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In recent years, most of nickel-based materials have been used in aircraft engines. Nickel-based materials applied in the aerospace
industry are used in a wide range of applications because of their strength and rigidity at high temperature. However, the high
temperatures and high strength caused by the nickel-based materials during cutting also reduce the tool lifetime. This research
aims to investigate the tool wear and the surface roughness of Waspaloy during cutting with various cutting speeds, feed per tooth,
cutting depth, and other cutting parameters. Then, it derives the formula for the tool lifetime based on the experimental results and
explores the impacts of these cutting parameters on the cutting of Waspaloy. Since the impacts of cutting speed on the cutting of
Waspaloy are most signiﬁcant in accordance with the experimental results, the high-speed cutting is not recommended. In
addition, the actual surface roughness of Waspaloy is worse than the theoretical surface roughness in case of more tool wear.
Finally, a set of mathematical models can be established based on these results, in order to predict the surface roughness of
Waspaloy cut with a worn tool. The errors between the predictive values and the actual values are 5.122%∼8.646%. If the surface
roughness is within the tolerance, the model can be used to predict the residual tool lifetime before the tool is damaged completely.
The errors between the predictive values and the actual values are 8.014%∼20.479%.

1. Introduction
In recent years, the development of engine design aims at
the applications under high pressure and high temperature, in order to improve the fuel eﬃciency and to save the
related costs. Some parts which adopt stainless steel,
aluminum alloys, magnesium alloys, and titanium alloys
in the past, such as compressor housings, combustor
combustion chambers, and turbine blades, have adopted
nickel-based alloys gradually as shown in Figure 1, to meet
the requirements of the applications in the special corrosion-resistant environments, high-temperature corrosion environments, or the equipment with hightemperature mechanical strength.

Nickel-based alloys are the alloys containing more than
30°wt% nickel, and the nickel-based parts available on the
market often contain more than 50°wt% nickel. Nickel-based
alloys were researched and developed in the late 1930s and
were ﬁrst produced by the British in 1941. They support high
hardness, high-temperature strength, good thermal stability,
and corrosion resistance. They support, especially, better
high-temperature resistance than low-alloy steel and
stainless steel in case the temperature is higher than 650°C.
In recent years, they have been widely used in aerospace
industry, petrochemical industry and other ﬁelds. Among
these applications, the aerospace industry supports the
highest output value accounting for 33% of the total output
value [2, 3].
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Figure 1: Parts of jet engine [1].

Hanasaki et al. [4] discovered that the coated tool
supports better resistance on the groove wear and the tool
wear when cutting a nickel-based alloy with a tungsten
carbide tool with a speciﬁc coating. They also pointed out
that the tool lifetime depends on the tool chipping and the
adhesion wear during the low-speed cutting and depends on
the wear caused by the tool temperature increases during the
high-speed cutting.
In the research on the cutting Inconel-718 alloy with
ceramic tools and ceramic tools, Nalbant [5] ﬁgured out that
carbide tools are more suitable then ceramic tools for cutting
Inconel-718 alloy. According to the comparison of diﬀerent
cutting speeds, they discovered that ceramic tools are
suitable for high-speed cuttings, and carbide tools are
suitable for low-speed cuttings. Moreover, the cutting force
is inversely proportional to the cutting speed.
Jawaid et al. [6] explored the cutting performance and
the wear resistance of tungsten carbide tools with and
without TiN coating on the face milling of Inconel-718 alloy.
Zetek et al. [7] cooled down and changed the tool angle
with the cutting ﬂuids to cut Inconel-718 alloys. The tool
lifetime was improved by 35% by improving the tool geometrical shape.
After applying the Ti-based and Cr-based metal tool
coated with diamond-like ﬁlms to mill aluminum alloys,
X-H, Wang and Su [8] ﬁgured out that the surface roughness
is worse than those milled with tools without coating.
However, the tool wear is better, and this of Cr-based metal
tools is better than this of Ti-based metal tools.
The thesis on machining mostly issue on tool wear and
optimization parameter, this study mainly objects at the
simultaneous prediction of tool wear and surface roughness
to speciﬁcally for the nickel-based alloy Waspaloy.

2. Cutting Principle and Material Property
2.1. Cutting Property of Nickel-Based Materials. Waspaloy is
one of the nickel-based alloys and contains about ﬁfteen
alloy elements. Among these elements, the additional aluminum (Al) and chromium (Cr) can improve the hightemperature oxidation resistance, the additional chromium
(Cr) and titanium (Ti) can prevent hot corrosion caused by
sulﬁdes, and other elements also can provide corresponding
features. After the aging treatment, nickel-based alloys will
coherently precipitate the ﬁne spherical c′ -phase on the base
(c-phase) of the face-centered cubic (FCC) and then generate the coherency strain. The generation of c′ -phase aﬀects
the high-temperature properties of nickel-based alloys, and
more generations cause better high-temperature properties.
Moreover, the solidiﬁed aluminum (Al) and titanium (Ti)
contribute to the generation of the c′ -phase, and cobalt (Co)
can increase the c′ -phase melting temperature and raise the
high-temperature strength and stability. Because Waspaloy
contains more aluminum (Al) and titanium (Ti), it has more
c′ -phase, and better high-temperature strength, creep, oxidation, and corrosion resistance. However, it also causes
more processing diﬃculties [9, 10].
The increase of the c′ -phase precipitations enhances
both the tensile strength and the falling strength of the alloy
but reduces the toughness. In addition, the carbon elements
contained in the alloy also cause the absolute inﬂuences on
the properties of the nickel-based alloy. Carbon does not
combine with nickel to form carbides, but it can combine
with other alloy elements to form intermetallic compounds.
The carbides that precipitated from nickel-based alloys are
MC, M6C, M7C3, and M23C6 as shown in Figure 2. Material
scientists discovered that MC (high-temperature tungsten
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carbide phase) would be precipitated in the form of a mass,
which is not beneﬁcial for alloy materials and M6C is often
precipitated at the grain boundary in the form of a mass to
control the grain size. Moreover, M7C3 will be generated in
the intervals between crystal grains. If it is discontinuously
distributed, it will strengthen the alloy material. On the
contrary, if it is precipitated at the grain boundaries, it may
cause the embrittlement of the alloy.
The toughness of Waspaloy is relative to the precipitated
carbides at the forging deformation grain boundary, the
large-angle recrystallization grain boundary, and the deformation twin rather than the size and distribution of
c′ -phase. At above the c′ -phase dissolution temperature
(above 1080°C), MC will be autolysis. During the subsequent
solid solution process, the MC precipitations result in a twin
structure and may generate a carbide ﬁlm at the grain
boundary. The content of major elements in the hightemperature superalloys leads to a great inﬂuence on microstructure, structural stability, and ﬁnal properties. In the
production process, the content of major elements in the
c′ -phase and the carbide may be not the same, and their
precipitation quantities, precipitations, and solid solution
temperature may also be diﬀerent. [12, 13].

3
stress, the control factor of creep is the dislocation sliding. In
case of the higher creep resistance of coarse grain at the high
temperature and low stress, the control factor of creep is the
dislocation climbing. The main precipitation strengthening
mechanism in the nickel-based alloy is c′ . This mechanism
and the coherency strain generated in the base support
higher strength for the nickel-based alloy at the medium or
low temperature environment.
2.3. Cutting Principle
2.3.1. Tool Life and Wear. The experiment method used in
this research is face milling. For the tool lifetime predictions
and cutting research, the feed per tooth, cutting speed, and
depth are the essential cutting parameters. Since a disposable
insert of circular is adopted in the cutting process, the feed per
tooth and the cutting depth are relative, as shown in Figure 3.
Thus, the feed per tooth is calculated as follows [17, 18]:
Hex Ci
fz � ��������
,
2 ap Ci − a2a

(1)

2

2.2. Strengthening Mechanism of Waspaloy Superalloy.
Nickel-based alloys have good strength and ductility at
medium and low temperatures. The strengthening factors
come from a combination of various mechanisms, including
the solid solution strengthening, the precipitation
strengthening, and the grain boundary strengthening as the
following summarization [14–16].
2.2.1. Austenitic-Base Solid Solution Strengthening. Since the
alloy contains about Cr and Mo and the atomic volumes of
Cr and Mo are both larger than this of Ni, the substitutional
solid solution will be generated when the alloy is solid
solubilized in the base. Then, the grain lattice of base will be
distorted to generate the strain and the strengthening eﬀect.
2.2.2. c′ -Phase Precipitation Strengthening. The precipita-

a2p − Ci ap + 

Hex Ci
 � 0.
2fz

(2)

Generally, the cutting tool lifetime research is divided
into qualitative method and quantitative method. The research adopts the quantitative method for the investigations
and analysis mainly. In each set of the cutting parameters,
the total travel length is 1410 mm. For each 282 mm, the tool
wear and the surface roughness are measured for each
282 mm. Therefore, there are 5 values of the tool wear and
the surface roughness for each set of the cutting parameters.
Based on these measurement results, the tool lifetime for
each set of the cutting parameters can be derived at the tool
wear VB � 0.3 mm, and then it can be substituted into the
formula as follows [19, 20]:
V × Tn × faz × apb � C.

(3)

tion strengthening is relative to the interaction between the
precipitation phase and the dislocation. Since the c′ -phase is
regular and coherent precipitates, the strengthening eﬀect
on the precipitates is generally caused by the inversed phase
boundary and defect hardening when the dislocation generates precipitates, the proportion of size and the volume of
precipitates aﬀects the important factors of the coherency
strain.

Substitute the known values of the cutting speed, V1 , V2 ,
and V3 ; the feed per tooth, fz1 , fz2 , and fz3 ; cutting depth,
ap1 , ap2 , and ap3 ; and tool lifetime, T1 , T2 , and T3 into the
above formula:

2.2.3. Grain Boundary Strengthening. It is the strengthening
eﬀect caused by the precipitating carbides generated at the
grain boundary to block the grain boundary sliding. A small
amount of boron (B) segregates the precipitated carbides at
the grain boundary and reduces the grain boundary diﬀusion. Also, the grain size and direction can be controlled to
generate the strengthening eﬀect. In case of the higher creep
resistance of ﬁne grain at the medium temperature and high

Since the previous formula with each set of the cutting
parameters can derive a constant value C, it can be derived as
follows:

⎪
⎧
V1 Tn1 faz1 apb1 � C,
⎪
⎪
⎨
V2 Tn2 faz2 apb2 � C,
⎪
⎪
⎪
⎩ V Tn fa apb � C.
3 3 z3 3

V1 Tn1 faz1 apb1 � V2 Tn2 faz2 apb2 � V3 Tn3 faz3 apb3 .

(4)

(5)

After the further derivations, the cutting parameters,
feed per tooth, cutting speed, and depth are proportional and
can be presented as follows:
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Rewrite the above formula in a matrix as follows:
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ap
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2.3.2. Tool Wear and Surface Roughness. For most of the sets
of cutting parameters, the actual surface roughness is less than
the theoretical one. The theoretical surface roughness can be
deﬁned as the surface roughness under conditions of a
complete tool. However, the cutting of a worn tool is a
straight-line as shown in Figure 4(b) rather than a circular arc
as shown in Figure 4(a). Moreover, the surface roughness
generated by a worn tool is less than the theoretical one based
on Figure 4. Thus, the straight-line generated by the tool shape
will be impacted by the tool wear as shown in Figure 5. The
surface roughness is relative to the feed per tooth in accordance with the surface roughness theory, the feed per tooth in
the ﬁrst set of cutting parameters is 0.3 mm/tooth, and the
straight-line (C2) caused by the tool wear is much more than
the feed per tooth. Therefore, the tool wear and the shape of
worn tool may impact the surface roughness in addition to the
feed per tooth in this experiment.
The tool wear and the surface roughness are relative.
Thus, the tool wear straight-line is calculated as follows:
a � VB × tan 7° ,

(8)

b�R−a

(9)

C1 �
(7)

Based on the previous formula, the variables, n, a, and b
and each set of the cutting parameters can be derived and
substituted into formula (3) for the constant value C, and
then the formula of tool lift-time on the cutting of superalloy, Waspaloy, can be derived ﬁnally. Also, the impacts of
cutting parameters on the cutting of superalloy, Waspaloy,
can be derived based on the formula of tool lift-time.
The machining time required for the tool to reach ﬂank
wear, mainly for continuous cutting test of single blade and
then the tool wear process, is (1) initial wear rate, (2) uniform
wear rate, and (3) accelerating wear rate, for uniform wear is

√������
R2 − b2 ,

C2 � 2C1,

(10)
(11)

where VB is the tool wear (mm) and R is the radius of tool
(ﬁxed value: 6 mm).

3. Experimental Procedure and Equipment
3.1. Experimental Plan. The research contains the variable
factors, resolution, cutting depth, and feed rate and adopts
the disposable insert tool coated TiAlN to perform the
experiment. Through the generalized formula of tool lifetime
and the substitution of a set of cutting parameter into the
formula to derive the constant value C, the formula of tool
lift-time on the cutting of superalloy, Waspaloy, can be
derived ﬁnally. Moreover, the relations between surface
roughness and the tool wear can be established through the
formula of surface roughness, and the impacts of cutting
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Figure 5: Eﬀects of tool wear on tool shape. (a) Surface roughness of complete tool. (b) Surface roughness of worn tool.

parameters on the cutting of superalloy, Waspaloy, can be
derived based on the formula of tool lift-time. This experiment adopts the cutting speed, the feed per tooth, and the
cutting depth as the variables in accordance with the recommendations of the tool catalog on the cutting of nickelbased alloy, such that the cutting speed (Vc) is 40∼36.5 (m/
min) and the feed per tooth (fz) is 0.28∼0.42 (mm/tooth).
The experimental procedure is described in Figure 6 and
Table 1.

4. Result and Discussion
4.1. The Relationship between Tool Wear and Time. The
cutting experimental results show the tool wear is more with
the longer cutting travel length or the cutting time. The tool
lifetime aims to explore the relations between the cutting
time and tool wear, and this experiment observes the impacts of cutting travel length on the tool wear. Therefore, the
travel length can be converted into the cutting time in the
following tables and ﬁgures. In addition, the feed rate (F) can
be derived based on the cutting conditions mentioned. The
cutting travel length is directly proportional to the cutting
time and inversely proportional to the feed rate.
The cutting parameters adopted in the ﬁrst experiment for
tool wear are the cutting speed (V) � 40 m/min, the feed per
tooth (fz) � 0.3 mm/tooth, the cutting depth (ap) � 0.3 mm, and
the travel length (L) � 282 mm, 564 mm, 846 mm, 1128 mm, and
1410 mm. As shown in Figure 7, the longer travel length will

increase the tool wear. It is caused by the eﬀects of tool usage
mainly.
Based on the experimental results, the relations between
time and tool wear can be drawn as shown in Figure 7. With
the method of least squares, a curve approaching the experimental point can be derived, and the formula of ﬁtting
curve can be described as follows:
VB � 0.084 × e0.157t .

(12)

Through the above formula, at the 0.3 mm of tool wear
(i.e., VB � 0.3), the time is 8.108 min. It is the tool lifetime (T)
under conditions of the ﬁrst cutting parameters, where VB is
tool wear (mm) and t is the cutting time (min).The cutting
parameters adopted in the second experiment for tool wear
are the cutting speed (V) � 37.5 m/min, the feed per tooth
(fz) � 0.35 mm/tooth, the cutting depth (ap) � 0.25 mm, and
the travel length (L) � 282 mm, 564 mm, 846 mm, 1128 mm,
and 1410 mm as shown in Figure 8.
Based on the experimental results, the relations between
time and tool wear can be drawn as Figure 8. With the
method of least squares, a curve approaching the experimental point can be derived, and the formula of ﬁtting curve
can be described as follows:
VB � 0.066 × e0.177t .

(13)

Through the above formula, at the 0.3 mm of tool wear
(i.e., VB � 0.3), the time is 8.544 min. It is the tool lifetime (T)
under conditions of the second cutting parameters. The
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Figure 6: Experimental procedure.
Table 1: Cutting condition design.
Parameter set no.
1
2
2

Cutting speed (m/min)
40
37.5
35

Feed per tooth (mm/tooth)
0.3
0.35
0.4

1.2

1.2

1

1

0.8
0.6
0.4

V = 40m/min,
fz = 0.3mm/tooth
ap = 0.3mm

0.2

Tool wear (mm)

Tool wear (mm)

Cutting depth (mm)
0.3
0.25
0.2

0.8
0.6
0.4

V = 37.5 m/min,
fz = 0.35 mm/tooth
ap = 0.25 mm

0.2

0
Travel
282 mm
Cutting time 3.133 mm

564 mm
6.267 mm

864mm
9.4 mm

1128mm
12.533 mm

1410 mm
15.67mm

Figure 7: Tool wear under conditions of V � 40 m/min,
fz � 0.3 mm/tooth, and ap � 0.3 mm.

0
Travel
Cutting time

282 mm
3.133 mm

564 mm
6.267 mm

864mm
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12.533 mm 15.67 mm

Figure 8: Tool wear under conditions of V � 37.5 m/min,
fz � 0.35 mm/tooth, and ap � 0.25 mm.

cutting parameters adopted in the third experiment for tool
wear are the cutting speed (V) � 35 m/min, the feed per tooth
(fz) � 0.4 mm/tooth, the cutting depth (ap) � 0.2 mm, and
the travel length (L) � 282 mm, 564 mm, 846 mm, 1128 mm,
and 1410 mm as shown in Figure 9.
Based on the experimental results, the relations between
time and tool wear can be drawn as in Figure 9. With the
method of least squares, a curve approaching the experimental point can be derived, and the formula of ﬁtting curve
can be described as follows:

Through the above formula, at the 0.3 mm of tool wear
(i.e., VB � 0.3), the time is 11.003 min. It is the tool lifetime
(T) under conditions of the third cutting parameters.
Summarily, the above experimental results can be listed in
Table 2.
Substituting all known values into formula (3) and
calculating the matrix can derive the results: n � 0.036,
a � 0.302, and b � –0.088. Substituting these values into
formula (5) can derive the formula as follows:

VB � 0.081 × e0.119t .

VT0.036 fz0.302 ap−0.088 � C.

(14)

(15)
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Figure 9: Tool wear under conditions of V � 35 m/min, fz � 0.4 mm/tooth, and ap � 0.2 mm (conti.).

Table 2: Tool lifetime for cutting parameters.
Parameter set no.
The ﬁrst group
The second group
The third group

Cutting speed (m/min)
40
37.5
35

Feed per tooth (mm/tooth)
0.3
0.35
0.4

Substituting the ﬁrst set of cutting parameters, including
the cutting speed (V), feed per tooth (fz), cutting depth (ap),
and tool lifetime (T), into the above formula can derive the
constant value C � 33.334. Finally, the formula for tool
lifetime can be derived as follows:
VT

0.036

fz

0.302

− 0.088

ap

� 33.334.

(16)

4.2. Experimental Parameters and Signiﬁcant Factor Analysis.
Based on the formula of tool lifetime, the relations between
the cutting speed (V) and the tool lifetime (T) can be derived
when the feed per tooth (fz) and the cutting depth (ap) are
set to 1. Similarly, the relations between the feed per tooth
and the tool lifetime and between the cutting depth and the
tool lifetime can also be derived. These procedures can be
described as follows [20]:
fz � 1, ap � 1,
⎪
⎧
⎪
⎨
V � 1, ap � 1,
⎪
⎪
⎩
V � 1, fz � 1.

(17)

They are substituted into formula (16):
VT0.036 � 33.334,
⎪
⎧
⎪
⎨
⟹⎪ T0.036 fz0.302 � 33.334,
⎪
⎩ 0.036 −0.088
T
ap
� 33.334,
ln(V) + 0.036 ln(T) � 3.507,
⎪
⎧
⎪
⎨
⟹⎪ 0.036 ln(T) + 0.302 ln(fz) � 3.507,
⎪
⎩
0.036 ln(T) − 0.088 ln(ap) � 3.507,

(18)

(19)

Cutting depth (mm)
0.3
0.25
0.2

Tool lifetime (min)
8.108
8.554
11.003

ln(T) � −27.778 ln(V) + 97.417,
⎪
⎧
⎪
⎨
⟹⎪ ln(T) � −8.389 ln(fz) + 97.417,
⎪
⎩
ln(T) � 2.444 ln(ap) + 97.417.

(20)

According to formula (20), ln(T) will be reduced 27.778
when ln(V) increases 1. That is, T will be multiplied by
8.633 × 10−13 when ln(V) increases 1. Second, ln(T) will be
reduced 8.389 when ln(fz) increases 1. That is, T will be
multiplied by 2.274 × 10−4 when ln(fz) increases 1. Third,
ln(T) will be reduced 2.444 when ln(ap) increases 1. That is,
T will be multiplied by 11.519 when ln(ap) increases 1. Based
on these results, the larger slope of the formula leads to more
impacts on the tool lifetime. Therefore, the impacts of the
cutting speed on the cutting of Waspaloy are larger, and the
impacts of the cutting depth are smaller as shown in
Figure 10.
4.3. Relations between Tool Wear and Surface Roughness.
As the experimental procedure, not only the tool wear but
also the surface roughness of Waspaloy is measured when
the travel length is 282 mm, 564 mm, 846 mm, 1128 mm, and
1410 mm for each set of the cutting parameters. In addition
to the tool wear and surface roughness at each travel length,
Table 3 also lists the theoretical surface roughness for further
discussion. The derivation of theoretical surface roughness is
mentioned in surface roughness theory in (31). However,
this theoretical surface roughness is described by the
maximum surface roughness (Rmax), and the experiment
applies the average surface roughness at the central line (Ra).
Thus, the theoretical surface roughness shall be converted
through the formula as follows [20]:
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Figure 10: Impacts of cutting parameters on tool lifetime.
Table 3: Tool wear and surface roughness of Waspaloy for cutting
parameters.
The ﬁrst group cutting
V � 40 m/min, fz � 0.3 mm/tooth,
parameters
ap � 0.3 mm
Theoretical surface roughness
0.469 μm
(Ra)
Travel length (mm)
282 564 864 1128 1410
Tool wear (mm)
0.157 0.21 0.285 0.721 0.989
Surface roughness (μm)
0.297 0.328 0.325 0.729 0.483
The second group cutting
V � 37.5 m/min, fz � 0.35 mm/
parameters
tooth, ap � 0.25 mm
Theoretical surface roughness
0.638 μm
(Ra)
Travel length (mm)
282 282 282 282 282
Tool wear (mm)
0.142 0.142 0.142 0.142 0.142
Surface roughness (μm)
0.330 0.312 0.341 0.419 0.537
The third group cutting
V � 35 m/min, fz � 0.4 mm/tooth,
parameters
ap � 0.2 mm
Theoretical surface roughness
0.833 μm
(Ra)
Travel length (mm)
282 282 282 282 282
Tool wear (mm)
0.116 0.116 0.116 0.116 0.116
Surface roughness (μm)
0.322 0.322 0.322 0.322 0.322

1
Ra � Rmax,
4

(21)

where Ra is the average surface roughness at the central line
and Rmax is the maximum surface roughness.
As shown in Table 3, for most of the sets of cutting
parameters, the actual surface roughness is less than the
theoretical one. The theoretical surface roughness can be
deﬁned as the surface roughness under conditions of a
complete tool. For example, the ﬁrst set of cutting parameters shall present the 0.469 μm of the theoretical surface
roughness at the 282 mm of the travel length, and the actual
surface roughness is 0.297 μm only. It shall be caused by the
tool shape as shown in Figures 4 and 5. Take 0.157 mm of

tool wear at 282 mm of travel length for the ﬁrst set of cutting
parameter as an example; that is, VB is 0.157 mm of tool wear
in Figure 11. Therefore, a is 0.019 mm and C2 is 0.954 mm.
For the impacts of tool wear on the surface roughness,
the relation between the tool wear and the surface
roughness can be established based on the data in Table 4.
For each set of the cutting parameters, the more tool wear
will cause more surface roughness. However, the data at
several experimental points is not in compliance with the
trend. In addition to the tool wear, these symptoms may be
caused by the tool adhesion, the cuttings which are not
cleared and adhered on the workpiece surface, or other
phenomena inﬂuencing the surface roughness of tool
during the cutting.
If these experimental points are treated as noise and
removed, the relation between tool wear and the surface
roughness becomes linear as shown clearly in Figure 11, and
the impacts of feed per tooth on the tool wear and surface
roughness can be discovered. For each set of the cutting
parameters, both of the impacts of cutting speed (V) and the
cutting depth (ap) are decreasing, and the impacts of the feed
per blade are increasing. Moreover, under conditions of the
same tool wear, the increased feed per tooth causes more
surface roughness. Therefore, the three ﬁtting curves
approaching the experimental curves can be derived through
the method of least squares and are shown in Table 4.
4.4. Tool Wear and Surface Roughness to Prediction. The
research aims to predict that the surface roughness of
workpiece after cutting meets the requirements or not in
case of worn tool and how long such tool can be used
subsequently. Based on the relations between the tool wear
and surface roughness, the tool wear and the feed per tooth
cause a certain inﬂuence on the surface roughness. Therefore, here assume a formula about the tool wear, the feed per
tooth, and the surface roughness as follows [20]:
a × VB + b × fz + c � SR.

(22)

The unknown values, a, b, and c, in formula (21) can be
derived by substituting the results of the tool wear, the feed
per tooth, and the surface roughness into formula (22) as
follows:
a × VB1 + b × fz1 + c � SR1 ,
⎪
⎧
⎪
⎪
⎪
⎪
⎨ a × VB2 + b × fz2 + c � SR2 ,
⎪
⎪
⋮
⎪
⎪
⎪
⎩
a × VBn + b × fzn + c � SRn .

(23)

Formula (23) can be described as the following matrix,
where the experimental results of tool wear, feed per tooth,
and surface roughness are
VB1 fz1 1
SR1
⎥⎤⎥⎥ a
⎤⎥
⎡⎢⎢⎢
⎡⎢⎢⎢
⎢⎢⎢ VB fz 1 ⎥⎥⎥⎢⎢⎡ ⎤⎥⎥ ⎢⎢⎢ SR ⎥⎥⎥⎥⎥
2
2
⎥⎥⎥⎢⎢⎢ b ⎥⎥⎥ � ⎢⎢⎢ 2 ⎥⎥⎥.
⎢⎢⎢
⎥
⎥⎥⎥⎢⎢⎣ ⎥⎥⎦ ⎢⎢
⎢⎢⎢
⎢⎢⎣ ⋮ ⎥⎥⎥⎦⎥
⋮
⎥⎥⎦
⎢⎢⎣
c
SRn
VBn fzn 1

(24)
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Figure 12: Trend of surface roughness prediction.

and the relation can be presented with a curve. Therefore, a
formula of curve can be assumed to describe the relation
between the cutting time and the tool wear as follows [20]:

Figure 11: Relation between tool wear and surface roughness.

Table 4: Linear formula of tool wear on surface roughness, where
SR is the surface roughness (Ra, μm) and VB is the tool wear (mm).
Linear formula
SR � 0.215VB + 0.269
SR � 0.266VB + 0.282
SR � 0.398VB + 0.283

Solving the above matrix can derive a � 0.248, b � 0.633,
and c � 0.067; then substitute these values into formula (22)
as follows:
0.248VB + 0.633fz + 0.067 � SR.

1

fz = 0.3
fz = 0.35
fz = 0.4

V: 40 fz: 0.3 ap: 0.3
V: 37.5 fz: 0.35 ap: 0.25
V: 35 fz: 0.4 ap: 0.2
Curve fitting (V: 40 fz: 0.3 ap: 0.3)
Curve fitting (V: 37.5 fz: 0.35 ap: 0.25)
Curve fitting (V: 35 fz: 0.4 ap: 0.2)

Cutting parameters
V � 40 m/min, fz � 0.3 mm/tooth,
ap � 0.3 mm
V � 37.5 m/min, fz � 0.35 mm/tooth,
ap � 0.25 mm
V � 35 m/min, fz � 0.4 mm/tooth,
ap � 0.2 mm

0.8

(25)

By substituting the experimental results of the feed per
tooth and the tool wear into formula (25) and drawing it as
shown in Figure 12, it presents a corresponding trend line
for each feed per tooth. Therefore, the predictive value of
surface roughness after cutting can be derived after measuring the tool wear and substituting the value and the given
feed per tooth into formula (25). Also, the predictive value of
surface roughness can be used to determine the tool can be
used subsequently or not. Table 5 shows the comparison for
the experimental predictive surface roughness for each set of
the cutting parameters.
4.5. Tool Wear and Cutting Time to Prediction. If the tool can
be used in the cutting process subsequently, the next issue is
how long the tool can be used subsequently. The cutting
time, including the tool lifetime, is relative to the tool wear,

A × eBt � VB,
t�

1
VB
× ln .
B
A

(26)
(27)

A and B in formula (27) are the factors inﬂuencing the
formula of curve, and the values of A and B may be not the
same under diﬀerent cutting conditions as the ﬁtting curve
formula for each set of the cutting parameters. These results
are listed in Table 6.
Since the A and B may be diﬀerent with the set of cutting
parameters, assume the A and B are relative to the cutting
speed, the feed per tooth and the cutting depth as follows:
a1
b1
c1
V × fz × ap � A,

(28)

a2
b2
c2
V × fz × ap � B.

(29)

Formula (28) shows the relation of A to the cutting
parameters, where a1, b1, and c1 are unknown values and
impact on A. A can be derived by the following procedure:
Va1 × fzb1 × apc1 � A.

(30)

Practicing the logarithm in the above formula can derive
the following one:
a1 × ln(V) + b1 × ln(fz) + c1 × ln(ap) � ln(A).

(31)

Substitute the corresponding values of A for each set of
the cutting parameters into the above formula (e.g.,
A1 � 0.084, A2 � 0.066, and A3 � 0.081):
a1 × ln V1  + b1 × ln fz1  + c1 × ln ap1  � ln A1 ,
⎪
⎧
⎪
⎨
a1 × ln V2  + b1 × ln fz2  + c1 × ln ap2  � ln A2 ,
⎪
⎪
⎩
a1 × ln V3  + b1 × ln fz3  + c1 × ln ap3  � ln A3 .
(32)
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Table 5: Comparison for the experimental and predictive surface roughness for each set of the cutting parameters.
The ﬁrst group cutting parameters
V � 40 m/min, fz � 0.3 mm/tooth, ap � 0.3 mm
Experimental value (μm)
0.297
0.328
0.325
0.412
0.483
Predictive value (μm)
0.295836
0.308980
0.327580
0.429
0.502172
Error (%)
0.392
5.799
0.794
1.7
3.969
The second group cutting parameters
V � 37.5 m/min, fz � 0.35 mm/tooth, ap � 0.25 mm
Experimental value (μm)
0.330
0.330
0.330
0.330
0.330
Predictive value (μm)
0.323766
0.323766
0.323766
0.323766
0.323766
Error (%)
1.889
1.889
1.889
1.889
1.889
The third group cutting parameters
V � 35 m/min, fz � 0.4 mm/tooth, ap � 0.2 mm
Experimental value (μm)
0.322
0.332
0.351
0.420
0.427
Predictive value (μm)
0.348968
0.315
0.371536
0.383688
0.417664
Error (%)
8.375
1.7
5.851
8.646
2.186

Table 6: Fitting curve formula of each set of cutting parameter on the cutting time.
Cutting parameters
V � 40 m/min, fz � 0.3 mm/tooth, and ap � 0.3 mm
V � 37.5 m/min, fz � 0.35 mm/tooth, and ap � 0.25 mm
V � 35 m/min, fz � 0.4 mm/tooth, and ap � 0.2 mm

Curve formula
VB � 0.084 × e0.157t
VB � 0.066 × e0.177t
VB � 0.081 × e0.119t

Table 7: Comparison for the experimental and predictive cutting time for each set of the cutting parameters.
The ﬁrst group cutting parameters
V � 40 m/min, fz � 0.3 mm/tooth, ap � 0.3 mm
Experimental value (min)
3.133
6.267
9.4
12.533
15.667
Predictive value (min)
3.992036
5.845427
7.791341
13.705577
15.719503
Error (%)
27.419
6.727
17.113
9.356
0.335
Average magnitude of error (%)
12.190
The second group cutting parameters
V � 37.5 m/min, fz � 0.35 mm/tooth, ap � 0.25 mm
Experimental value (min)
3.82
5.64
7.46
11.28
14.1
Predictive value (min)
4.335873
4.974936
6.271479
11.736453
15.077437
Error (%)
13.5
11.792
15.95
4.047
6.932
Average magnitude of error (%)
10.4458
The third group cutting parameters
V � 35 m/min, fz � 0.4 mm/tooth, ap � 0.2 mm
Experimental value (min)
2.564
5.127
7.691
10.255
12.818
Predictive value (min)
3.027042
4.607661
7.894739
9.680498
13.283241
Error (%)
18.059
10.129
2.649
5.602
3.630
Average magnitude of error (%)
8.014

Then, solving the matrix of the above formula can derive
a1 � –5.666, b1 � –10.095, and c1 � –5.207. Then, solving the
matrix of the above formula can derive a2 � 5.191,
b2 � 10.804, and c2 � 6.639. Finally, substitute the values, a1,
a2, b1, b2, c1, and c2, into formulas (28) and (29) to derive
the prediction formula as follows:
1
VB
(33)
t � × ln ,
B
A
V

−5.666

× fz

−10.095

× ap

−5.207

� A,

(34)

cutting parameter, the cutting speed (V) � 40 m/min, the
feed per tooth (fz) � 0.3 mm/tooth, the cutting depth (ap) �
0.3 mm, and the given tool wear (VB) � 0.157 mm; then the
surface roughness and the residual cutting time can be
derived as follows.
Substitute the tool wear (VB) and the feed per tooth (fz)
into formula (24):
0.248VB + 0.633fz + 0.067 � SR,

(36)

SR � 0.248 × 0.157 + 0.633 × 0.3 + 0.067 � 0.296(μm).

(35)

(37)

Summarily, there are two sets of derived formulas. The
ﬁrst set, formula (25), can predict the feasibility of a won tool
in the cutting process. The second set, formulas (32)–(34),
can predict the residual cutting time of such worn tool.
Tables 5 and 6 show the comparison for the experimental
predictive cutting time for each set of the cutting parameters.
For example, practicing a cutting process with the ﬁrst set of

Solving the above formulas can derive the surface
roughness (SR) � 0.296 μm at the tool wear (VB) �
0.157 mm. The result can be used to determine the surface
roughness processed by the tool meets the requirement or
not. If the tool is available, substitute the cutting speed (V) �
40 m/min, the feed per tooth (fz) � 0.3 mm/tooth, and the
cutting depth (ap) � 0.3 mm into formulas (33) and (34) and

5.191

V

× fz10.804 × ap6.639 � B.
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derive the inﬂuence factors of the predictive formula of
cutting time, A and B:
A � V−5.666 × fz−10.095 × ap−5.207 � 40−5.666 × 0.3−10.095
× 0.3−5.207 � 0.084,
B � V5.191 × fz10.804 × ap6.639 � 405.191 × 0.310.804 × 0.36.639
� 0.157.
(38)
Substitute the derived A and B into formula (33) to
derive the predictive formula of cutting time as follows:
1
VB
(39)
t�
× ln
.
0.157
0.084
Substitute the tool wear (VB) � 0.157 mm into the
above formula to derive the time of the tool used under the
given cutting parameters. Assume the tool is unavailable
at the tool wear (VB) � 0.3 mm or more. Then, the cutting
time at the tool wear (VB) � 0.3 mm can be derived. By
subtracting the cutting time at the tool wear (VB) �
0.157 mm from the cutting time at tool wear (VB) �
0.3 mm, the residual time of the tool can be derived as
4.124 (min), as shown in Table 7.

5. Conclusion
(1) Tool wear curve: based on the experiments of the ﬁrst
and the second sets of cutting parameters, the tool
wear is signiﬁcant after the cutting time is more than
9 minutes. Since the tool wear can be divided into
three stages, namely, the burst stage, the stable stage,
and the damage stage, the signiﬁcant tool wear is
caused that the tool wear has exceeded the stable
stage and reached the damage stage.
(2) Factors impacting tool lifetime: according to the
experimental results, the impacts of the cutting
speed on the tool lifetime are the most signiﬁcant,
and the impacts of the cutting depth on the tool
lifetime are the least. The experimental results are
similar to most of research results. In addition, the
impacts of the feed per tooth on the surface
roughness are more, followed by the impacts of the
tool wear.
(3) Comparison of experimental and predicted surface
roughness: in the prediction of surface roughness,
the maximum error between the actual value and the
predicted value for the ﬁrst set of cutting parameters
is 5.799%, this for the second set of cutting parameters is 5.122%, and this of the third set of cutting
parameters is 8.375%.
(4) Comparison of experimental and predicted cutting
time: in the prediction of cutting time, the average
magnitude of error between the actual value and the
predicted value for the ﬁrst set of cutting parameters
is 12.19%, this for the second set of cutting parameters is 10.4458%, and this of the third set of
cutting parameters is 8.014%.

Nomenclature
V:
VB:
Ap:
H:
Ci:
T:
Fz:
SR:
a1, a2, b1, b2, c1,
and c2:
A, B:

Cutting speed (m/min)
Tool wear (mm)
Cutting depth (mm)
Cutting thickness (ﬁxed value: 0.1 mm)
Diameter of throwaway tool (ﬁxed
value: 12 mm)
Cutting time (min)
Feed per tooth (mm/tooth)
Surface roughness (Ra, μm)
Constant values
Inﬂuence factors

The experimental results of tool wear (mm)
fz_1,
fz_2,. . .,fz_n:
SR_1,
SR_2,. . .,SR_n:

Experimental results of feed per tooth
(mm/tooth)
Experimental results of surface roughness
(Ra, μm).
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