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Abstract: The prediction and control of milling tool service performance is critical for milling tool
design and machining. However, the existing prediction model can hardly quantify tool performance,
or precisely describe the relationship between the tool performance and the design or milling
parameters. This study redefines the tool lifetime as a function of surface roughness and proposes
a new geometric analysis method based on a time-varying wear model. The proposed method
can be utilized to evaluate the relationship between tool wear and lifetime. The surface roughness,
with respect to tool service performance, is expressed as a time-varying model of the tool and
processing parameters. After experimental validation, the influence factors were analyzed through
simulation. A generalized method for milling tool design was proposed and successfully applied to
a tool performance design case, on a theoretical level. Additionally, the research results prove that
basing the tool milling quality life on the surface roughness is extremely feasible and necessary.
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1. Introduction

Titanium alloy materials are widely used in the manufacturing of aerospace parts [1], which are
gradually becoming larger in volume and more complex. The tools that are generally applied to
materials are difficult to machine, thereby resulting in increased tool consumption and burden.
Currently, matching the tool performance with processing requirements is very important. If the
function or structural design cannot meet the present high specialization requirements, a customized
performance design is necessary for the development of milling tools. The realization of a customized
performance design is the primary premise in intelligent design; however, there are currently few
related studies focused on this. As the most front-end equipment in the manufacturing process,
cutting tools are regarded as the tooth of a machine. Thus, the quality of parts is dependent on tool
performance, which gradually decreases with tool wear until the surface quality does not meet the
processing requirements. Tool wear is a key bridge that connects tool status to the surface quality.

Surface quality is one of the most influential processing requirements, as well as an important
indicator, for judging tool performance. Wear of the milling tool during the machining process
directly affects surface quality [2]. Surface quality refers to the microscopic unevenness of the
machined surface, also known as roughness. The working performance, reliability, and life of the
workpiece all depend, to a large extent, on the surface quality of the finished good. To achieve the
designed performance, the relationship between the wear and surface quality should be accurately
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established first. In terms of the relation establishment, XianLi Liu and Wei Ji [3–5] proposed and
validated a tool shape-performance-application design method. This integrated the constraints
relation between geometry, force, heat, and materials, as well as its theories, into design features.
By combining with algorithms of programmed tool design platforms, the tool customization design
was achieved. However, this is a constraint relationship rather than a certain functional relationship
and does not intuitively reflect the relationship between the parameters and performance. In addition,
MR Khan [6] used the NURBS curve and the scan surface to generate the geometry of milling tools.
By controlling the polygon and scanning the trajectory to control the tool shape, a precise geometric
model was established for a class of milling tools. Huang Yong, SY Liang, and KM Li [7,8] successfully
constructed a wear rate model with turning tool design parameters by equivalent geometric and
physical volumes. TM Teitenberg [9] established a relationship between the tool geometry and the
milling force to simulate the circumferential wear. Furthermore, Bouzakis K D and Paraskevopoulou R,
et al. [10] created a tool wear predictive mathematical model for milling parts of complicated geometry.
Their model used factors on the entry impact duration of the cutting edge as well as a commercial CAM
system. The parameters of the developed model were determined based on the experimental results.
The abovementioned studies employed different methods to establish a certain functional relationship
between the design parameters and the wear or cutting force. However, the wear and milling forces
are not a direct performance index or processing requirement in manufacturing. Thus, the relation
between the performance and design parameters requires further improvement.

To achieve performance design, a certain functional relationship between the performance and
design parameters must be established. In summary, based on the shape and application conditions of
the tool, a functional relationship between the wear and design parameters has been constructed [11].
The wear can also greatly impact surface qualities such as the roughness. At present, research
on the surface roughness mainly relies on modeling methods, algorithms, experimental methods,
and combinations thereof. F.G. Biondani and G. Bissacco [10] provided a method for modeling such
interactions, taking into account cutting edge topography, material deformation, and cutting edge
trajectory errors. Using this method, a reliable prediction of the surface topography generation in
ball end milling was achieved. M.S. Kasim and M.S.A. Hafiza et al. [12] investigated the quality of
the Inconel 718 surface during the end milling process. The surface roughness measured in the feed
direction was found to be lower than that in the pick direction. K.-D. Bouzakis and P. Aichouh et al. [13]
developed a computer-supported milling simulation algorithm referred to as ‘ball mill’. This was
used to predict the workpiece roughness in multi-axis finishing milling using ball end tools. Based on
this algorithm, considering the individual movements of the cutting tool and workpiece due to the
milling kinematics, the undeformed chip geometry, cutting force components, tool deflections, and
final surface topomorphy expected can be determined. The research results of the above scholars are
relatively complete and representative, which have great reference value.

During the machining process, due to the close contact of tool and workpiece material, the materials
abrase, adhere to, and diffuse each other, resulting in wear. Abrasive wear occurs during the entire
machining process, and the hard particles shed from the tool body form a three-body wear pattern
between the tool and the workpiece surface, which has a great negative impact on processing quality.
Related research shows that adjusting cutting parameters is an effective improvement method [14].
In addition, improving the lubrication conditions can significantly reduce the milling force and milling
temperature [15,16], which is the root cause of wear generation and expansion. Similarly, adding a
coating to the tool also has a significant effect of reducing wear [17]. The relationship between wear
and machining quality is also complicated, which can be divided into directly and indirectly affects.
For example, the tool path affects the tool wear distribution characteristics and vibration characteristics,
thereby affecting the machining quality [18,19]. For difficult-to-machine materials, the above factors
have a more significant impact on wear. These factors significantly affect the tool wear rate and
machining quality [20]. However, the machining of the workpiece primarily depends on the geometric
creation [21,22].
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The surface roughness Ra perpendicular to the feed direction is particularly significant [12].
These factors are closely related to other geometric factors, including the tool wear. This paper
focuses on establishing the relationship between the tool wear and workpiece surface roughness with
time-varying. As current relevant research results do not fully include time, tool design, and cutting
parameters, these models cannot be directly used for the control prediction and tool design in the
service performance.

The realization of machining requirements depends on tool performance, and the tool lifetime
should be further linked to the corresponding machining requirements and quality. With the progress
of time, the overall research trend of surface roughness in academia has gradually shifted from
the establishment of analytical models, to the application of simulation software and algorithms.
X. Wang and C.X. Feng [23,24] developed an empirical model for the prediction of surface roughness
in finish turning. The workpiece material hardness, feed, cutting tool point angle, depth of cut, spindle
speed, as well as cutting time were all considered in this model. A nonlinear regression analysis,
along with logarithmic data transformation, was applied in the development of the empirical model.
A. Mansour and H. Abdalla [25] developed a mathematical model for the surface roughness in terms
of the cutting speed, feed rate, and axial depth of cut in end milling (EN32M). The design of the
experiments and the response surface methodology were applied to study the effect of these cutting
parameters on the surface roughness. In high-speed end milling, these models do not account for the
vibration of the spindle system. Ki Yong Lee and Myeong Chang Kang [26] suggested a simulation
algorithm and programming method to simulate the machined surface using an acceleration signal in
high-speed end milling. Further studies on surface roughness have focused on modeling or algorithmic
methods that rely on cutting parameters and signals, such as force or vibration. Throughout the
research process, tool design parameters have not been fully considered because scholars mostly use
indirect methods, such as the empirical method and response surface method. Additionally, related
research on the direct modeling method is insufficient.

Surface roughness, a process quality indicator that is closely related to the tool lifetime for
machining needs, should not be considered an isolated design parameter. Instead, surface roughness
should be linked to the tool lifetime, as well as the remaining useful life. The existing tool life definition,
based on the failure criterion of tool wear [27,28], cannot directly reflect whether the machining quality
of a worn tool under different requirements still meets the demand. Moreover, related research on the
remaining useful tool lifetime of a ball end mill does not directly identify any relationship between
the tool design parameters, cutting parameters, and tool lifetime. Research on tool life modeling
has mainly focused on early studies into the subject matter. M. Alauddin and M.A. El Baradie [28]
developed mathematical models for the tool life in end milling steel using high-speed steel slot drills
under dry conditions. The predictive models were developed in terms of the primary machining
variables, such as the cutting speed, feed rate, and axial depth of cut, by response surface methodology.
The method construction process mainly relies on response surface method.

As a consumable part of the manufacturing front-end process, a reasonable processing plan of
a tool, according to the processing demand and its service performance, will enable sufficient tool
performance throughout its whole lifecycle. The ability to utilize the full life expectancy of a tool
can undoubtedly significantly reduce production costs and even improve processing quality [28].
Compared with previous studies, this study innovatively relates the time-varying characteristics of
tool wear to the quality of the workpiece to represent the time-varying characteristics of tool machining
performance. Unified the tool life and machining performance. In addition, the model completely
contains important design parameters and operating parameters of the ball end milling tool, so the
research of tool service performance can be conducted with the goal of emphasizing additional useful
tool design parameters, and the modeling process can provide the basis for determining the design of
cutting tools for optimal performance, according to the processing requirements.
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2. Definition of Tool Milling Quality Life

2.1. Surface Roughness and Wear

Traditionally, tool life is judged according to a generalized standard that does not directly reflect
and quantify the relationship between surface quality and wear. Through continuous improvement of
the requirements of parts for machining quality, the accuracy of a workpiece with high machining
quality is more often inconsistent with the standard of tool blunting. Under different processing
requirements, tools meeting the blunt standard may not meet the processing requirements, particularly
in finishing. As shown in Figure 1, the relative sizes of Ra and wear VB are not fixed until the conditions,
such as tools utilized, and the processing method are determined. This directly leads to a mismatch
between the maximum surface roughness demanded and the wear allowed by failure criteria.
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Figure 1. Relationship between wear and surface roughness.

Furthermore, Ra and VB are affected by many different factors, and they have different distribution
characteristics and different relatively stable region. As shown in Figure 1, since the relationship
between Ra and VB not strictly linear, stable areas of them are not completely overlapping. In the
field of aerospace, the stability of workpiece quality is critical [29]. During processing, the stable
areas of Ra and VB are expected to overlap as much as possible to ensure processing stable and high
quality. However, due to the diversity of processing demands, the overlap area of Ra and VB is
usually small, and the stable performance area of a tool is not fully and reasonably applied. If the
coincident areas of the Ra stable areas and the VB stable areas is defined as the ideal demand area,
a more reasonable application is clarifying the relationship between Ra and VB and maximize the
use of stable overlapping areas. Then locating the processing demand in the roughness stable area,
as this part coincides with the wear stability. However, tool wear is not the only factor affecting the
surface roughness, there are other factors that cause the stability areas of Ra and VB to not completely
coincide. In addition, the machining requirements are different, tools that do not meet the blunt
criteria may not continuously meet machining requirements as the tool wear progresses, under certain
processing requirements. The ideal area of Ra under the experimental conditions results in VB entering
the accelerated wear phase very quickly, while other unsteady regions exhibit a rapid change of Ra and
VB. This behavior is clearly not conducive to the processing stability. So, before establishing a clear
relationship between Ra and VB, it is very necessary to define the tool life based on the surface quality
that can characterize the tool performance, which links the tool wear, surface quality, and machining
demands together.
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2.2. Tool Milling Quality Life

The evaluation of tool lifetime should be based on its lowest machining quality under the fixed
working conditions of a working procedure. Compared with the tool wear, requirements on a workpiece
can directly correspond to tool lifetime. Integrated parts with a large volume require a more continuous
processing time and less processing quality fluctuation. Therefore, the processing tool life and quality
are important tool performance indices that should be considered, while surface roughness is the
most direct index for characterizing the performance in machining quality. In the normal cutting
area without considering built-up edges and chipping, among others, geometry is the main factor
contributing to the surface roughness, where the milling residual height directly determines the surface
roughness of the milling [30,31].

Here, tool life is defined as the maximum working time for a particular tool without exceeding the
minimum machining demand Dmin under certain conditions, also known as tool milling quality life, Q.
It is important to note that Q is defined based on the machining demand rather than tool wear; in this
study, the tool wear is considered too ambiguous to connect with the machining quality and machining
demands, as well as reflecting the tool processing performance. The Dmin in Figure 2 is utilized to form
the most basic processing requirements, which can comprise a large scope of requirements. Some of
these requirements are minimum quality, minimum processing efficiency, and minimum cutting
force, among others, or a combination of them. However, this paper only focuses on studying and
discussing the surface roughness with respect to the demand index. It is assumed that the processing
order has no significant effect on tool damage, based on the damage accumulation theory [32], and
there is no uniform standard for the value of the tool milling quality life. Additionally, tool milling
quality life should varies depending on the specific machining requirements, the tool utilized, and the
cutting conditions, as shown in Figure 2. In this study, for a certain surface roughness demand Dmin,
different machining conditions result in different tool lifetimes. As shown in Figure 2, the tool milling
quality lifetimes, Q1, Q2, and Q3, also show the ability to maintain consistent quality of the same tool
under different processing conditions. When specific machining demands are proposed, the quality
life as the link between the machining quality and the tool lifetime can be used to select the tools that
meets the machining demands or to determine the machining conditions, otherwise, it can also predict
the tool machining quality at any certain processing stage.
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Figure 2. Tool milling quality life under different cutting conditions.

This could be considered a significant practical advantage of this definition over the previous
models, as it is capable of reflecting the real-time processing performance of the tool directly, as well
as estimating the remaining useful tool life of any tool, regardless of its usage history, with a simple
model calculation. Today’s aerospace components are larger and more complex than ever, and the
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manufacturing of these components requires machining methods. These components not only require
high machining accuracy and consistency, but are often used in harsh environments over an extended
period. Clearly, the process planning should be determined mainly by referring to the time-varying
characteristics of the processing quality. Consequently, the definition and application of the tool milling
quality life is very important.

In particular, Figures 1 and 2 are not hypothetical, but show the actual relationships derived from
subsequent modeling, experimentation, and simulation studies. The Ra-VB relationship in Figure 1
comes from a combination of the Ra-t model and VB-t model, which is verified in Section 4.2 of this
paper. Elimination of the time variable t and the Ra-t relationship in Figure 2 comes from the model
simulation, which was also verified.

3. Surface Roughness Modeling Based on Residual Height

3.1. Surface Roughness without Wear

Assume that a thin wall convex surface part was machined with a ball end milling tool by one-way
row cutting, as shown in Figure 3. The instantaneous curvature along the feed direction is defined as ρ’
and the curvature orthogonal thereto as ρ, as shown in Figure 3a,b. As this assumption is based on
machining in a five-axis CNC machining center, ρ’ was not introduced in the derivation process and
experimental sample design.
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The milling part is shown in section A-A of Figure 3a,b, O1 denotes the center of the ball end
milling tool in processing, and O2 denotes the center of the ball end milling tool on the adjacent tool
path that has just been milled. The residual height is expressed as Equation (1) due to the change in
curvature, and is related to the curvature ρ, where R is the radius of the ball end milling and p is the
row spacing. Additionally, h(θ) is the contour height function, as shown in Figure 4. The h(θ) can be
deduced in an analytical form.

h(θ) = Ro·[cos(ϕ− θ) − 1] + R−
√

R2 − sin2(ϕ− θ)·Ro2

 ϕ = arc sin ρ·Pinitial
2·(1−ρ·ap)

Ro =
1
ρ [1 + ρ·(R− ap)]

, (1)
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Here, θis the center angle of the sample length for the integral mean value. To distinguish the
subsequent line spacing changes, the initial value of the line spacing is expressed as Pinitial and the surface
roughness is the average arithmetical deviation of the contour [32]. This can be represented as (2) when
applied to surface milling. To calculate the roughness by the average arithmetical deviation of the contour,
the midline of the outline can be obtained according to S1 = S2; at this point, θ1 can be defined as (3).
Here, the function E(θ) can be defined as (4). The definition of Ra is given by Equation (5).

Ra =
1
ϕ
·

∫ ϕ

0

∣∣∣h(θ) − h(θ1)
∣∣∣dθ (2)

θ1 = ϕ− arctan(

√
4·E(0)2

·R2·ϕ2 − [ϕ2·(Ro2 −R2) + E(0)2]
2

ϕ2·(Ro2 −R2) + E(0)2 ) (3)

E(θ) = R·EllipticE(sin(ϕ− θ),
Ro

R
) −Ro· sinϕ (4)

Ra =
2
ϕ
·[H(θ1) −H(0) − θ1·h(θ1)] (5)

Here, H(θ) is the integral of h and can be expressed by Equation (6). In addition, all of the integral
constants were omitted in the modeling process and will be reflected in the final verification result in
the form of amplitude multiple K and translation constant C. Surface roughness is a direct demand
indicator that can directly express machining quality. Due to the geometric envelope relationship
between the ball end milling tool and the curved surface, the machining surface created by the ball end
tool without any wear still remains a residual height of material, which leads to Ra a non-zero initial
value. Since the tool is not worn at this situation, the calculation of the theoretical initial value of Ra

only needs to substitute the required geometric and kinematic conditions, the milling line spacing
p = 0.15 mm and the sampling length of Ra, which is replaced by the center angle corresponding
to the sampling length θ = 10◦. There is no need to consider the effects of material properties and
processing systems. The initial roughness obtained by Substituting the above geometric parameters
for Equation (5), and Equation (5) has its initial value of Ra = 0.67507 µm. This value of Ra means the
initial value cause only by geometric factor of ball end tool and curve surface without tool wear when
t = 0. It is not necessary to consider the influence of material properties and machining system.

H(θ) = E(θ) −Ro· sin(ϕ− θ) − (Ro −R)·θ (6)

3.2. Surface Roughness under Flank Wear Condition

When ball end milling is used to process a titanium alloy, flank wear is the main form of failure [33].
Both the tool lifetime and flank wear are dependent on time. As time increases, the wear can indicate the
decline of the tool processing performance. Moreover, the contour of the cutting edge shrinks inward
as the wear progresses further. The contour contraction, caused by radial wear, can be equivalent to the
increase of the offset, or row spacing, of a milling tool. This can be shown from O1 to O2, or from Pinitial
to p, as in Figure 5. Meanwhile, the variation in the line spacing and corner can be used to replace
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the shrinkage of the tool wear profile to achieve an equal effect, which is the increase in the surface
residual height. In this paper, the method of equalizing the shrinkage of the tool profile caused by the
wear to the increase of the line spacing or the corner is proposed as the equivalent line spacing or the
equivalent corner method. The equivalent angle and row spacing method can be used to establish the
relationship between Ra and time variation. Here, the equivalent rotation method is used, and the
contraction of the contour can be equivalent to the variation of the rotation angle ∆ϕ.

∆ϕ = arctan(
RM

Ro − lM
) − arctan(

RM − ∆R
Ro − lM

) (7)
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As shown in Figure 6, based on previous studies [11], ∆R, lM, and RM are the radius variation,
depth, and truncation radius at the maximum wear point of the ball end milling cutter, respectively.
In particular, the maximum wear point was determined by parsing the traditional tool life model built
based on tool wear as a position function. The study conclusion shows that the point of minimum tool
life is the point of maximum wear of the cutting edge, then, the maximum wear point coordinate x2

and the cross-sectional circle radius R(x2) were derived, the correctness of which has been confirmed.
Their expressions are given as follows:

∆R =
VB(t)· sinα· cosγ

cos(α+γ)

lM =
(R−ap)·[2+ρ·(R−ap)]+ρ·R2

2·[1+ρ·(R−ap)]

RM =

√
R2 − {

(ap−R)·[2−ρ·(ap−R)]−ρ·R2

2·[1+ρ·(R−ap)]
}

2
(8)
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The surface roughness model can be represented by Equation (9), and all ϕ values contained
in the substitutions should be replaced by ω to calculate the surface roughness of the worn ball end
milling tool. The angle variable ∆ϕ is obtained and the angle ϕ can be expressed as (10). The VB(t)
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in ∆R comes from wear modeling studies [11], as shown in (11), it contains tool design and cutting
parameters, as well as machining time variables t. In particular, as the inverse hyperbolic function is
included in (11), the inverse function of (11) does not exist, but this does not affect the analysis and
calculation aided by a computer program.

In Equation (11), the independent variable is VB, which represents the tool wear value and as a
basic substitute for Ra study and t represents machining time. Equation (11) was established based
on the principle of linear superposition, which reflects the relationship between VB and t under
the influence of three kinds of wear. K1, K2, and K3 are the comprehensive coefficients of abrasive,
adhesive, and diffusion wear, respectively, which are affected by the processing method, environment
and material properties of tool and workpiece. Research (11) obtained their values by correcting
experimental data. In addition, a, b, c, d, g, e in the substitution formulas V1 and V2 of (12) are the
parameters representing the material properties of the tool and the workpiece, which can be obtained
by reference [34,35], n0 is a categorical variable, and its value depends on the change rule of tool
and workpiece relative hardness with temperature. In addition to geometric and kinematic factors,
wear VB and roughness Ra are also affected by material properties and processing test environment.
Model VB–t (11) mainly relies on the correction and selection of the above two types of parameters to
reflect the influence of tool and workpiece material properties on wear, and based on the wear study,
Ra-t has also introduced the effect of material properties. Through the correction of experimental data,
the errors of the machining system and the measuring system are eliminated by the error correction
parameters K0 and C0. The correction and selection of the above parameters are completed in the
previous wear study [11], which experimental conditions are the same as in this stud. So, the specific
parameter values are directly given in Section 5.1. The experiment and simulation involved cutting
stress σ = 2165 MPa and temperature T0 = 475 ◦C are selected according to the numerical value of the
experiment stable cutting. Vc represents the cutting speed that can be determined by calculation and α,
β, γ, and R in (12) represents the geometric parameters rake angle, helix angle, flank angle and radius
of the tool as shown in Figure 6. The surface roughness determined from this model can directly be
applied to and describe the service performance of the tool. Additionally, the performance attenuation
law of the tool during service can be predicted with this model and contributes to the control of the
tool service performance.

Ra =
K
ω
·[H(θ1) −H(0) − θ1·h(θ1)] + C (9)

ω = ϕ+ ∆ϕ (10)

t = K0·(
2·V2

2 · ln(V1·
√

VB + V2)

P·[RM·V2
1 −A·V2

2 ]·V1
−

R(x2)·V1· ln[RM −A·VB]
P·[RM·V2

1 −A·V2
2 ]·A

−

2·RM·V2·arctanh(
√

A·VB
RM

)

P·[RM·V2
1 −A·V2

2 ]·
√

RM·A
) + C0 (11)

In this research, VB represents the maximum wear width of the flank wear band, which changes
as the milling depth and the part shape change. α is the flank angle, γ is the rake angle, ap is the milling
thickness, β is the helix angle, and Vc is the integral median of the linear velocity on the cutting edge
involved in milling. Vc in (11) is only used for the average temperature estimation in the tool-workpiece
contact area of the diffusion wear process as the temperature distribution law on the cutting edge is
not the focus of this research. Taking the integral median of the velocity distribution to represent Vc

based on the integral mean value theorem is a necessary and effective way to reduce the difficulty of
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subsequent integral calculation within the correctness and precision. and V1, V2, and A are given by
the following equations.

V1 = K1·σ

(a−b·T0)
n0+1
·[c· exp(d·(273+T0))]

n0
+ K2·σ

exp( e
273+T0

)

V2 = K3
√

Vc· exp( g
273+T0

)

A =
sinα· cosγ
cos(α+γ)

B = 1−
ap
R

C = π
180· tan β

P =
3· tan β· cos(α+γ)·Vc

sinα· cosγ·R ·[C· ln(B−
√

B2+2·C2

1−
√

1+2·C2
) − 1

C ·(B·
√

B2 + 2·C2 −
√

1 + 2·C2)]

(12)

In this study, the average deviation of the contour arithmetic was calculated based on the residual
height to represent the surface roughness between passes. Obviously, the roughness between passes is
more affected by tool wear than the roughness along the feed. Thus, revealing the influence of tool
wear on the surface quality was attempted from a more macroscopic perspective in this research.

4. Experiment and Verification

4.1. Experiment Preparation

Twenty two-blade ball end milling tools were involved in the experiment, and the spares are
shown in Figure 7 with 10-mm diameter, 5◦ rake angle, 12◦ flank angle, and 50◦ helix angle. All of
them were tested by a Zoller tool testing instrument. The testing process is shown in Figure 8.
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During the tests, the minimum (Rmin) and maximum (Rmax) dimensions of the radius and its
standard deviation S, the center offset of the edge tip δ, rake angle γ, axial rake angle γa, first flank
angle α, and helix angle β were measured and calculated. The Kendall’s coefficient of concordance test
results from the SPSS are shown in Table 1.
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Table 1. Verification statistics of tools.

N 20

Kendall’s W identification coefficient 0.961
Asymptotic significance 0 < 0.05

The asymptotic significance is less than 0.05, making the samples highly consistent. A consistency
of up to 0.961 and the Chi-square coefficient shows that the samples were independent of each other.
The hardness of the TC4 titanium alloy blank was 30 HRC. In order to cooperate with the experiment
to study and verify the relationship between wear and surface quality, the workpiece is planned as
multiple segmented surfaces. Besides, the segmented surfaces are set to be inclined at a certain angle
to avoid vertex milling and to replace the tool axis inclination angle, so the experiment can be simply
conducted on a 3-axis VDL-1000E machine, the detail geometric parameters are shown in Figure 9.
In particular, because this study did not focus on the impact of the tool axis inclination angle on the
surface quality, the inclination values of different groups of segmented surfaces were specially set so that
the cutting edge participates approximately in the same range. During the experimental preparation,
the curved surface was produced by wire cutting with cutting fluid. During processing, the part
was machined without cutting fluid and at the ambient temperature of 15 ◦C, as shown in Figure 10.
Furthermore, the flank wear was measured using the ultra-depth of field of the microscope VHX-5000.
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In this paper, the wear volume was not measured. Instead, the projection width of the maximum
wear, as well as the projection length of the maximum wear point from the milling ball apex were
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measured with the tool tilted at an angle. For accurate observation and measurement, the tool axis
was adjusted to an angle of 30◦ from the vertical, while maintaining the base plane that crosses the
maximum wear point vertical to the horizontal plane, as shown in Figure 11. Specifically, the surface
of this experiment was divided into multiple segments, and its curvature was set to 0.01 during the
experimental design phase. This is a comprehensive design result that also takes the subsequent
research into consideration.
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4.2. Model Verification

The experimental program was a combination of L9(34) orthogonal test, as well as a supplementary
experiment, as shown in Table 2. Supplementary experiments 4, 5, 6, 6a, 6b, 8, 9, 10, 10a, 10b, 15, 16, 17,
17a, and 17b were placed behind 3, 7, and 14 respectively with the same milling parameters to 3, 7,
and 14. The orthogonal test and supplementary experiment based on the test were arranged to provide
orthogonal data for the statistical analysis and verification. As shown in Table 2, the milling width was
ae = 0.15 mm and the milling length unit was Lu = 16,588.5 mm. Lu is the minimum length at which the
tool displays significant measurable flank wear under the minimum cutting parameters. During the
experimental trial cut phase, as shown in Figure 12, the smallest surface contained a total unit milling
length Lu under constant ae. Additionally, the entire surface was divided to facilitate the study of wear
and surface roughness accumulation. The milling sequence was also disrupted for grouping of milling
lengths, as well as avoiding systematic errors to some extent.

Table 2. Experimental program.

G Tool Code n (r/min) ap (mm) fz (mm) L (mm)

3 5 5000 0.3 0.18 3 Lu
4 5 5000 0.3 0.18 6 Lu
5 5 5000 0.3 0.18 12 Lu
6 5 5000 0.3 0.18 24 Lu
6a 5 5000 0.3 0.18 36 Lu
6b 5 5000 0.3 0.18 48 Lu
7 7 4000 0.5 0.16 3 Lu
8 7 4000 0.5 0.16 6 Lu
9 7 4000 0.5 0.16 12 Lu
10 7 4000 0.5 0.16 24 Lu

10a 7 4000 0.5 0.16 36 Lu
10b 7 4000 0.5 0.16 48 Lu
14 12 4500 0.7 0.14 3 Lu
15 12 4500 0.7 0.14 6 Lu
16 12 4500 0.7 0.14 12 Lu
17 12 4500 0.7 0.14 24 Lu

17a 12 4500 0.7 0.14 36 Lu
17b 12 4500 0.7 0.14 48 Lu
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Figure 12. Measuring surface roughness.

The surface roughness of the test piece was detected by Taylor Hobson. A CCI white light
interferometer and the measurement position and area are shown in Figure 12. As shown in Figure 10,
the surface was divided into multiple segments, and the measurement points were located at 1/3 and
2/3 of each surface. For the comprehensiveness and accuracy of the Ra measurement, areas a and b
were set in one measurement, and each of them respectively contained a pair of affiliated measurement
areas for taking averages [36]. Finally, each sub-surface’s roughness is represented by the average of
areas a and b. To measure the wear, the total time for the tool to travel over a certain surface needs to
be recorded. Thus, a new tool must be used for each group of experiments. After milling, the wear of
the measurement position was estimated by the final wear of this group, as well as the time recorded.
Normal wear is a slow process, and previous trial milling experiments have proven the feasibility.

As shown in Figure 13, with the exception of a few obviously inaccurate measurement points,
the values and distribution of the experimental values, as well as the predicted curves, are consistent.
As the prediction model ignored some undesirable cutting phenomena, such as the built-up edge and
excessive vibration, the experimental values are generally larger than the predicted values. As time
progresses, the tool wear gradually increases, and this error will be amplified.
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Figure 13. Value comparison of experimental and model data.

Because some influencing factors were simplified or set as constant during modeling,
the parameters were divided into two main categories. The first is the model coefficients obtained
by reference to the manual and the literature, such as a, b, c, and d in abrasive wear, e in adhesive
wear, and g in the diffusion wear shown by (12). The second category is the parameters corrected
by conducting research experiments, such as, K, C in (9), K0, C0 in (11) and K1, K2, and K3 in (12).
They are both parameters that characterize the materials of the tool and workpiece during processing,
but, in fact, they all change with the processing rather than remain constant. The influence of these
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factors expands due to the accumulation of wear. Consequently, this leads to the experiment entering
the accelerated wear period earlier than the model.

The systematic error removed measurement data that was compared with the model predicted
data corresponding to the same time by SPSS software. The analysis results based on Kendall’s W
consistency test showed that the value of the asymptotic significance is less than 0.05, and the null
hypothesis was accepted. The model prediction data are consistent with the experimental data, and the
consistency is as high as 0.897. Even if a few points with obvious deviations are included, the model
predicts experimental values that are highly consistent in numerical value and distribution, as shown
in Table 3.

Table 3. Verification statistics of model.

N 2

Kendall’s W identification coefficient 0.897
Asymptotic significance 0.011 < 0.05

These data were repeatedly measured and checked during the test, and the results were almost
identical. The research value of the deviation points could not be determined during the experiment, so
the originality of the measured data has been retained to the greatest extent. Thus far, the correctness
of the model was verified by experiments. Through the error of the verification process, the above
model achieves a parameter analysis of the surface roughness and tool life. For the tool performance
design, the model provides quantitative and qualitative simulation analyses. Thus, the influence of the
tool design parameters and cutting parameters on the tool performance can be directly derived.

The processing method in this study has been determined as dry cutting. However, there are
still many physical or chemical factors in the actual machining process that significantly influence
Ra, such as the milling force, milling heat, vibration of the system, milling path, differences in the
surface integrity caused by material property change during machining [37,38]. The effects of the
milling forces, milling heat, and part of the material properties are expressed in analytical form in
the wear study phase in Equation (12), but the modeling process cannot fully involve all the factors.
Although other factors, such as vibration and material property change, are not explicitly expressed in
analytical form, the model can achieve sufficient accuracy because the factors not expressed in the
model are still implicitly included in the coefficients, such as K and C in Equation (9), which were
corrected from real experimental data. Therefore, they contain all the physical or chemical factors that
the actual processing should. This is why the general modeling method can maintain an acceptable
accuracy under ideal conditions.

5. Model Simulation and Discussion

5.1. Derivation of Ra-VB Relationship

After the experimental verification of Ra-t model (9), Appling the same conditions of the
experimental, numerical simulation discussions can be conducted based on both Ra-t model (9) and
the VB-t model (11) verified in previous studies. The detailed simulation input parameters are shown
in Table 4. The tool and workpiece material characteristic parameters T&WP, comprehensive wear
coefficients CWC, and the wear model error coefficients WEC applied in VB-t model (11) all come from
wear study [11]. For the simulation discussion based on both VB-t model and Ra-t model, the tool
geometric parameters TGP used in this experiment and simulation are also consistent with the wear
study. The roughness error coefficients REC are corrected by the experiment in Section 4 of this study.
Specifically, since the finishing temperature of the titanium alloy in this experiment is lower than 600 ◦C,
the n0 in (12) should be set as zero [34,35], which makes T&WP c and d in V1 of (12) are meaningless in
this model, so b and c are not selected by reference.
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Table 4. Simulation input parameters.

TGP T&WP CWC WEC REC

γ = 5◦ a = 15255 K1 = 9.838 × 10−10 K = 40,923 K0 = 2000
α = 12◦ b = 1.6 K2 = 6.647 × 10−10 C = 18.13 C0 = 0.53
β = 50◦ e = 23,054 K3 = 2.923 × 10−6

R = 5 mm g = 3.62 × 10−4

In addition, the simulation adopts the same three machining conditions as the orthogonal
experiment. The above contents are used as the input parameters and condition employed of model (9),
(11) and (12), so that the numerical simulation can be realized based on MATLAB software. As shown
in Figure 14, the VB-Ra-t three-dimensional curve can be generated by combining Ra-t model and VB-t
model. By projecting the three-dimensional curve on the t-O-Ra surface, the relationship of Ra-t can
be obtained, which is consistent with the Figures 2 and 13, and by projecting the three-dimensional
curve on t-O-VB surface, the relationship of VB-t can be obtained. Furthermore, when model VB-t and
model Ra-t are merged without t variable and the three-dimensional curve is projected on the VB-O-Ra

surface, the relationship curve of Ra-VB can be generated, as shown in Figure 14, which is consistent
with the Figure 1.
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Figure 14. Derivation process of Ra-VB relationship.

As shown in Figure 14, the distribution characteristics of Ra and VB are very similar but different.
The main difference is that the starting points of Ra and VB are different, due to the geometric envelope
relationship between the ball end milling tool and the curved surface, the machining surface created
by the ball end tool without any wear still remains a residual height of material, which leads to Ra a
non-zero initial value. In addition, the relationship of Ra and VB are not strictly linear, which is the key
reason makes the relatively stable regions of VB and Ra do not coincide as described in Figure 1.

5.2. Analysis of Main Influencing Factors

The simulation, based on Equation (9), was performed as shown in Figure 15a–h, which shows the
influence of the tool design parameters and milling parameters on Ra. Any unnecessary cross-factor
analysis was omitted, and the intra-group interaction analysis of the main factors affecting Ra was
completed, as shown in Figure 15a–e. Additionally, (a)–(c) represent the cross-factor analysis of the
tool design parameters, and (d) and (e) represent the cross-factor analysis of the milling parameters.
In particular, the variables and dependent variables displayed on the axis were the objects in the
analysis, and the other factors not involved in the images were set as fixed values for comparison
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purposes. For example, in Figure 15c, the independent variables analyzed were β and γ, and the
dependent variable was Ra, then, β and γ were the variables within a certain range, and Ra changed
accordingly, while the parameters not involved in Figure 15c were set as constant, such as the tool
parameters, radius R, number of teeth Z, flank angle α, machining parameters, feed f, milling depth ap,
speed, n, line spacing, p, those of the workpiece being machined, and curvature ρ. The dependent
variable generated a surface with the change of the two independent variables, and the surface synthesis
reflects the interaction of the two independent variables on the same dependent variable.
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As shown in Figure 15a, the effect of α on Ra is more significant than that of R. Ra positively
correlates with R, but negatively correlates with α. Thus, to ensure the quality of the processing,
unless there is a specific demand, when designing the tool parameters, it is inadvisable to design the
tool with a small α value and large R value. A similar situation also occurs in the effects of γ and R
on Ra, as shown in Figure 15b. From Figure 15a,b, it can be seen that the effect of R on Ra is almost
linear. However, the effect of α on Ra appears as a concave function, and the effect of γ on Ra appears
as an upper convex function, as shown in Figure 15c, comparing the cross factors γ and β, β has almost
no effect on Ra. However, this is relative, as shown in Figure 15f; when f is compared with β, β has a
greater effect on Ra, and as shown in Figure 15c, if the two factors β and γ present a great influential
difference on Ra, the main design or selection object of the tool is γ when the consistency of the tool
during processing is insufficient, while β with a relatively weak influence can be selected according to
other influencing factors. A similar situation also occurs in the effects of γ and R on Ra, as shown in
Figure 15d,e,g.

It is worth further regarding Figure 15f,h. In Figure 15f, both ap and γ negatively correlate
with Ra, the two factors under this interactive relationship should not be too small simultaneously
because the change in the same direction of the two will result in a bigger change rate of Ra, but this
may also be affected by their respective ranges of variation. In Figure 15h, the surface distortion
as β decreases indicates that the effect of f on Ra is not monotonous, but changes from a negative
correlation to a positive correlation as β increases, indicating there is a certain value of β that lessens
the effect of f to almost none on Ra, and β has a weakening or enhancing effect on the influence of
f on Ra. This weakening or enhancing effect can be used to balance the design during tool design
or optimization. Furthermore, this conclusion is based on fixed conditions. Specific conditions may
lead to conclusions that are inconsistent with experience and are not representative of actual results.
Consequently, the influence level should be quantified in a way that considers the input conditions.

It is well known that the determination method of the objective function weight in the optimization
algorithm has not been rigorously defined. There is no uniform solution outlined in academia
studies, and there is no reliable solution in the field of tool performance design and optimization.
However, the influence level of the factors can be quantified based on the analytical model, which can
be used as a reliable basis for weight determination
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6. General Method of Performance Design Based on the Analytical Model

6.1. Theoretical Flowchart

Based on the above conclusions, the general method of performance design can be concluded as
shown in Figure 16. After inputting the processing conditions, tool geometry parameters, and processing
time, dVB/dt and Ra can be obtained, where Ra is used as the performance index of the tool design.
By defining the tool milling quality life failure criterion, the tool geometry can be designed with
appropriate algorithms. At the same time, the machining time required can be obtained and the tool
life prediction can be realized. Through substitution of the measured VB, the remaining tool life can be
predicted for the worn tool. As tool wear increases, the tool geometry will change significantly. It is
necessary to continuously correct the tool geometry parameters and coefficients in the model through
the measurement data to ensure accuracy of the prediction and design.
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6.2. Application and Development

Based on the above study, if the tool milling quality lifetime is set to ensure that the maximum
surface roughness Ra does not exceed 0.8 µm and the continuous processing time of the tool is greater
than 10 h, then the genetic algorithm (GA), along with the objective function of Formula (9), can be
utilized to convert these tool requirements into the design and milling parameters of the tool, where γ,
σ, β, n, f, and ap are considered optimization objects. The optimization of the GA, along with other
parameters, was set as in ‘4 Experiment and verification,’ as shown in Figure 17.
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As shown in Table 5, the optimization results are not much different from the experimental parameters.
It can be seen that only the depth of cut differs greatly from the experimental value. To obtain measurable
wear as soon as possible during the experiment, milling depth ap was set to a series of larger values,
whereas, the ideal value based on Ra optimization should be approximately 0.064 mm.

Table 5. GA optimization results.

Tool Design Parameters Tool Milling Parameters

γ (◦) 5 n (r/min) 4083.6
α (◦) 10 f (mm/min) 482.2
β (◦) 45.8 ap (mm) 0.064

When the model is applied to other materials or milling tools, the ‘tool geometry’ shown in Figure 16
should be remodeled to express the different geometry characteristics. Additionally, the material
parameters of the tool and workpiece should be replaced, as included in K1, K2, and K3.
However, the structure and material effects of the coating were not considered in this study, hence,
should be evaluated using a different method in future studies.

7. Conclusions

In this paper, the geometric relation between the milling tool geometry, milling conditions,
and milling tool performance was established and verified. The following conclusions can be drawn.

1. Among the many influencing factors, Ra, α, R, γ, ap, and β are relatively significant, compared
with the other factors, the influence of f and n were not as significant in this study, however,
this may be affected by their respective ranges of variation. These important factors should be
prioritized in the design and use of a tool to ensure consistency of the processing quality.

2. In many influential relationships, some factors either weaken or enhance the other, and the
interaction characteristics of such factors should be utilized to balance the design during tool
design or optimization.

3. Attention should be paid to the simultaneous changes of a certain couple of factors during the
tool design or optimization process as a higher change rate of Ra may occur.

4. This research provides service performance quantification and a general method of cutting tool
performance design. The method is shown to be feasible and can be used for tool performance
design or optimization.
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5. The material property parameters of the surface roughness model and the time-varying wear
model proved to change dynamically with the processing in the experiments.

6. The model was established without considering crushing, built-up edge, and the slowing effect of
the compound formed by the chemical reaction on the flank surface. Additionally, during the
simulation process, the variation of the formula coefficients under different milling temperatures
and time periods was not considered and the change of the tool geometry was not corrected with
time. These are the main error sources of the model and simulation results.

Future research will focus on a material time-varying parameter prediction based on an algorithm
to achieve tool performance and intelligent design.
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Abbreviations

T Tool life
Q Quality life
t Machining time
Dmin Minimum processing demand
Ra Surface roughness
R Ball radius
Z0 Number of teeth
γ Rake angle
α Flank angle
β Helix angle
n Spindle speed
Vc Milling speed
ap Milling depth
aw Milling width
f Feed rate
fz Feed per tooth
p Line spacing
Pinitial Initial line spacing value
ρ Curvature (vertical to feed)
ρ’ Curvature (along feed)
θ Tool inclination angle
ϕ Equivalent angle
ω Final equivalent angle
Ro Center distance
RM Radius at maximum wear
lM Depth at maximum wear
h Residual height
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l Wear band length
T0 Milling temperature
F Milling force
σ Average contact stress
∆R Radial wear
∆V Wear column
VB Maximum flank wear
K1, K2, K3 Comprehensive wear coefficient
K0, C0, Model correction factor
a, b, c, d, g, e, n0 Wear model parameters
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