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Abstract
Manufacturability of advanced ceramics has been a challenging issue mainly because of their brittle behaviors and high 
hardness. One approach to solving this issue is enabling ductile regime cutting, which can also be used to enhance the quality 
of the surface and accuracy of the final product. There have been many studies investigating how to control and prolong the 
ductile response regime during cutting; however, it still lacks a straightforward explanation that enables us to predict the tran-
sition of the material response from the ductile regime to the brittle regime. In this study, the processing of monocrystalline 
yttria-stabilized zirconia was investigated to predict material behavior during cutting. Here, it is aimed to confirm that stress 
intensity factor analysis can be applied with a wide variety of process parameters and investigate the effect of varying the 
process parameters on the ductile–brittle material response transition. Experimental results showed that negative rake angle 
and higher cutting speed prolonged the ductile cutting regime. However, the cutting stress at the ductile–brittle transition 
point remained constant regardless of the process parameters which enabled us to predict the transition point with respect 
to the stress intensity factor. It is expected that the results of this research can contribute to the development of machining 
strategies with improved throughput and thus to increasing the utilization of ceramic materials.
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1 Introduction

Engineering ceramics, such as zirconia (zirconium dioxide, 
ZrO2), sapphire (α-Al2O3), and silicon carbide (SiC), are 
attracting increasing attention from researchers in various 
industrial fields. Advanced ceramics usually possess great 
hardness, strength, as well as chemical and thermal stability 
[1]. Many researchers have investigated the multifunctional 
performance endowed by their physical/chemical properties, 
and they are used in a wide variety of applications, such as 
in the aerospace, automotive, electrical and optics industries. 
However, it is difficult to fabricate these materials because 

conventional processing technologies are not fully applica-
ble due to their low process efficiency [2].

In this paper, the processing of yttria-stabilized zirconia 
(YSZ) was investigated. Zirconia and zirconia containing 
ceramics exhibit a high level of fracture toughness/hardness, 
and low thermal conductivity. Thus, they have been used 
in various industrial applications including extrusion dyes 
and thermal coating materials. Monocrystalline cubic zir-
conia is used as a gemstone and diamond simulant because 
of its crystallographic isometry and high refractive index 
[3]. Zirconia is known to have three different phases with 
respect to temperature: monoclinic (< 950 °C), tetragonal 
(1200–2370 °C), and cubic (> 2370 °C) [4]. These can cause 
large volumetric changes during fabrication processes. Other 
oxide materials, such as yttrium oxide  (Y2O3), magnesium 
oxide (MgO), and calcium oxide (CaO), are commonly 
added to prevent this crystal polymorphism and stabilize 
the crystal structures. These dopants can stabilize zirconia 
in either its tetragonal or cubic crystal form, depending on 
the composition of the material and the processing tempera-
ture [5].
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However, like other engineering ceramics, it is difficult 
to fabricate zirconia because of its brittleness and hardness. 
In particular, it is easy to cause undesired cracks on the 
surface, subsurface damage, and excessive tool wear when 
machining these materials [2]. Ductile regime cutting has 
been investigated and used as an approach to resolve these 
issues. Depending on the scale of the deformation, tem-
perature, pressure conditions, etc., ductile behavior can be 
obtained as the dominant response of the material to cutting 
[6, 7]. This behavior can significantly enhance the surface 
clarity without causing the machined surface to crack. Thus, 
maintaining and prolonging the ductile regime during cut-
ting may offer a plausible solution to better quality surfaces 
and more accurate products.

Many studies have been performed to investigate and 
explain the ductile behavior of ceramics in various machin-
ing processes, from single-point scratching to grinding [8]. 
Researchers have observed the machining characteristics of 
various ceramic materials [9], analyzed the sizes of surface 
cracks and subsurface damage [10], and even used assisted 
machining techniques to further their understanding of duc-
tile regime cutting [11]. From the perspective of modeling, 
Venkatachalam et al. [12]. presented a comprehensive model 
to predict ductile cutting behavior in terms of the stress 
intensity factor and fracture toughness. The authors assumed 
varying shear plane angle and simulated cutting forces with 
respect to various process parameters. Then they performed 
a comparison of simulation and experiments mainly in terms 
of undeformed chip thickness. On the other hand, Arif et al. 
[13] formulated a model and explained the transition of the 
material response in terms of the fracture energy. Authors 
in the above literature considered lateral and median cracks 
during the cutting and assumed brittle fracture energy in 
terms of crack lengths.

Though many modelling studies have been performed, 
it is still not straightforward to predict and control ductile 
regime cutting, because the response of the material during 
the cutting has not yet been fully understood and explained, 
mainly with respect to crystallographic information. The 
machining characteristics of single crystal materials vary 
with the cutting direction because their response is influ-
enced significantly by the structure and orientation of the 
crystals. Anisotropic mechanical properties complicate the 
analysis further. In particular, the multiple deformations and 
fracture behaviors during cutting cause issues in the case of 
conventional machining processes, such as milling.

In light of this, studies have been performed to investigate 
and analyze in detail the behavior during orthogonal cutting 
of single crystal materials. Mizumoto et al. [14] analyzed 

the anisotropic machining behavior of monocrystalline 
sapphire in terms of its crystallographic planes and inher-
ent deformation mechanisms. They calculated the ductile/
brittle deformation parameters based on geometric projec-
tions of the critical resolved shear stress and fracture energy 
for different cutting directions. Based on this study, Yoon 
et al. [15] investigated the machining characteristics of sin-
gle crystal sapphire in various cutting directions along the 
four primary crystal planes. The authors analyzed the stress 
intensity factor at the point where the response of the mate-
rial transitioned from the ductile regime to the brittle regime 
(herein referred to as the ductile–brittle transition point) with 
respect to the cutting directions on different planes. The 
same approach was also used to observe the machining char-
acteristics in orthogonal cutting of 8 mol% YSZ in a cubic 
crystal form Yoon et al. [16]. Distinctive crack morpholo-
gies corresponding to different crack-opening planes were 
observed. The measured cutting forces at the ductile–brittle 
transition point agreed well with the values estimated based 
on the critical stress intensity factor projected in each cut-
ting direction. These studies basically aimed to find crack 
initiation parameters based on given material properties and 
crystal orientations, so that a model could be formulated to 
predict the dominant material response. The studies men-
tioned above showed that projecting the stress intensity fac-
tor in the direction normal to the corresponding crystal plane 
(or on a mode I fracture direction) matched the critical stress 
intensity factor of each plane well.

However, further research is required to fully predict the 
response of the material to cutting with a wide variety of 
parameters. The studies described above mainly focused on 
anisotropic machining behavior in terms of crystal orien-
tation only. Though they showed good agreement between 
their experimental and analytical results, they only explained 
the anisotropic tendencies of ductile cutting behavior under 
specific cutting conditions. Hence, a more comprehensive 
and quantitative analysis is required to confirm that a similar 
approach can be applied to evaluate the effects of a wide 
variety of process parameters.

Therefore, it is aimed to investigate the effect of the 
process parameters on the ductile–brittle material response 
transition and confirm that stress intensity factor analysis 
can be applied with a wide variety of process parameters. 
In this study, we observed the characteristics of 8 mol% 
YSZ in cubic crystal form when subjected to ultra-pre-
cision orthogonal cutting. The transition of the material 
response in plunge cuts was observed and the cutting 
forces at the ductile–brittle transition point were inves-
tigated in terms of a range of process parameters. Then 
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trends in the cutting force and stress were analyzed and 
compared with those obtained using a conventional cutting 
force model. The results of this study enabled us to predict 
and control the ductile–brittle transition of ceramic during 
machining with respect to process parameters. With iden-
tified crack initiation parameters, crack initiation/propa-
gation could be suppressed, thus enabling us to develop 
machining strategies with improved process throughput. 
Furthermore, it is expected that our model can be applied 
to other ceramic materials with different crystal structures.

2  Materials and Methods

2.1  Ductile–Brittle Transition in Ultra‑Precision 
Orthogonal Cutting of Zirconia

Figure 1 shows the crystal plane system of cubic YSZ. 
Cubic YSZ is known to be a face-centered cubic crystal with 
{100}, {110}, and {111} planes. In the preliminary study 
[16], the machining characteristics were observed in differ-
ent cutting directions along the (001) plane.

To quantitatively analyze the ductile behavior in orthogo-
nal cutting, the critical depth of cut (CDC) was measured. 
This is the depth at which the first significant cracks occur. 
Directions with larger CDCs exhibit ductile behavior over 
longer cutting distances and are thus considered preferred 
directions for achieving longer ductile regime cutting.

Figure 2 shows the CDCs of different cutting directions, 
tend to be between 200 and 400 nm. Due to the cubic crys-
tal form of the YSZ, the CDC results exhibited two-fold 
symmetry, with larger values in the 0°, 90°, 180°, and 270° 
directions. The characteristics of the CDC and different 
types of crack morphology (Fig. 3) were discussed in detail 
in the preliminary study [16]. Here, it has been hypothesized 
that the stress intensity factor influences the initiation of 
cracks on different crystal planes simultaneously. The stress 
intensity factor, KI, represents severity for the stress state in 
crack propagation, and can be calculated as follows:

Fig. 1  Crystal plane system of cubic 8  mol% yttria-stabilized zirco-
nia (YSZ). (reproduced from Yoon et  al. [16] with permission from 
Elsevier.)

Fig. 2  Characteristics of the 
critical depth of cut (CDC) and 
classification of crack mor-
phologies with respect to the 
cutting direction on the (001) 
plane. (reproduced from Yoon 
et al. [16] with permission from 
Elsevier.)
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where G is a geometric factor that showing the position-
ing of the initial flaw, and a is the half of the length of an 
initial flaw.

In the cutting area, the stress was projected normally to 
the corresponding crystal plane (or the plane contributing to 
crack propagation) and then compared with the critical stress 
intensity factor of that plane. The critical stress intensity fac-
tor is a material property and could be found in the literature 
[17]. It is assumed that cracks would appear if the projected 
stress reached the critical values. Experimental results found 
the measured stress to be in good agreement with the val-
ues estimated based on the critical stress intensity factor. 
Thus, we inferred that the CDC can be predicted based on 
the properties of the material and the geometric relationship 
between the cutting direction and the crystal plane system.

In addition, the combined effects of various processing 
conditions were considered in this study. The effects of vary-
ing the process parameters was investigated by expressing 
the experimental results in terms of the cutting force model 
developed by Günay et al. [18]., which was originally sug-
gested by Kienzle and Viktor [19]. Though many models 

(1)KI = G ⋅ �N ⋅

√

�a

have been developed, it is still challenging to predict the 
cutting forces precisely [20], particularly in the case of ultra-
precision machining. This is due to the small magnitude of 
the force itself [21] and the comparable tool edge radius [22, 
23]. Here, by measuring the force coefficients directly, an 
empirical model is expected to provide reliable results and 
clear insight from the outset. From the literature, the follow-
ing model was used to predict the main cutting force (Fy).

where A is the cutting area, ks is the specific cutting stress, 
kv is the cutting speed factor, kγ is the rake angle factor, 
ka is the tool wear factor, and kt is the tool material factor. 
The rake angle factor kγ can be expressed more in detail as 
follows:

where γ is the effective rake angle in degrees, and C is the 
rake angle constant. The literature [18] mentioned that C val-
ues of 103 were used for non-steel materials. It is assumed 
that the specific cutting stress ks would always be the same at 
the ductile–brittle transition point, regardless of other condi-
tions, because the stress intensity factor is hypothesized to 
affect crack initiation. To match experimental results with 
equations, one set of results was measured whilst varying 
only one parameter, then force values from the model were 
compared with other sets of experimental results. Following 
the basic idea put forward by Blake and Scattergood [24], 
the cutting model includes a plastic deformation zone that 
forms in front of the face of the tool rake. The shape and size 
of the plastic deformation zone may vary with the process 
parameters, but it is still assumed that a crack will occur if 
the stress on the cutting area exceeds the critical value.

2.2  Experimental Details

Figure 4 shows the experimental setup for the orthogonal 
cutting. A five-axis ultra-precision machine tool, ROBO-
NANO α-0iB (FANUC Corporation, Japan), with a com-
mand resolution of one nanometer in the linear axes and 
one micro-degree in rotary axes was used. Nano-poly-
crystalline diamond tools (customized, A.L.M.T. Corp., 
Japan) were used to cut a double-side-polished mono-
crystalline 8 mol% cubic YSZ substrate (MTI Corpora-
tion, USA).

Plunge cuts were then performed in the [110] direction 
on the (001) plane, because, compared to other directions, 
there was a relatively clear boundary at the ductile–brittle 
transition point in this direction. Figure 5 shows a schematic 
image of the plunge cut with a slope of 1/500. During the 

(2)Fy = A ⋅ ks ⋅ kv ⋅ k� ⋅ ka ⋅ kt

(3)k� = (C− 1.5�)∕100

10 m

Cutting direction

Center line

10 m

Cutting direction

Center line
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Center line

(a)

(b)

(c)

Fig. 3  Extended view (scanning electron microscope images) of 
crack morphologies. a Type I, b Type II-1 and c Type II-2 cracks. 
(reproduced from Yoon et al. [16] with permission from Elsevier.)
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cutting, a dynamometer (Type 9119AA1, Kistler Inst. Corp., 
Switzerland) and multi-channel amplifier (Type 5080A. 
KISTLER Instrument Corp.) measured the signals for the 
cutting force. A sampling frequency of 20000 Hz was used, 
and a low pass filter was applied to the signal with a cut-off 
frequency of 5000 Hz.

A variety of process parameters were used in this set 
of experiments, as shown in Table 1. Two diamond tools 
with the same geometry but different nose radius were 
used (Fig. 6). Zero- and negative rake angles were used 
to protect the tip of the tool from damage at the moment 
of contact. Cutting speeds were also selected in a range of 
5–20 mm min−1.

Figure 7 shows examples of machined slots from the 
top view. As the dominant material behavior changed with 
the depth of cut, the surface also changed from a clean 

ductile region to a brittle region with numerous conchoi-
dal cracks. More examples are shown in Fig. 7a, b; thin-
dashed lines are plotted together to show the machined 
area clearly. The sample shown in Fig. 7a, obtained with 
a cutting speed of 10 mm min−1, had a relatively small 
ductile area compared to that of Fig. 7b, where a higher 
cutting speed of 20 mm min−1 was used. Then, similar 
to the previous study [16], the CDC was measured for 
different cutting directions to quantitatively compare the 
machining characteristics.

The cutting forces also differed clearly with respect to 
the dominant material behavior. Figure 8 shows the cut-
ting force signal measured when making the cut shown 
in Fig. 7a. The cutting forces gradually increased as the 
depth of the cut increased within the ductile regime. 
Cracks started to open after the dominant material 
response transitioned from the ductile regime to the brit-
tle regime, and the forces also vibrated significantly more. 
In this case, the Fy vibrated more than the thrust force 
(Fz) because the cracks opened in the same direction as 
the cutting direction [110]. The vibrations of the forces 
also matched the surface morphologies observed in the 
optical images well. The ductile–brittle transition points 
were identified by combining optical images with the cut-
ting force signals.

y-axis

x-axis

z-axis
Diamond tool tip

Dynamometer

Tilt stage

Substrate

Cutting fluid nozzle

Fig. 4  The experimental configuration

Thrust (Fz)

Cutting (Fy)

Tool

Δ = 1/500Cracks

Transition point

Rake angle γ

Cutting speed v

Fig. 5  Schematic diagram of the tool path

Table 1  Process parameters 
used in the experiments

Items Parameters values

Cutting tool Nano-polycrystalline diamond tools with nose 
radius of (1) 0.5 mm (Tool #1) and (2) 2 mm 
(Tool #2).

Rake angle (°) 0, − 5, − 10
Cutting speed (mm min−1) 5, 10, 15, 20

r ~ 0.5 mm

(a)

Angle 70 °
r ~ 2 mm

(b)

Fig. 6  Two different diamond tools a with a nose radius of 0.5 mm 
and b with a nose radius of 2 mm
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3  Results and Discussion

3.1  Effects of Cutting Tools

Figure 9 shows the CDC results with respect to the cutting 
speed for the two different tools shown in Fig. 6. Seeing 
the results, both tools gave similar CDCs at each cutting 
speed, ranging from 0.12 to 0.18 µm. However, this does 
not imply that both tools have similar manufacturability. 
Tool #2 had a larger cutting area due to its larger tool nose 
radius (2 mm). This means that the cutting area of Tool #2 
was about twice that of Tool #1 (nose radius of 0.5 mm) 
when the depth of cut was 0.120 µm.

The cutting force increased with the cutting area of the 
tool at the ductile–brittle transition point. Figure 10 shows 
the main cutting forces Fy and the stress in the cutting 
direction at the ductile–brittle transition. Here, instead of 
the stress intensity factor, simply the stress in the cutting 
direction (y-direction) was calculated and compared, as the 
cutting direction is fixed in [110]. All other factors such as 
G and a in Eq. 1 are the same regardless of processing con-
ditions, hence the stress intensity factor is influenced only 
by the stress.

As explained in Sect. 2, the main cutting force is expected 
to be proportional to the cutting area A (Eq. 2). The cutting 
force gradually increased with the cutting area, and the dif-
ference between the cutting forces of Tools #1 and #2 was 
exactly proportional to the ratio of the cutting areas, rather 
than the magnitudes of the forces themselves.

Thus, the stress showed the similar value, of approxi-
mately 0.011 N µm2, regardless of the difference between 
the tool nose radius. Thus, it can be inferred that expanding 
the cutting area in the transverse direction (rather than in the 
cutting or thrust direction) does not affect the stress status 
or plastic deformation zone, and the material removal rate 

50 m

Ductile region Brittle region Ductile region

(b)(a)

Fig. 7  An example of a machined slot in cutting direction [110] with 
a cutting speed of a 10  mm  min−1 and b 20  mm  min−1. The rake 
angle was 0˚
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can be increased by simply adopting tools with wider cutting 
areas. Meanwhile, the cutting speed had a large influence on 
the CDC. The effect of the cutting speed is discussed in more 
detail in the next section.

3.2  Effects of Varying the Process Parameters

Figure 11 shows the CDC results with respect to the cutting 
speed for different tool rake angles. The CDC increased dra-
matically as the rake angle decreased from 0° to − 5°, but the 
difference in CDC as the rake angle decreased from − 5° and 
− 10° was much less significant. Similar to the former set of 
experiments, the overall CDC increased as the cutting speed 
increased, but the CDC increased from 0.04 to 0.05 µm when 
the cutting speed increased from 5 to 20 mm min−1 and those 
differences remained similar regardless of the rake angle.

To analyze the material response in more detail, cutting 
forces were investigated simultaneously. Figure 12 shows 
the main cutting forces and the stress in cutting direction at 

the moment of ductile–brittle transition. Seeing the figure, 
stress in cutting direction remained similar regardless of the 
rake angle or cutting speed, and its value, 0.011 N µm2, was 
even similar to the stress shown in Fig. 10. This result sup-
ports our hypothesis that crack initiation is predominantly 
influenced by the stress intensity factor. As the cutting direc-
tion [110] in this set of experiments was the same as the 
crack-initiation direction (tensile) on the plane (110), these 
results also support the hypothesis that, at the ductile–brittle 
transition point, the specific cutting stresses (ks) in the model 
(Eq. 2) are the same as the value derived from the critical 
stress intensity factor. The stress in the cutting direction did 
not vary with any of the process parameters that adjusted 
here, i.e., the tool nose radius, rake angle, and cutting speed.

On the other hand, the cutting speed had a negligible 
direct effect on the cutting force within the range of param-
eters used in these experiments. Considering the increase 
in the CDC, the differences in forces were only due to the 
change in the cutting area. As it is assumed that the crack-
initiation direction and ks remained constant, the force 
remained proportional to the cutting area for as long as the 
crack-initiation mode was maintained.

The increase in the cutting speed was thought to be just 
the factor influencing the increase in the CDC, rather than 
directly influencing the force itself at the ductile–brittle tran-
sition point. The decrease in the effective rake angle and fric-
tion during the cutting at higher cutting speeds are thought to 
increase the extent of the plastic deformation zone in front 
of the tool rake face, thus to increase the CDC. Neverthe-
less, the expansion of the plastic deformation zone will be 
limited, so increasing the cutting speed will eventually cause 
the CDC to converge to a specific value. Also, the material 
will not have an infinite CDC. Chen et al. [25] measured the 
CDCs of single crystal calcium fluoride  (CaF2) and found 
that they differed by less than 100 nm, even with cutting 
speeds ranging from 2000 to 4000 mm min−1. Nonetheless, 
within the range of these experiments, the CDC increased 
significantly when the cutting speed increased, and the duc-
tile–brittle transition point could be predicted in terms of 
the cutting stress.

Then the effect of varying the rake angle was analyzed, 
using Eq. 2 to formulate an empirical model based on the 
experimental results. The effect of the rake angle was sim-
ply considered as a ratio, using numbers calculated with 
Eq. 3. Figure 13 shows a comparison between the meas-
ured main cutting forces and the values estimated from the 
model. The experimental values were much larger than the 
estimated values. The results for rake angles − 5° and − 10° 
were approximately double those for 0° rake angle, while the 
model suggested that the main cutting force would increase 
by about 7–14%.

The increase in the cutting force was much higher than 
other results reported in the literature. In the experiments 
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carried out by Günay et al. [18]., the cutting force increased 
by 2% as the rake angle decreased from 0° to − 5°. Although 
they used AISI 1040 steel as their material, it is hard to 
explain the approximate doubling of the force in terms of 
conventional orthogonal cutting models.

On the contrary, similar trends have been reported with 
the cutting of ceramic materials [25]. Calcium fluoride had a 
CDC of over 600 nm with negative rake angles, even though 
it was less than 200 nm with a rake angle of 0°. Compar-
ing to usual metal cutting cases leads us to expect a sudden 
change in the effective rake angle within this range. The 
large compressive stress caused by the negative rake angle 
enlarges the plastic deformation zone in front of the tool 
rake face [26] and is thought to suppress crack propagation 
inside the surface. The effect of the rake angle on ductile 
cutting behavior may vary depending on the material [27], 
but it is effective enough at enlarging the CDC, at least in 
the case of zirconia.

However, if the rake angle is too negative then subsur-
face damage may occur when the material recovers after 
the tool has passed over it [8]. Hence, this situation should 
be avoided. The distribution of the Fy and Fz also changed 
significantly when the rake angle became negative. This 
provides further evidence of the change in the plastic 
deformation zone. The ratio of the Fz to the cutting force 
increased suddenly as the rake angle decreased from 0° to 
− 5°, as shown in Fig. 14. In the case of the cutting speed of 
5 mm min−1, the angle formed by the Fy and Fz increased 
from about 23° to 38°. It is therefore required to consider 
different force models for different tool rake angles, particu-
larly near 0°. Nevertheless, the value of the stress in the cut-
ting direction remained constant, regardless of the process 
parameters.

Combining all of these results enables us to predict 
the ductile–brittle transition point with respect to the cut-
ting stress. First, our experimental results showed that the 

specific cutting stress at the ductile–brittle transition point 
remained constant, regardless of the tool nose radius, rake 
angle, and cutting speed. Hence, the ductile–brittle transi-
tion point can be predicted by monitoring the stress in the 
direction normal to the corresponding crystal plane. Second, 
effects of varying the process parameters on the CDC were 
investigated. Higher cutting speeds brought the extent of the 
plastic deformation zone forwards, thus causing higher CDC 
values. The cutting force at the ductile–brittle transition 
point was proportional to the cutting area at that moment. 
Negative rake angles created compressive pressure in front 
of the tool, and also improved the CDC in comparison to the 
0° rake angle. It was not easy to predict the cutting forces 
with negative rake angles directly, because the downward 
compressive force changed the deformation zone dramati-
cally. However, our experimental results enabled to roughly 
estimate that the CDC for negative rake angles above − 10° 
would be similar in value to the CDC for rake angles of 
− 5° ~ − 10°, because the difference between the CDCs at 
rake angles of − 5° and − 10° was almost negligible. More 
research is required to formulate a model to predict the 
response of the material during the cutting, particularly 
regarding the changes in the deformation zone with respect 
to other process parameters. Nevertheless, it is still believed 
that the specific cutting stress will remain constant at the 
ductile–brittle transition point.

4  Conclusions

In this study, the processing of cubic YSZ was investigated. 
The results of our preliminary study suggested that the stress 
intensity factor influences crack initiation on different crystal 
planes simultaneously. Here, experiments were performed 
to confirm that the stress intensity factor analysis can be 
applied with a wide variety of process parameters, and to 
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investigate the effect of varying the process parameters on 
the ductile–brittle material response transition.

Experimental results strongly supported our hypothesis 
that the stress intensity factor influences the crack initia-
tion on crystal planes. Regardless of the change in tool nose 
radius, rake angle, and cutting speed, the value of the cutting 
stress at the ductile–brittle transition point remained con-
stant as the crack-initiation plane and opening mode (tensile) 
were maintained. Higher cutting speeds and negative rake 
angles are thought to enlarge the extent of the plastic defor-
mation zone in front of the tool rake face, thus increasing the 
ductile cutting length. The cutting force at the ductile–brittle 
transition point is proportional to the area at that moment. 
It will be necessary to assess the changes in the shear zone 
and material deformation during cutting in detail so that 
the machining characteristics can be explained more clearly.

Based on experimental results and investigation in this 
study, more research will be performed in both analytical 
and numerical ways. Nonetheless, this study confirmed that 
stress intensity factor analysis is an effective method for 
predicting the ductile–brittle transition in cutting and can 
be applied to provide insights into the effects of varying 
different process parameters. It is expected this research can 
contribute to the development of new machining strategies 
with improved throughput, either by suppressing the stress 
in the crack-opening direction, or by increasing the criti-
cal stress intensity factors of the materials themselves, and 
thus, contribute to an increase in the utilization of ceramic 
materials.
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