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ABSTRACT

In the tough milling of hardened tool steels, cutting forces significantly affect process stability, tool wear,
and spindle load. This study experimentally explores the orthogonal cutting force components (Fx, Fy, F)
during hard milling of hardened Cr12MoV steel (48-52 HRC) using TiAIN-coated carbide inserts. Central
Composite Design (CCD) combined with Response Surface Methodology (RSM) was used to model the
effects of cutting speed and feed rate. Second-order regression models were created and statistically
validated with Analysis of Variance (ANOVA). The results show that cutting speed decreases forces mainly
due to thermal softening, while feed rate raises forces mainly because of increased chip thickness. Among
the components, Fy is the most sensitive to dynamic excitation. Based on these models, a stable cutting
window is proposed for industrial use. The findings offer a dependable empirical basis for force prediction

and the safe selection of parameters in finish hard milling of Cr12MoV die steel.
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I.  INTRODUCTION

High-speed and hard milling of hardened tool steels is a key
manufacturing strategy in the die and mold industry, as it can
replace grinding while maintaining high productivity and
dimensional accuracy [1-3]. However, machining materials
with hardness above 45-50 HRC presents significant
challenges, including high cutting forces, unstable chip
formation, and accelerated tool wear, all of which can degrade
surface integrity and process reliability [1, 4]. Among the
various process variables, cutting force is one of the most
crucial factors influencing machining performance, as it
directly affects tool deflection, vibration behavior, spindle
loading, and surface quality [5-7]. In milling operations, cutting
forces are inherently dynamic due to intermittent tooth
engagement, making accurate prediction and control of force
components essential for ensuring process stability and
avoiding chatter [7-9]. Consequently, numerous analytical and
mechanistic models have been developed to predict milling
forces and stability limits, emphasizing the role of force
coefficients in dynamic machining systems [8—10]. In hard
milling applications, tool material and coating play an
important role in cutting performance. TiAlN-coated carbide
tools are widely used due to their excellent thermal stability
and wear resistance, which enhance cutting efficiency under
high-temperature  conditions [11-13]. Both tool wear
mechanisms and cutting force evolution in hardened steels are
strongly influenced by cutting parameters and coating
properties [12, 13].

Cr12MoV steel is a typical cold-work die steel
characterized by high hardness and wear resistance after heat
treatment, making it difficult to machine. The hard milling of
Cr12MoV often results in high cutting forces and force
fluctuations, which may lead to instability and reduced
machining quality [14]. Although the machining performance
of hardened steels has been investigated, systematic modeling
of orthogonal cutting force components (F, F,, F;) for
Cr12MoV under controlled experimental design conditions is
limited. To address complex nonlinear relationships in
machining processes, statistical modeling approaches such as
Response Surface Methodology (RSM) have been widely
employed. Central Composite Design (CCD) enables the
efficient construction of second-order regression models with a
limited number of experiments, rendering it suitable for
machining studies where experimental costs are high [15-17].
CCD-RSM frameworks have been successfully deployed to
model machining responses and optimize process parameters in
advanced manufacturing applications [16, 17]. Optimization
and modeling techniques based on experimental design and
numerical approaches have been applied in modern
manufacturing  research, including welding, additive
manufacturing, and CNC machining processes [18-24]. These
studies demonstrate the effectiveness of CCD in capturing
nonlinear process behavior and improving predictive
capability.

Despite these advances, there are two important gaps. First,
most existing studies focus on the resultant cutting force. In
contrast, analysis of the individual orthogonal components (Fy,
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F,, F; is limited, even though these components provide
deeper insights into tool stability, vibration sensitivity, and
spindle loading. Second, there is a lack of experimentally
validated models, specifically developed for hardened
Cr12MoV steel, using TiAIN-coated carbide tools within
practical industrial parameter ranges. Therefore, this study aims
to experimentally investigate the orthogonal cutting force
components in hard milling of hardened Cr12MoV steel and to
develop second-order regression models using CCD-RSM. The
models are statistically validated using Analysis of Variance
(ANOVA) and are further utilized to identify stable cutting
conditions for industrial applications.

II. METHODOLOGY

A. Experimental Design

To establish statistically reliable predictive models with a
limited number of experiments, a CCD within the RSM
framework was employed. This design was selected because it
efficiently captures linear, interaction, and quadratic effects of
the input variables while reducing experimental cost. Two
machining parameters were considered as independent
variables: cutting speed V (m/min) and feed rate f (mm/min).
These factors were selected based on a literature review,
preliminary  trials, and the tool  manufacturer's
recommendations, as they are known to significantly affect
cutting force behavior in hard milling. Other machining
conditions, including tool geometry, axial and radial depth of
cut, cooling conditions, and milling strategy, were kept
constant throughout the study to isolate the effects of VV and f.
The workpiece's hardness was measured at multiple points (n =
5) using a Rockwell hardness tester before machining. The
values ranged from 47.8 to 52.6 HRC, with an average of 50.3
+ 1.6 HRC. Since all specimens came from the same batch, the
hardness variation was minimal and had little impact on the
measured cutting force components. A reduced face-centered
CCD was adopted for the two-factor design. The experimental
design consisted of 9 runs, including 4 factorial points, 4 axial
points, and 1 center point, providing sufficient information to
estimate quadratic effects and evaluate experimental error. The
actual values of the variables were transformed into coded
values according to:

_ X;—Xo
[ A_Xl

where x; is the coded value, X; is the actual value of the factor,

X, is the value at the design center, and 4X; is the step size.

This coding procedure eliminates unit effects and facilitates

comparison of regression coefficients.

The selected ranges of machining parameters were chosen
to ensure stable cutting conditions while maintaining practical
relevance for finish hard milling. According to the CCD
matrix, the measured responses consisted of the three
orthogonal cutting force components: F,, F,, and F,. The
experimental design matrix, along with the corresponding
measured force components, is presented in Table I. The results
reveal significant variation in all three force components across
the investigated parameter domain, indicating a strong
sensitivity of the cutting process to changes in machining
conditions.

TABLE L. EXPERIMENTAL DESIGN MATRIX AND
MEASURED FORCE COMPONENTS
Run M f Fx (N) Fy (N) Fz (N)
(m/min) | (mm/min)
1 60 170 424.17 386.37 380.48
2 80 200 200.15 180.81 150.32
3 60 230 495.35 473.25 418.34
4 80 120 250.31 248.50 252.81
5 50 200 582.05 567.11 491.52
6 100 230 186.25 224.13 200.28
7 100 170 155.34 188.23 171.47
8 110 200 163.72 158.79 160.26
9 80 280 336.52 300.48 264.61

B. Experimental Setup

All experiments were performed on a vertical CNC
machining center under stable operating conditions. The
workpiece material was hardened Crl2MoV steel with a
hardness of approximately S0 HRC. Machining was carried out
using a TiAlN-coated carbide end mill with constant tool
geometry throughout the study. Milling operations were
conducted under down-milling (climb milling) conditions,
which are commonly preferred in finish hard milling due to
their superior cutting stability and improved surface quality. To
isolate the effects of cutting speed and feed rate, the axial and
radial depths of cut were kept constant during all experiments.

450 1

B
S
k=3

Cutting force (N)
w
v
(=]

w
=3
=3

2504 — Fx
— Fy
— Fz

0.00 0.02 0.04 0.06 0.08 0.10
Time (s)

Fig. 1. Typical cutting force signal in the time domain.

Figure 1 shows the dynamic nature of the milling process
and the vibration-supported cutting system, presenting typical
force signals in the time domain. Cutting forces were measured
using a three-component piezoelectric dynamometer (Kistler
9257B) mounted rigidly between the workpiece and the
machine table. The force signals in the three orthogonal
directions (Fy, F,, F,) were acquired using a high-frequency
data acquisition system with a sampling frequency of 5-10
kHz. To ensure measurement reliability, signals were recorded
after the cutting process reached steady-state conditions (after
2-3 tool engagements). A low-pass filter was applied to remove
high-frequency noise, and the final force values were obtained
by time-averaging the steady-state signals. Flood cooling using
a water-soluble emulsion (5%) was applied during all
experiments to maintain thermal stability and simulate practical
industrial conditions. In addition to force measurements,
surface roughness (Ra) and cutting temperature (T) were
monitored during the experiments to ensure process
consistency and thermal stability. However, these variables
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were not included in the RSM modeling, as the present study
focuses on the dominant effects of cutting speed and feed rate
on cutting force components.

C. Modeling Approach

To describe the relationship between machining parameters
and cutting force components, a second-order regression model
based on RSM was employed. This approach enables the
characterization of linear, interaction, and quadratic effects of
the input variables within the investigated domain. For each
response (F, F,, F,), the general form of the quadratic model is
expressed as:

Fy=Bo+ BV +Bof + B2V + ﬁllVZ + 1322](2

where Y represents the cutting force component, V' is the
cutting speed, f is the feed rate, and f5; are the regression
coefficients determined using the least-squares method.

The adequacy and statistical significance of the developed
models were evaluated using ANOVA at a 95% confidence
level. A model was considered statistically significant when the
p-value was less than 0.05, while a non-significant lack-of-fit
(p > 0.05) indicated good agreement between the model and
experimental data. Model reliability was further verified using
standard statistical indicators, including the coefficient of
determination (R?) and adjusted coefficient of determination
(R%,), which quantify the proportion of variance explained by
the model. The developed models are empirical and valid
within the investigated parameter range. They are intended for
predictive and optimization purposes rather than for
establishing a full mechanistic description of the cutting
process.

II. RESULTS AND DISCUSSION

A. Model Adequacy

The adequacy of the developed second-order regression mo
dels for the cutting force components (F,, F,, and F;) was asses
sed using ANOVA and standard statistical indicators. The resul
ts showed that all models have high predictive accuracy, with ¢
oefficients of determination around R?=0.99 for F,, R?=0.96 f
or F,, and R?=0.96 for F,. These values confirm that the model
s effectively capture the relationship between machining param
eters and the corresponding force components within the studie
d domain. The ANOVA results indicated that the overall mode
Is are statistically significant at the 95% confidence level (p <
0.05). Specifically, V and its quadratic term (V?) are the main f
actors influencing the cutting force components.

In contrast, the f is not statistically significant within the ex
amined parameter range (p > 0.05). However, it still plays an i
mportant physical role in determining the magnitude of the cut
ting force. This distinction emphasizes the difference between
statistical contribution and physical significance under the cho
sen experimental conditions. Additionally, the lack-of-fit tests
are not statistically significant (p > 0.05), indicating that the m
odels adequately represent the experimental data without syste
matic errors. The agreement between ANOVA results and the
high R? values confirms that the proposed CCD-RSM models
are reliable for predicting orthogonal cutting force components
in hard milling of Cr12MoV steel.

B. ANOVA Analysis

TABLE II. ANOVA RESULTS FOR QUADRATIC MODELS OF
Fx, Fy, AND F,

Source DF Fxg Fx, Fyr Fyp Fzy Fzp
\ 1 28.87 | 0.0126 | 6.68 | 0.0814 | 8.41 0.0625
f 1 1.69 | 0.2848 | 0.19 | 0.6904 1.12 | 0.3671
Vxf 1 0.80 | 04380 | 032 | 0.6118 | 0.01 0.9204
V2 1 36.75 | 0.0090 | 9.51 | 0.0539 | 10.02 | 0.0507
2 1 9.10 | 0.0569 | 1.66 | 0.2878 | 2.64 | 0.2025

Error 3 — — — — — —

Note: Terms with p < 0.05 are considered statistically significant at the 95% confidence level.
FxF = Fx: F-value; FxP = Fx: p-value; FyF = Fy: F-value; FyP = Fy: p-value; FzF = Fz: F-value;
FzP = Fz: p-value;

ANOVA was performed to quantify the effects of
machining parameters and their interactions on the cutting
force components Fy, F,, and F;, as summarized in Table IL
The results indicate that cutting speed V has a statistically
significant effect on the cutting forces, particularly on F(p <
0.05). The quadratic term V?2is also significant, confirming the
nonlinear relationship between cutting speed and the force
components. In contrast, the feed rate fis not statistically
significant within the examined range (p > 0.05). However,
from a physical standpoint, it still plays an important role by
increasing the uncut chip thickness and, consequently, the
magnitude of the cutting forces. This highlights the distinction
between statistical significance and physical influence within
the investigated domain. Furthermore, the linear term of f, its
interaction with cutting speed (V X f), and its quadratic term
(f?) are all statistically insignificant (p > 0.05), indicating that
cutting speed is the dominant factor governing variations in the
cutting force components within the studied range. Despite this,
increasing the feed rate leads to higher cutting loads due to the
enlargement of the shear area and intensified plastic
deformation. The observed discrepancy between statistical and
physical significance can be attributed to the relatively narrow
parameter range and the limited number of experimental runs
in the CCD design. Overall, the ANOVA results confirm that
the developed models are primarily driven by cutting speed and
its nonlinear effects, while feed rate acts as a secondary factor
with strong practical relevance but limited statistical
contribution under the selected conditions.

C. Effect of Cutting Parameters

The influence of cutting parameters on the orthogonal F,
F,, and F, was analyzed using the developed RSM models and
experimental observations. V shows a negative correlation with
all force components, indicating that cutting forces decrease as
cutting speed increases. This behavior is mainly attributed to
the thermal softening effect in the cutting zone. At higher
cutting speeds, the increased temperature reduces the material
flow stress, facilitating chip formation and lowering cutting
forces.

A significant reduction in force is observed as the cutting
speed increases from low to high. This effect is especially
noticeable for Fy, which is more sensitive to shear deformation
and friction conditions. At very high cutting speeds, the rate of
force reduction slows due to increased friction at the tool-chip
interface. f has a strong positive effect on the size of the cutting
force. Raising the feed rate results in a thicker uncut chip,
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leading to higher cutting forces due to more plastic deformation
and friction. Although the feed rate is not statistically
significant in ANOVA, its practical impact is evident. Higher
feed rates also cause increased force fluctuations, leading to
vibrations and less stable machining. The combined analysis
shows that cutting speed mainly drives the reduction in force,
while feed rate influences the magnitude of the latter.
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In Figures 2-4, a relatively stable region is observed at high
cutting speeds and moderate feed rates, where all force
components remain moderate.

D. Interpretation of Force Components

Breaking down the resulting cutting force into three
perpendicular components (F, F,,, and F;) provides a clearer
understanding of the mechanical behavior in hard milling, as
each component represents a distinct aspect of machining
performance. The feed-direction force (F;) is mainly associated
with tool trajectory stability. Variations in F, directly influence
the tool's instantaneous displacement in the feed direction,
thereby affecting dimensional accuracy and surface integrity.
Due to its relatively stable behavior and high model adequacy,
F, can be considered a reliable indicator of process consistency.
The transverse force (F,) plays a dominant role in the dynamic
stability of the machining system. This component is
responsible for the lateral excitation of the tool-workpiece
system and is closely linked to vibration and chatter
phenomena. An increase in F,, particularly at high feed rates,
indicates a higher risk of instability, rendering it a crucial
parameter for evaluating machining stability. The axial force
(F,) represents the load transmitted along the spindle axis and
is directly related to spindle bearing loading and machine
durability. Although its magnitude is generally lower than that
of F; and F,, its continuous action along the spindle direction
can significantly affect long-term machine performance and
operational safety. From an engineering perspective, the
simultaneous consideration of these three force components
enables a more comprehensive evaluation of machining
conditions. Specifically, F, governs geometric accuracy, F,
determines vibration risk, and F, reflects spindle load.
Therefore, optimal cutting conditions should be selected by
balancing these components rather than minimizing a single
resultant force.
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E. Force Generation in Hard Milling

Beyond statistical modeling, the observed variation in
cutting force components can also be interpreted from a
mechanistic perspective, based on chip formation and energy
dissipation in the cutting zone. In hard milling of hardened
Cr12MoV steel, the cutting process involves a combined
mechanism of shearing and ploughing, particularly at low
effective cutting speeds. The resultant cutting force can be
expressed as a combination of shear force and ploughing force:

F=F+E,

where F; is associated with shear deformation along the
primary shear zone, and F, represents ploughing and friction
effects along the tool flank and rake faces.

At low cutting speeds, the temperature in the cutting zone is
insufficient to soften the material, leading to a higher flow
stress. As a result, the ploughing component becomes
dominant, especially near the tool tip where the effective
cutting radius approaches zero. This explains the elevated force
levels observed at low cutting speeds. As cutting speed
increases, thermal softening reduces the material's shear
strength, thereby decreasing Fs. Simultaneously, improved chip
formation reduces the ploughing contribution, leading to an
overall reduction in cutting force components.

The feed rate, on the other hand, directly controls the uncut
chip thickness h, approximated as h < f,. An increase in feed
rate results in a larger shear area, and thus higher cutting forces.
However, within the investigated parameter range, the variation
in feed rate is insufficient to produce a statistically significant
effect in the ANOVA, despite its strong physical influence.
From a dynamic perspective, the transverse force component
F,, is the primary excitation source in the tool's radial direction,
contributing to regenerative vibration and chatter instability.
Therefore, controlling F, is significant for ensuring stable
machining conditions. This mechanistic interpretation
complements the CCD-RSM models by providing a physical
explanation for the observed statistical trends, thereby
enhancing the robustness and generalizability of the proposed
predictive framework.

F. Optimal Cutting Conditions

Based on the developed RSM models and the analysis of
cutting force components, an optimal cutting region for finish
hard milling of hardened Cr12MoV steel was identified within
the investigated parameter domain. The results indicate that a
combination of relatively high cutting speed and moderate feed
rate provides the most favorable machining conditions.
Specifically, a cutting speed range of V = 90 m/min-110 m/
min and a feed rate range of f = 160 m/min -200 m/
min result in moderate values of F, F,, and F,, thereby
reducing the risk of vibration and excessive spindle loading
while maintaining machining efficiency. From a mechanistic
standpoint, higher cutting speeds promote thermal softening of
the workpiece material, leading to reduced cutting forces. In
contrast, moderate feed rates limit the increase in uncut chip
thickness, preventing excessive mechanical loading. This
balance is essential for achieving stable cutting conditions in
hard milling operations. Conversely, combinations of low

cutting speed and high feed rate should be avoided, as they
produce elevated cutting forces and increase the likelihood of
vibration, accelerated tool wear, and process instability.
Opverall, the identified parameter window provides a practical
guideline for selecting cutting conditions that ensure stable
operation, reduced cutting forces, and improved machining
reliability in industrial applications.

IV. CONCLUSIONS

This study developed and validated second-order Central
Composite Design-Response Surface Methodology (CCD-
RSM) models to predict the orthogonal -cutting force
components (Fy, F,, and F;) in the hard milling of hardened
Cr12MoV steel using TiAIN-coated carbide tools. The models
exhibited high predictive accuracy (R? up to 0.99) and strong
statistical reliability, as confirmed by Analysis of Variance
(ANOVA) and lack-of-fit tests. The results demonstrate that
cutting speed reduces cutting forces primarily due to thermal
softening, whereas feed rate governs force magnitude through
its influence on uncut chip thickness. A key finding is the
distinction between statistical and physical significance: cutting
speed dominates the model behavior, while feed rate remains
the primary factor controlling the practical magnitude of the
cutting forces. Analysis of the individual force components
provides further engineering insights into machining
performance, with F, associated with trajectory stability,
Fylinked to vibration and chatter risk, and Frelated to spindle
loading. An optimal cutting region (V = 90 m/min-110 m/
min and f =160 m/min-200 m/min ) was identified to
ensure stable and reliable machining conditions. Overall, these
findings provide a practical basis for process parameter
selection and contribute to improved stability, extended tool
life, and enhanced machining efficiency in industrial hard
milling applications.
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