.8 mm
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ceramics in milling is 0.38 mm. The experimental results
show the critical cutting depth is between 0.3 and 0.4 mm.
The theoretical calculation results are in good agreement with
the experimental results, which proves that the critical cutting
depth calculation model of wave-transmitting Si3N4 ceramics
is reasonable.

According to the critical cutting depth calculation model,
the relationship between critical cutting depth and influencing
factors can be studied. Figure 9 shows the effect of material
hardness on critical cutting depth. With the hardness increas-
ing, the critical cutting depth decreases exponentially. The

effect of the hardness on the cutting force is the most signifi-
cant. The increased hardness will lead to the cutting force
adding, and it causes the stress at the tip of the cutting edge
ascension. If the fracture toughness of the ceramics material is
constant, the critical cutting depth decreases inevitably.

Figure 10 shows the effect of material fracture toughness
on critical cutting depth. The fracture toughness has signifi-
cant effect on the critical cutting depth. With the increase of
the fracture toughness, the critical cutting depth is increased
by the second term. As the fracture toughness increases, the
elastic-plastic deformation ability of the material is improved,
and the brittle fracture is more difficult to occur in milling,
which leads to the critical cutting depth rising.

In addition to the performance of the ceramics material, the
milling tool parameters are also important factors affecting the
critical cutting depth. Figure 11 shows the effect of the tool
helix angle and the tool side edge rear angle on the critical
cutting depth. The helix angle and the rear angle increase,
resulting in the corner angle of the cutting edge decreases.
With the same load, the depth pressure into the material adds,
resulting in increased critical cutting depth. Therefore, in order
to improve the critical cutting depth, the helix angle and the
rear angle can be appropriately raised. But the increased helix

a 

b 

Fig. 7 Surface morphology of different cutting depth. a 0.3 mm. b
0.4 mm

Fig. 8 Edge chipping of different
cutting depth. a 0.3 mm. b
0.4 mm
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Fig. 9 Effect of material hardness on critical cutting depth
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angle and rear angle lead to the sharpening of the cutting edge,
and the tool wear is more serious.

5 Conclusions

A theoretical critical cutting depth of wave-transmitting Si3N4

ceramics in milling has been developed. The following con-
clusions can be summarized from the study:

Micro cracks propagation critical condition is the criterion
of critical cutting depth. The cutting edge is pressed into the
interior of the material surface; its stress field is combined by
the Boussinesq field and the Cerruti field, and the non-
uniform bearing crack system is formed. By solving the stress
field intensity of the cutting edge tip, critical cutting depth
calculation model has been established.

As the cutting depth is between 0.3 and 0.4 mm, the cutting
force and surface roughness are abruptly changed. It is further
confirmed that when the cutting depth is 0.3 mm, the chip is
consist of the material powder, and the machining surface has
no defects, and when the cutting depth is 0.4 mm, broken
ceramics particles appear, and the machining surface contains
defects. Thus, it is confirmed the critical cutting depth should
be between 0.3 and 0.4 mm.

The critical cutting depth is 0.38 mmwith calculation mod-
el, which is consistent with the experimental results. It is
proved that the model is reasonable. The critical cutting depth
decreases exponentially with the increase of the material hard-
ness, while the increase of fracture toughness, tool helix angle
and side edge rear angle, leads to critical cutting depth rising.
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