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Abstract: - This study investigates how the workpiece inclination angle influences tool life and surface integrity 
during finish ball-end milling of hardened CR12MoV steel. Experiments were carried out at cutting speeds of 50-
110 m/min and inclination angles of 10-75°, while feed per tooth and axial depth remained constant at 0.2 
mm/tooth and 0.5 mm. Surface roughness Ra was monitored over the cutting time, and tool life was defined as the 
point at which the Ra-time curve reached a breakpoint. Increasing the inclination angle shifted the contact zone 
away from the tool tip, enlarged the effective cutting radius, improved chip formation, and reduced localized wear. 
As θy increased from 10° to 75°, tool life increased by approximately 60-70% under similar conditions. A second-
order logarithmic model also predicted tool life with errors below 6%, offering practical guidance for finish 
machining of hardened die steels. 
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1 Introduction 
Finishing free-form surfaces on dies, molds, and other 
complex components is often performed using ball-end 
milling because of its high geometric accessibility and 
ability to create smooth surface profiles, [1], [2], [3]. 
However, the cutting mechanics of a ball-end mill are 
inherently complex because the engagement zone 
changes continuously with the contact position. This 
results in significant variations in effective cutting 
speed, instantaneous uncut chip thickness, cutting-
force direction, and sliding–sticking conditions, which 
in turn influence tool wear, tool life, and surface 
quality, [4], [5], [6]. Simultaneously, surface integrity-
including roughness, work hardening, residual stresses, 
and microstructural changes-is widely recognized as a 
key factor affecting in-service performance, such as 
fatigue, wear, and corrosion resistance, [7], [8], [9]. 

A characteristic limitation of ball-end milling is 
that the cutting speed approaches zero near the tool tip. 
This low-speed region promotes plowing, increases 
friction and localized heat generation, accelerates 
concentrated wear, and deteriorates surface integrity, 
[10], [11], [12], [13]. From a geometric–kinematic 

viewpoint, the effective cutting radius and contact 
condition depend strongly on the relative inclination 
between the tool and the workpiece surface, thereby 
affecting wear evolution and tool life. Earlier studies 
on high-speed milling for die and mold manufacture 
also emphasized the importance of cutting conditions 
and contact configuration in machining hardened 
steels, [14], [15]. 

To prevent unfavorable cutting conditions near the 
tool tip, many studies have focused on adjusting the 
tool-axis orientation and toolpath direction, especially 
in five-axis machining. Experiments on hard-to-
machine alloys such as Inconel 718 have demonstrated 
that tool orientation can significantly influence cutting 
forces, surface roughness, and tool life, [16], [17], 
[18]. Similar results were found in the finish milling of 
inclined hardened-steel surfaces, where cutter-path 
orientation affected both tool life and roughness, [19], 
[20], [21], [22]. At the same time, modeling and 
optimization studies proposed criteria for choosing 
tool orientations that improve cutting conditions and 
reduce deformation, [23], [24], [25], [26], [27], [28]. 
Other recent research examined the relationship 
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between tilt/lead angles and surface roughness, 
including lead-angle limits and topography simulation, 
and developed cutting-force models for inclined-
surface ball-end milling, [29], [30], [31], [32]. 

Despite these advances, most previous research 
has concentrated on CAM-based toolpath 
optimization, tool orientation, cutting parameters, and 
roughness assessment. The direct, quantitative effect 
of the workpiece inclination angle-a simple, low-cost 
factor influencing tool life and surface integrity-
remains insufficiently understood in finish milling of 
hardened tool steels.  This issue applies to CR12MoV 
steel, which is widely used in stamping and cutting 
dies due to its high hardness and wear resistance. In 
these materials, rapid tool wear can occur, and surface 
roughness, residual stresses, and work hardening 
directly affect functional performance. Studies on 
similar hardened steels have shown that cutting speed 
can influence surface topography, microhardness, 
residual stresses, and fatigue behavior. At the same 
time, optimization research has confirmed the strong 
link between process parameters and surface integrity, 
[33], [34]. Additionally, reviews of hardened-steel 
machining have emphasized white-layer formation, 
residual stresses, and roughness as key factors when 
selecting finishing conditions, [14]. 

From a production standpoint, tool life in finish 
milling can be indicated by a sudden increase in Ra, as 
roughness directly reflects cutting-edge wear. This 
study examines how the workpiece inclination angle 
θy affects tool life and surface quality in ball-end 
milling of hardened CR12MoV steel using a TiAlN-
coated ball-end mill. The main idea is that increasing 
θy moves the contact zone away from the tool tip, 
enlarges the effective cutting radius, reduces sliding 
and plowing effects, and thereby slows wear while 
extending the stable wear phase. Figure 1 illustrates 
this tool–workpiece engagement process. 

 
Fig. 1: Tool-workpiece engagement geometry in ball-
end milling of an inclined surface 
Source: created by the authors 

This study's findings enhance understanding of the 
relationships among contact geometry, tool wear, and 
surface integrity, while also providing practical 
guidance on selecting the workpiece inclination angle 
to extend tool life and improve surface quality in die 
and mold machining. 
 
 
2 Experimental Setup 
 

2.1 Workpiece Material 
In this study, heat-treated CR12MoV alloy steel was 
chosen as the workpiece material. CR12MoV is a 
high-chromium tool steel commonly used for 
stamping and cold-forming dies because of its high 
wear resistance, high hardness after quenching, and 
good dimensional stability. These features also make 
it difficult to machine; in finish ball-end milling, rapid 
tool wear and deterioration of surface quality often 
occur. The specimens were hardened before 
machining, maintaining a steady hardness of 40-45 
HRC during testing, which reflects typical finishing 
conditions in die and mold manufacturing. 
 

Table 1. Chemical composition and mechanical 
properties of CR12MoV steel 

Category Property / 
Element Value Unit 

 
 
Chemical 
composition 

C 1.57 % 
Si 0.29 % 
Mn 0.25 % 
Cr 11.46 % 
Mo 0.44 % 
V 0.19 % 

 
 
 
 
Material 
properties 

Hardness 40-45 HRC 
Heat 
treatment 
condition 

Quenched and 
tempered 

- 

Material 
standard 

CR12MoV cold-
work tool steel 

- 

Typical 
application 

Stamping and 
cold-forming dies. 

- 

Workpiece 
dimensions 

300 × 150 × 40 mm 

Source: created by the authors based on the material certificate 

and experimental data. 

 
Table 1 summarizes the chemical composition and 

main properties of the CR12MoV steel used in this 
study. The high chromium content (11-12%), along 
with Mo and V additions, provides high wear 
resistance and improves carbide stability after heat 
treatment. These alloying elements also increase 
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machining difficulty and promote abrasive and 
adhesive wear during ball-end milling. The workpiece 
specimens measure 300 × 150 × 40 mm, offering 
sufficient size to perform multiple cutting passes at 
different inclination angles without edge effects or 
excessive heat buildup. Choosing CR12MoV allows a 
clear evaluation of how the workpiece inclination 
angle influences tool wear mechanisms and tool life 
under demanding machining conditions typical of die 
and mold finishing operations. 
 
2.2  Cutting Tool 
This study used a two-flute TiAlN-coated ball-end 
milling tool for finish machining of hardened 
CR12MoV steel. The cutting tool (Figure 2) was 
selected to meet the requirements of finishing free-
form surfaces under hard-milling conditions, where 
cutting mechanics are complex, and tool wear is 
significant near the tool tip. Using a ball-end mill 
aligns with practical die and mold manufacturing. It 
allows a clear assessment of how the engagement 
location along the ball profile changes with the 
workpiece's inclination angle. The geometry of the 
ball-end tool influences the engagement conditions 
during the milling of inclined surfaces. As the 
workpiece's inclination angle varies, the contact zone 
shifts along the spherical cutting edge, changing the 
effective cutting speed and affecting tool wear 
behavior. 

 
Fig. 2: Geometry of the TiAlN-coated ball-end milling 
tool used in the experiments 
Source: created by the authors 

 
The cutting tool used in this study was a TiAlN-

coated ball-end insert (VP15TF, Mitsubishi Materials, 
Japan) mounted on an SRFH10S12M cutter body. The 
tool has a nominal diameter of 10 mm, two flutes, a 
cutting length of 8.5 mm, a rake angle γ = 0°, and a 
clearance angle α = 5°. The insert hardness is 91.5 
HRA with a compressive strength of about 2.5 GPa, 
making it suitable for machining hardened steels. The 
TiAlN coating provides high thermal stability and 

wear resistance under flood cooling conditions. During 
the experiments, tool wear was mainly observed on the 
flank face due to combined abrasive and adhesive wear 
mechanisms typical of ball-end milling of hardened 
steels. 
 
2.3  Machine Tool and Cooling Strategy 

The milling experiments were conducted on a vertical 
CNC machining center (Figure 3), VMC-85S 
(Maximart, Taiwan), equipped with a Fanuc OMD 
controller. The machine offers high structural rigidity 
and a spindle speed range of 60-8000 rpm, suitable for 
finishing hardened steels. A BT40 spindle paired with 
a cutter body with a 12 mm shank diameter ensured 
high tool-spindle stiffness, which is crucial for stable 
ball-end milling with a small depth of cut (t = 0.5 
mm). To ensure consistency, the machine setup, 
fixture, and tool-clamping conditions were kept 
unchanged throughout the tests. 

Flood cooling with a 5% Emusil Mira EM40 
water-based emulsion was employed to manage the 
cutting temperature and minimize adhesive and 
oxidation wear. This cooling method ensured that 
variations in tool life were primarily due to changes in 
cutting parameters and workpiece inclination, rather 
than thermal effects. 

 

 
Fig. 3: CNC vertical machining center VMC-85S used 
for the milling experiments 
Source: created by the authors 

 
2.4  Machining Conditions 
The ball-end milling experiments were performed to 
finish-machine an inclined planar surface and assess 
how cutting speed and workpiece inclination angle 
affect tool life and surface quality. To isolate these 
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factors, the feed per tooth and axial depth of cut were 
held constant. The cutting speed 𝑣 ranged from 50 to 
110 m/min, representing typical conditions for hard 
milling of high-chromium tool steels with TiAlN-
coated tools. The workpiece inclination angle 𝜃𝑦 
varied from 10° to 75° to change the engagement 
position along the spherical cutting edge, covering 
both near-tip and off-tip cutting regions. The feed per 
tooth and axial depth of cut were fixed at 𝑠 = 0.2 
𝑚𝑚/𝑡𝑜𝑜𝑡 and 𝑡 = 0.5 𝑚𝑚, respectively, to ensure 
stable finishing conditions. The combinations of 
parameters were arranged in an experimental matrix 
with center-point replications to estimate repeatability 
and support regression modeling of tool life (Table 2). 

 
Table 2. Machining parameters and their levels 

Parameter Symbol Value 

Cutting speed v (m/min) 50 - 110 
Workpiece 
inclination angle θy (°) 10 - 75 

Feed per tooth s (mm/tooth) 0.2 

Axial depth of cut t (mm) 0.5 
Source: created by the authors. 

 
2.5 Geometric-mechanistic Analysis of Tool-

 Workpiece Engagement 
In ball-end milling, the position of the contact zone on 
the spherical cutting edge governs the effective cutting 
speed, chip formation mechanism, and load 
distribution. When machining an inclined surface, the 
workpiece inclination angle 𝜃𝑦 directly determines this 
engagement geometry. 
 
For a tool with radius 𝑅, the effective cutting radius is: 
𝑅𝑒𝑓𝑓 = 𝑅sin(𝜃𝑦)      (1) 

 
and the corresponding effective cutting speed is: 
𝑣𝑒𝑓𝑓 = 𝜔𝑅𝑒𝑓𝑓 = 𝜔𝑅sin(𝜃𝑦)    (2) 

 
where: 𝜔 is the spindle angular velocity. 
 
when 𝜃𝑦  is small, contact occurs near the tool tip 
where 𝑅𝑒𝑓𝑓 → 0 . The cutting speed drops 
significantly, and the removal mechanism shifts from 
shearing to plowing, leading to increased friction, heat 
accumulation, and accelerated local tool wear. 
The instantaneous uncut chip thickness can be written 
as: 

ℎ = 𝑓𝑧sin(𝜙)sin(𝜃𝑦)     (3) 
 

where: 𝑓𝑧 is the feed per tooth and 𝜙 is the immersion 
angle. 
 

The instantaneous chip thickness directly affects 
the cutting load acting on the tool edge. The cutting 
force component can be approximately expressed as: 
𝐹𝑐 = 𝐾𝑐 ⋅ ℎ ⋅ 𝑏      (4) 

 
where: 𝐾𝑐  is the specific cutting force; ℎ is the chip 
thickness; 𝑏 is the engagement width. 
 

These relations indicate that increasing 𝜃𝑦 
enlarges the effective cutting radius and cutting speed, 
which improves chip formation stability and reduces 
contact stress. This behavior aligns with the 
experimental results in Figure 4, where larger 𝜃𝑦 
extends the stable wear stage and enhances tool life. 
 
 
3 Tool Life Criterion and Surface 

 Roughness Evaluation 
In finish ball-end milling of hardened steels, surface 
quality serves as both a key functional requirement 
and a sensitive indicator of tool wear. Surface 
roughness was used as the main criterion for assessing 
degradation in cutting performance and for 
determining tool life. 

Surface roughness was characterized using the 
parameters Ra and Rz, with Ra chosen as the primary 
evaluation metric because it captures average 
roughness and clearly indicates the transition from 
steady to accelerated wear. The parameter Rz was used 
as an additional indicator for surface profile analysis. 

 

 
Fig. 4: Surface roughness measurement using a 
Mitutoyo SJ-201 contact profilometer 
Source: Photos were taken by the authors 
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Surface roughness measurements were performed 
using a Mitutoyo SJ-201 contact stylus profilometer 
(Japan), as shown in Figure 4. For each cutting 
condition, measurements were taken at multiple 
locations along the machined toolpath and averaged to 
minimize random errors. 

During the experiments, roughness was measured 
at set intervals of cutting time until a sudden rise in Ra 
was detected. Tool life T was defined as the cutting 
time at the break point on the Ra-time curve, marking 
the transition to accelerated wear. Optical microscopy 
and SEM observations were also conducted to analyze 
wear mechanisms and to confirm the link between tool 
wear and changes in roughness. 
 
 
4  Results and Discussion 
 
4.1  Evolution of Surface Roughness and Tool 

 Life 
At a small inclination angle (θy = 10°), surface 
roughness increases quickly with cutting time. At v = 
50 m/min, Ra remains steady only in the early stage 
and then rises sharply after about 9 minutes, whereas 
at v = 110 m/min, this increase occurs sooner, after 6-7 
minutes. This pattern indicates that cutting is 
concentrated near the tool tip, where the effective 
cutting speed is low and sliding contact speeds 
accelerate localized wear. 

When the inclination angle increases to θy = 75°, 
the stable phase of the Ra curve is notably prolonged. 
Ra remains stable for about 15-16 minutes at v = 50 
m/min and 14-15 minutes at v = 110 m/min, leading to 
a 60-70% increase in tool life compared to θy = 10°. 

 

 
Fig. 5: Surface roughness value over cutting time 
Source: Created by the authors based on experimental data 

Figure 5 illustrates how surface roughness Ra 
changes over cutting time for representative 
combinations of cutting speed and workpiece 
inclination angle. In all tested conditions, the Ra-time 
curves display three typical stages: an initial stable 
phase, a progressive wear phase, and a rapid 
deterioration phase, showing the wear progression of 
the ball-end mill during hard milling. 

These results show that the inclination angle of the 
workpiece has a greater effect than cutting speed on 
the stability of surface roughness. Increasing θy moves 
the engagement zone away from the tool tip, enlarges 
the effective cutting radius, improves chip formation, 
and distributes cutting loads more evenly along the 
spherical edge. Localized wear decreases, and tool life 
is significantly extended. 

 
4.2  Statistical Modeling of Tool Life 

 
4.2.1 Model Form and Rationale for Selection 

Tool life typically exhibits a nonlinear dependence on 
process parameters and is often modeled using power-
law or logarithmic forms. In this case, a second-order 
logarithmic model was utilized because it simplifies 
the regression process and effectively captures the 
primary, quadratic, and interaction effects within the 
studied domain. The model is expressed as: 
𝑙𝑛 𝑇 = 𝑏0 + 𝑏1 𝑙𝑛 𝑣 + 𝑏2 𝑙𝑛 𝜃𝑦 + 𝑏12(𝑙𝑛 𝑣)(𝑙𝑛 𝜃𝑦) +

𝑏11(𝑙𝑛 𝑣)2 + 𝑏22(𝑙𝑛 𝜃𝑦)
2                                     (5) 

 
where: 𝑇 is the tool life (min), 𝑣 is the cutting speed 
(m/min), and 𝜃𝑦 is the workpiece inclination angle. 
 
4.2.2  Data Normalization and Processing 

From the experimental results, each parameter 
combination ( 𝑣 , 𝜃𝑦 ) yields one tool-life value T 
(determined at the break point on the Ra time curve). 
The variables are transformed using the natural 
logarithm as follows: x1 = l n𝑣 ; x2 = ln θy ; 𝑦 =

  ln 𝑇. 
 
After transformation, the model can be written in a 
linear form with respect to the coefficients: 

y = Xb +  ε         (6) 
 

where: ε: Denotes the random error term; 

𝑋 =  

[
 
 
 
1 𝑥1,1

1 𝑥2,1

𝑥2,1 𝑥1,1𝑥2,1
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𝑥1,1
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2
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2

. .
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.
𝑥1,𝑛
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𝑏 =  [𝑏0 𝑏1 𝑏2 𝑏12 𝑏11 𝑏22]
𝑇 

 
The regression coefficients are estimated using 

Ordinary Least Squares (OLS), with the closed-form 
solution: 

b = (XT𝑋)
−1

XT𝑦        (7) 
 

This method determines b  such that the sum of 
squared errors between the predicted and experimental 
values of ln 𝑇 is minimized: 

min∑ (lnTi
exp

− lnTi
pred

)
2

n
i=1    (8) 

 
In the experimental design, center point 

replications were included to estimate pure error, 
evaluate model adequacy (goodness of fit), and reduce 
the risk of overfitting when degrees of freedom are 
limited. 

This repeatability error is utilized directly in the 
analysis of variance (ANOVA) and in the overall F-
test for the regression model. 
 
4.2.3  Statistical Significance Testing of 

 Regression Coefficients 

After estimation, each coefficient bi was tested using 
Student’s t-test: 

ti =
bi

SE(bi)
     (9) 

 
where: SE(𝑏𝑖) is the standard error of the coefficient. 
If (p-value < 0.05): The coefficient is statistically 
significant. If (p-value ≥ 0.05): The coefficient may 
not have a significant effect. The results indicate that 
the main effect coefficients 𝑏1 and 𝑏2 are statistically 
significant, confirming the dominant roles of cutting 
speed and workpiece inclination angle in determining 
tool life. 
 

4.2.4  Overall Model Adequacy Test 

The overall model adequacy was evaluated using: 
F =

M𝑆model
M𝑆error

      (10) 
 

If Fcalc > Fcrit at a significance level of 0,05, the 
regression model is statistically significant and can be 
used to predict tool life within the investigated domain. 
The estimated regression coefficients are as follows: 
b0 = 14.8; b1 = −1.2; b2 = 4.35; b12 = 0.18; b11 =
−1.35; b22 = −7.7. 
 

The negative coefficient 𝑏1 shows that tool life 

decreases as cutting speed increases. Conversely, the 
positive coefficient 𝑏2 indicates that a larger 
inclination angle enhances tool life by shifting 
engagement away from the tool tip. The quadratic 
terms suggest an optimal range. Student’s t-test 
(𝛼=0.05) reveals that ln𝑣 and ln𝜃𝑦 are significant 
(𝑝<0.05), with 𝑏12 representing their interaction 
effect. 

The adequacy of the regression model was 
assessed using Fisher’s F-test by comparing the lack-
of-fit variance with the pure error variance estimated 
from the center-point replications. The two center-
point experiments produced tool-life values of 20.0 
and 20.8 minutes, resulting in an average of 20.4 
minutes. The corresponding pure error sum of squares 
was 𝑆𝑆𝑡𝑠=0.32 with one degree of freedom 𝑓𝑡𝑠=1, 
leading to a variance of 𝑠𝑡𝑠2=0.32. The total residual 
sum of squares was 𝑆𝑆𝐸=23.7. With 𝑁=9 experiments 
and 𝑚=6 regression coefficients, the remaining error 
degrees of freedom were 𝑓𝐸=3, from which the lack-
of-fit sum of squares was calculated. 

SSad = SSE − SSts = 23.38 
with: fad = 2, corresponding to a lack of fit variance 
of sad

2 = 11.69. 
 
The Fisher statistic was calculated as: 

Fcalc =
sad
2

sts
2 = 36.53 

 
At a significance level of 𝛼 = 0.05, the critical 

value is 𝐹𝑐𝑟𝑖𝑡 = 98.5. Since 𝐹𝑐𝑎𝑙𝑐 < 𝐹𝑐𝑟𝑖𝑡, the lack-of-
fit is not statistically significant, indicating that the 
regression model is adequate for the experimental data 
within the investigated domain. This confirms the 
model's reliability in describing and predicting the 
influence of cutting speed and workpiece inclination 
angle on tool life in ball-end milling of hardened 
CR12MoV steel. 

 
Table 3. Comparison between predicted and 

experimental tool life 
V 

(m/min) 
θy 
(°) 

Experimental  
T (min) 

Model T 
(min) 

Error 
(%) 

50 10 9.2 8.7 5.4 
80 45 20.4 21.1 3.4 

110 75 15.1 14.6 3.3 
Source: created by the authors based on experimental. 

 
Table 3 compares the predicted tool life values 

from the regression model with the experimental 
measurements. The prediction errors are mostly below 
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6%, indicating that the model offers good predictive 
accuracy under the tested cutting conditions. 
 

In Figure 6, data points lie close to the parity line 
(y = x), indicating good agreement between the model 
predictions and experimental measurements, with 
prediction errors below 6%. 
 

 
Fig. 6: Comparison between predicted and 
experimental tool life 
Source: Created by the authors based on experimental data 

 

 
Fig. 7: Response surface of 𝑙𝑛 𝑇 as function of v and 
θy 
Source: Created by the authors based on experimental data 

 
Figure 7 and Figure 8 present the response surface 

and contour plots of tool life as functions of cutting 
speed and workpiece inclination angle. It can be 
clearly observed that tool life increases markedly with 

increasing θy, particularly in the medium cutting-speed 
range, whereas increasing cutting speed results in a 
decreasing trend in tool life. 

A statistically and physically meaningful 
quadratic-logarithmic regression model was developed 
to predict tool life and to determine the optimal range 
of workpiece inclination angles for ball-end milling of 
hardened CR12MoV steel under the studied 
conditions. 
 

 
Fig. 8: Contour plots of  𝑙𝑛𝑇 as function of v and θy 
Source: Created by the authors based on experimental data 

 
4.3 Physical Interpretation of Inclination 

 Angle Effect 
The results indicate that the workpiece inclination 
angle θ_y significantly influences tool life and surface 
quality during ball-end milling of hardened CR12MoV 
steel. At a small angle (θ_y = 10°), the engagement 
zone stays near the tool tip, where the effective cutting 
radius is nearly zero. As a result, the effective cutting 
speed is low, material removal mainly happens 
through plowing, and friction and localized heat 
increase. These conditions lead to faster tool wear, 
shorten the stable wear period, and decrease the tool's 
lifespan. 

As the inclination angle increases, the contact 
point moves gradually toward the flank region of the 
ball-end tool, leading to a higher effective cutting 
radius and speed. This geometric change improves 
chip formation stability and distributes the cutting load 
more evenly along the spherical cutting edge, reducing 
localized contact stresses and preventing severe wear 
in specific areas. SEM observations in Figure 9 clearly 
show this behavior. At small inclination angles, the 
wear zone near the tool tip features prominent abrasive 
grooves, adhered material layers, and micro-chipping 
along the cutting edge. In contrast, at larger inclination 
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angles (𝜃𝑦=75∘), the wear pattern becomes more 
uniform and is mainly marked by mild flank wear. 
These microstructural findings match the surface 
roughness development; a larger inclination angle 
significantly lengthens the stable phase of the Ra-time 
curve and enhances tool life.  
 

 
Fig. 9: SEM images of tool wear at different 
workpiece inclination angles 
Source: Created by the authors based on experimental data 

 
 
5  Conclusion 
This study examined the influence of the workpiece 
inclination angle on tool life and surface integrity in 
ball-end milling of hardened CR12MoV steel using a 
TiAlN-coated tool. The results demonstrate that the 
inclination angle is a key geometric parameter 
governing tool-workpiece engagement and wear 
evolution. 

Increasing the inclination angle from 10° to 75° 
significantly extends the stable machining stage, 
resulting in a 60-70% increase in tool life. The 
evolution of Ra with cutting time proved to be an 
effective indicator of tool degradation; the break point 
on the Ra-time curve corresponds to the transition 
from steady wear to accelerated failure. 

A second-order logarithmic regression model 
relating tool life to cutting speed and inclination angle 
was developed and statistically validated. The model 
shows good predictive capability with prediction errors 
below 6%, confirming its reliability within the 
investigated cutting domain. 

Mechanistically, the improvement in tool life is 
attributed to the shift of the engagement zone away 
from the tool tip, which increases the effective cutting 
radius, improves chip formation conditions, and 
distributes cutting loads more uniformly along the 
cutting edge. 

From a manufacturing standpoint, adjusting the 
workpiece inclination angle provides a simple and 
effective strategy to enhance tool life and maintain 
surface integrity in finish ball-end milling of hardened 
steels used in die and mold applications. 
 
 
References: 

[1]  Yusuf Altintas, Peter Pak Wing Lee. Mechanics 

and Dynamics of Ball End Milling. Journal of 
Manufacturing Science and Engineering, 120(4), 
1998, pp. 684–692. DOI: 10.1115/1.2830207. 

[2]  Ismail Lazoglu. Sculpture surface machining: a 

generalized model of ball-end milling force 

system. International Journal of Machine Tools 
and Manufacture, 43(5), 2003, pp. 453–462. DOI: 
10.1016/S0890-6955(02)00302-4 

[3]  Rong-Shine Lin, Yoram Koren. Efficient Tool-

Path Planning for Machining Free-Form 

Surfaces. Journal of Engineering for Industry, 
118(1), 1996, pp. 20–28. DOI: 
10.1115/1.2803642. 

[4]  A. Azeem, H. Y. Feng. Cutting force prediction 

for ball-end mills with non-horizontal and 

rotational cutting motions. The International 
Journal of Advanced Manufacturing Technology, 
67, 2013, pp. 1833–1845. DOI: 10.1007/s00170-
012-4612-3. 

[5]  Wenping Mou, Shaowei Zhu, Menghao Zhu, Lei 
Han, Lei Jiang. A Prediction Model of Cutting 

Force about Ball End Milling for Sculptured 

Surface. Mathematical Problems in Engineering, 
2020, Article ID 1389718, 15 pages. DOI: 
10.1155/2020/1389718. 

[6]  Marcelo Mendes de Aguiar, Anselmo Eduardo 
Diniz, Robson Pederiva. Correlating surface 

roughness, tool wear, and tool vibration in the 

milling process of hardened steel using long 

slender tools. International Journal of Machine 
Tools and Manufacture, 68, 2013, pp. 1–10. DOI: 
10.1016/j.ijmachtools.2013.01.002. 

[7]  I. S. Jawahir, Ekkard Brinksmeier, Rachid 
M'Saoubi, D. K. Aspinwall, J. C. Outeiro, D. 
Meyer, D. Umbrello, A. D. Jayal. Surface 

integrity in material removal processes: Recent 

advances. CIRP Annals - Manufacturing 
Technology, 60(2), 2011, pp. 603–626. DOI: 
10.1016/j.cirp.2011.05.002. 

[8]  Zhirong Liao, Andrea La Monaca, James Murray, 
Alistair Speidel, Dmitrii Ushmaev, Adam Clare, 
Dragos Axinte, Rachid M'Saoubi. Surface 

WSEAS TRANSACTIONS on APPLIED and THEORETICAL MECHANICS 
DOI: 10.37394/232011.2026.21.11 Hoang Anh Tuan, Trieu Quy Huy

E-ISSN: 2224-3429 117 Volume 21, 2026



integrity in metal machining - Part I: 

Fundamentals of surface characteristics and 

formation mechanisms. International Journal of 
Machine Tools and Manufacture, 162, 2021, 
Article 103687. DOI: 
10.1016/j.ijmachtools.2020.103687. 

[9]  Amir Malakizadi, Rachele Bertolini, Francois 
Ducobu, Z. Murat Kilic, Maria Chiara Magnanini, 
Alborz Shokrani. Recent advances in modeling 

and simulation of surface integrity in machining - 

a review. Procedia CIRP, 115, 2022, pp. 232–240. 
DOI: 10.1016/j.procir.2022.10.079. 

[10]  Anshan Zhang, Caixu Yue, Xianli Liu, Steven Y. 
Liang. Study on the Formation Mechanism of 

Surface Adhered: materialsBall-End Milling 

Ti6Al4V. Materials, 14(23), 2021, Article 7143. 
DOI: 10.3390/ma14237143. 

[11]  Hamed Hassanpour, Amir Rasti, Javad Hashemi 
Khosrowshahi, Sina Sabbaghi Farshi. Effect of 

ball nose flank wear on surface integrity in high-

speed hard milling of AISI 4340 steel using MQL. 
Heliyon, 10(18), 2024, Article e37337. DOI: 
10.1016/j.heliyon.2024.e37337. 

[12]  M. Fontaine, A. Devillez, A. Moufki, D. 
Dudzinski. Modeling of cutting forces in ball-end 

milling with tool-surface inclination: Part II. 

Influence of cutting conditions, run-out, 

ploughing and inclination angle. Journal of 
Materials Processing Technology, 189(1–3), 
2007, pp. 85–96. DOI: 
10.1016/j.jmatprotec.2007.01.007. 

[13]  Szymon Wojciechowski, Joanna Krajewska-
Śpiewak, R. W. Maruda, G. M. Krolczyk, P. 
Nieslony, M. Wieczorowski, J. Gawlik. Study on 

ploughing phenomena in tool flank face-

workpiece interface including tool wear effect 

during ball-end milling. Tribology International, 
181, 2023, Article 108313. DOI: 
10.1016/j.triboint.2023.108313. 

[14]  Wisley F. Sales, Julius Schoop, Leonardo R. R. 
da Silva, Álisson R. Machado, I. S. Jawahir. A 

review of surface integrity in machining of 

hardened steels. Journal of Manufacturing 
Processes, 58, 2020, pp. 136–162. DOI: 
10.1016/j.jmapro.2020.07.040. 

[15]  Herbert Schulz, St. Hock. High-Speed Milling of 

Dies and Molds: Cutting Conditions and 

Technology. CIRP Annals - Manufacturing 
Technology, 44(1), 1995, pp. 35–38. DOI: 
10.1016/S0007-8506(07)62270-7. 

[16]  E.-G. Ng, D. W. Lee, R. C. Dewes, D. K. 

Aspinwall. Experimental evaluation of cutter 

orientation when ball nose end milling Inconel 

718™. Journal of Manufacturing Processes, 2(2), 
2000, pp. 108–115. DOI: 10.1016/S1526-
6125(00)70018-1. 

[17]  E.-G. Ng, D. W. Lee, A. R. C. Sharman, R. C. 
Dewes, D. K. Aspinwall, J. Vigneau. High Speed 

Ball Nose End Milling of Inconel 718. CIRP 
Annals - Manufacturing Technology, 49(1), 2000, 
pp. 41–46. DOI: 10.1016/S0007-8506(07)62892-
3. 

[18]  A. Sharman, R. Dewes, D. Aspinwall. Tool life 

when high speed ball nose end milling Inconel 

718. Journal of Materials Processing Technology, 
118(1–3), 2001, pp. 29–35. DOI: 10.1016/S0924-
0136(01)00855-X. 

[19]  C. K. Toh. Cutter path orientations when high-

speed finish milling inclined hardened steel. The 
International Journal of Advanced Manufacturing 
Technology, 27, 2006, pp. 473–480. DOI: 
10.1007/s00170-004-2206-4. 

[20]  C. K. Toh. A study of the effects of cutter path 

strategies and orientations in milling. Journal of 
Materials Processing Technology, 152(3), 2004, 
pp. 346–356. DOI: 
10.1016/j.jmatprotec.2004.04.382.. 

[21]  Ondřej Bílek, Vladimír Pata, Milena Kubišová, 
Martin Řezníček. Mathematical Methods of 

Surface Roughness Evaluation of Areas with a 

Distinctive Inclination. Manufacturing 
Technology, 18(3), 2018, pp. 363–368. DOI: 
10.21062/ujep/106.2018/a/1213-
2489/MT/18/3/363. 

[22]  X. Shen, D. Zhang, L. Tan. Effects of cutter path 

orientations on milling force, temperature, and 

surface integrity when ball end milling of TC17 

alloy. Proceedings of the Institution of 
Mechanical Engineers, Part B: Journal of 
Engineering Manufacture, 235(6–7), 2021, pp. 
1212–1224. DOI: 10.1177/0954405420971070. 

[23]  S. E. Layegh, I. E. Yigit, Ismail Lazoglu. Analysis 

of tool orientation for 5-axis ball-end milling of 

flexible parts. CIRP Annals - Manufacturing 
Technology, 64(1), 2015, pp. 97–100. DOI: 
10.1016/j.cirp.2015.04.067. 

[24]  Xianyin Duan, Fangyu Peng, Kunpeng Zhu, 
Guozhang Jiang. Tool orientation optimization 

considering cutter deflection error caused by 

cutting force for multi-axis sculptured surface 

milling. The International Journal of Advanced 

WSEAS TRANSACTIONS on APPLIED and THEORETICAL MECHANICS 
DOI: 10.37394/232011.2026.21.11 Hoang Anh Tuan, Trieu Quy Huy

E-ISSN: 2224-3429 118 Volume 21, 2026



Manufacturing Technology, 103, 2019, pp. 1925–
1934. DOI: 10.1007/s00170-019-03663-9. 

[25]  Xianyin Duan, Fangyu Peng, Rong Yan, Zhu Z., 
Li B. Experimental study of the effect of tool 

orientation on cutter deflection in five-axis filleted 

end dry milling of ultrahigh-strength steel. The 
International Journal of Advanced Manufacturing 
Technology, 81, 2015, pp. 653–666. DOI: 
10.1007/s00170-015-7134-y. 

[26]  Yonglin Cai, Zhengzhong Zhang, Xiaolin Xi, 
Defu Zhao. A Deformation Control Method in 

Thin-Walled Parts Machining Based on Force 

and Stiffness Matching Via Cutter Orientation 

Optimization. Journal of Manufacturing Science 
and Engineering, 145(3), 2023, Article 031007. 
DOI: 10.1115/1.4056073. 

[27]  Cha-Soo Jun, Kyungduck Cha, Yuan-Shin Lee. 
Optimizing tool orientations for 5-axis machining 

by configuration-space search method. 
Computer-Aided Design, 35(6), 2003, pp. 549–
566. DOI: 10.1016/S0010-4485(02)00077-5. 

[28]  Fusheng Liang, Chengwei Kang, Fengzhou Fang. 
A review of tool orientation planning in multi-axis 

machining. International Journal of Production 
Research, 59(18), 2021, pp. 5690–5720. DOI: 
10.1080/00207543.2020.1786187. 

[29]  Matej Pesice, Petr Vavruska, Jiri Falta, Pavel 
Zeman, Jan Maly. Identifying the lead angle limit 

to achieve required surface roughness in ball-end 

milling. The International Journal of Advanced 
Manufacturing Technology, 125, 2023, pp. 3825–
3838. DOI: 10.1007/s00170-023-11001-3. 

[30]  Felipe Marin, Adriano Fagali de Souza, Helton da 
Silva Gaspar, Amaia Calleja-Ochoa, Luis 
Norberto López de Lacalle. Topography 

simulation of free-form surface ball-end milling 

through partial discretization of linearised 

toolpaths. Engineering Science and Technology, 
an International Journal, 55, 2024, Article 
101757. DOI: 10.1016/j.jestch.2024.101757. 

[31]  Y. Dong, S. Li, Q. Zhang, P. Li, Z. Jia, Y. Li. 
Modeling and Analysis of Micro Surface 

Topography from Ball-End Milling in a 

Trochoidal Milling Mode. Micromachines, 12, 
2021, Article 1203. DOI: 10.3390/mi12101203. 

[32]  K. V. R. Subrahmanyam, Wong Yoke San, Hong 
Geok Soon, Huang Sheng. Cutting force 

prediction for ball nose milling of inclined 

surface. The International Journal of Advanced 
Manufacturing Technology, 48, 2010, pp. 23–32. 
DOI: 10.1007/s00170-009-2275-5. 

[33]  Weimin Huang, Jun Zhao, Jintao Niu, Guijie 
Wang, Rui Cheng. Comparison of surface 

integrity and fatigue performance for hardened 

steel ball-end milled with different milling speeds. 
Procedia CIRP, 71, 2018, pp. 267–271. DOI: 
10.1016/j.procir.2018.05.059. 

[34]  Weimin Huang, Cong Wan, Guijie Wang, 
Guosong Zhang. Surface integrity optimization 

for ball-end hard milling of AISI D2 steel based 

on response surface methodology. PLOS ONE, 
18(8), 2023, Article e0290760. DOI: 
10.1371/journal.pone.0290760. 

 
 

Contribution of Individual Authors to the Creation 

of a Scientific Article (Ghostwriting Policy) 

Hoang Anh Tuan conceived the study, designed the 
experiments, and conducted the machining tests. Trieu 
Quy Huy performed the statistical analysis, 
interpreted the results, and contributed to developing 
the regression model. Both authors participated in 
writing, reviewing, and approving the final 
manuscript. 
 
Sources of Funding for Research Presented in a 

Scientific Article or the Scientific Article Itself 

No funding was received for conducting this study. 
 
Conflict of Interest 

The authors have no conflicts of interest to declare 
that are relevant to the content of this article. 

 
Creative Commons Attribution License 4.0 

(Attribution 4.0 International, CC BY 4.0) 

This article is published under the terms of the 
Creative Commons Attribution License 4.0 
https://creativecommons.org/licenses/by/4.0/deed.en_
US 

 
 

WSEAS TRANSACTIONS on APPLIED and THEORETICAL MECHANICS 
DOI: 10.37394/232011.2026.21.11 Hoang Anh Tuan, Trieu Quy Huy

E-ISSN: 2224-3429 119 Volume 21, 2026

https://creativecommons.org/licenses/by/4.0/deed.en_US
https://creativecommons.org/licenses/by/4.0/deed.en_US



