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Abstract

The 7075-T7451 aluminum alloy, widely used in aerospace, aviation, and automotive fields
for critical load-bearing components due to its excellent mechanical properties, suffers from
residual stresses induced by thermo-mechanical coupling during milling, which deterio-
rate workpiece performance. This study explores how key milling parameters—spindle
speed *n.*, feed per tooth *f,*, cutting depth *ap*, and cutting width *ae*—affect surface
residual stress and cutting force via orthogonal experiments and finite element analysis
(FEA). Results show *ac* is critical for X-direction residual stresses, while *f,* dominates
Y-direction ones. Cutting force increases with *f,*, *ap*, and *a.* but decreases with higher
*n¢*. Multivariate regression-based prediction models for residual stress and cutting force
were established, which effectively characterize parameter—response relationships with
maximum prediction errors of 18.69% (residual stress) and 12.27% (cutting force), show-
ing good engineering applicability. The findings provide theoretical and experimental
foundations for multi-parameter optimization in aluminum alloy milling and residual
stress/cutting force control, with satisfactory practical effectiveness.

Keywords: 7075-T7451 aluminum alloy; surface residual stress; cutting forces; predictive
modeling; milling parameters

1. Introduction

As a critical structural material in the aerospace industry, the 7075-T7451 aluminum
alloy is widely used in load-bearing components due to its exceptional specific strength,
corrosion resistance, and heat-treatment strengthening capability [1]. However, this alloy
is prone to significant residual stresses during milling processes caused by non-uniform
plastic deformation, leading to post-machining distortion and dimensional instability. In
the fabrication of aerospace frames and beams, stress-relief-induced deformations often
increase non-conformance rates and necessitate costly corrective processes. For instance,
thin-walled beam structures typically exhibit flatness deviations of 0.1-0.5 mm after machin-
ing, directly compromising assembly accuracy. From a safety perspective, the 7075-T7451
is frequently employed in high-risk components such as aircraft landing gears and wing
spars, where structural failure could result in catastrophic consequences. Industry statistics
indicate that approximately 40% of failure cases in aerospace aluminum components are
associated with machining-induced residual stress [2,3]. Therefore, the precise control of
milling parameters to optimize residual stress distribution is crucial for enhancing the
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reliability of high-precision aluminum parts. This underscores the engineering necessity
for a systematic investigation into this specific material.

The machining-induced residual stresses are predominantly attributed to the syn-
ergistic action of mechanical cutting forces and thermomechanical effects. The cutting
force is strongly correlated with the cross-sectional area of the cut layer and is influenced
by machining parameters such as f,, a., and ap. Meanwhile, temperature distribution
is predominantly governed by cutting speed and cooling conditions. The surface com-
pressive stress field is primarily generated through mechanical loading by cutting forces,
whereas tensile stresses are thermally activated. Furthermore, stress redistribution oc-
curs due to volume mismatch during phase transformations in the affected material zone.
Based on these fundamental principles, the formation mechanisms of machining-induced
residual stresses can be systematically categorized into two dominant theoretical models.
In the mechanical-dominant theory, the surface compressive stress field is attributed to
tool-workpiece interaction forces, with corresponding tensile stresses being induced in
the substrate material as a mechanical equilibrium requirement. The thermal-mechanical
model reveals that surface tensile stresses originate from inhibited thermal dilatation during
machining, with compensating compressive stresses being generated in the bulk material
to satisfy equilibrium conditions [4]. In practical machining operations, these two mech-
anisms typically interact synergistically. The dominant factor is ultimately determined
by the relative intensity of mechanical-thermal effects under specific process conditions.
As a critical indicator of surface integrity, residual stresses significantly influence compo-
nent performance. Both the distribution characteristics and magnitude of residual stresses
are directly correlated with key component performance metrics, including dimensional
deformation, fatigue strength, and corrosion resistance. Generally, compressive stresses
enhance material strength and fatigue-corrosion resistance while suppressing microcrack
initiation. In contrast, tensile stresses tend to degrade fatigue performance and may induce
detrimental effects such as intergranular corrosion [5].

The formation mechanisms of surface residual stresses during milling operations are
inherently complex, involving multi-physics coupling effects. This complexity arises from
three fundamental aspects: non-uniform plastic deformation, steep thermal gradients, and
potential phase transformation processes. Permanent deformation initiates in the work-
piece surface and subsurface layers once the stress exceeds the material’s yield strength.
The resultant residual stresses are influenced by a complex interplay of multiple factors.
These influencing factors primarily include machining parameters, tool geometric charac-
teristics, and wear conditions, as well as workpiece material properties. Extensive research
efforts have been devoted by numerous scholars to elucidating the influence mechanisms of
various factors on residual stresses through diversified modeling approaches and advanced
computational algorithms. From a methodological perspective, certain researchers have
employed analytical modeling to investigate the coupled effects of complex influencing
factors. Li et al. [6] developed a fuzzy inference model for machining systems comprising
both rule-based and result-based frameworks. The model processes input parameters in-
cluding linear choking degree, tool path trajectories, and cutting forces to generate outputs
of machining-induced deformation values—using composite matching to measure the
importance of uncertain inputs to outputs, thereby enabling the effective control of input
uncertainties to significantly reduce the probability of machining deformation failures.
Jiang et al. [7] developed an empirical superposition model for milling-induced residual
stresses. The model effectively distinguishes the respective contribution ratios of milling
forces versus thermal effects on residual stress generation. In studies addressing specific ma-
chining scenarios, Zheng et al. [8] proposed the concept of non-uniform milling. Predictions
from the elasticity-derived model show excellent consistency with FEM simulations and



Materials 2025, 18, 3836

30f18

experimental measurements, confirming its capability in characterizing residual stresses
and machining deformations in milled aluminum alloy beam structures. Zhang et al. [9]
developed an innovative methodology involving the milling of thin-walled specimens for
deformation measurement. By calculating the mean value of MIRS (Machining-Induced
Residual Stress), the deformation of thin-walled components can be predicted with exper-
imental errors below 20%. Other researchers have concentrated their investigations on
residual stress characteristics in specific materials and structural components. Li et al. [10]
established a semi-analytical model for predicting bending deformations of aluminum
alloy components induced by residual stresses. A systematic investigation was performed
to elucidate the influence of residual stresses and T-section geometrical characteristics on
deformation behavior, which was rigorously validated by coupled finite element analysis
and experimental machining tests. Chen et al. [11] integrated Gray Relational Analysis, the
Backpropagation Neural Network, and Non-dominated Sorting Genetic Algorithm-III into
a unified analytical framework. The influencing factors of residual stresses in the milling
processes of Mg-Li alloys were systematically investigated by them. The surface tensile
and subsurface compressive stresses were found to have a typical spoon-shaped distri-
bution, confirming the coupled effect of cutting forces and temperature. Jiang et al. [12]
proposed a coupled modeling framework to characterize the interrelationships among
cutting forces, thermal loads, and residual stress fields. The study concluded that tool
geometry parameters and feed per tooth exert significant influences on cutting forces,
which in turn dominantly affect the resultant residual stress profiles. The study by Sivam
et al. [13] established the critical role of cutting speed in residual stress formation during
the dry milling of the ZE41 magnesium alloy. Berry et al. [14] experimentally confirmed
that increasing feed per tooth while decreasing cutting speed generates higher compressive
stresses in the material’s surface layer. While improving fatigue life, this technique risks
interfacial fracture initiation at the transition region separating deformed and undeformed
material domains. The study by Matuszak et al. [15] demonstrated that cutting speed
significantly affects tool wear and surface integrity characteristics (including residual stress)
during the high-speed machining of the Ti-6Al-4V titanium alloy.

Zhang et al. [16] investigated the effects of cutting parameters on microstructural
evolution and damage mechanisms during the micro-cutting of the 7075-T6 aluminum alloy.
They analyzed the influences of cutting parameters on micro-cutting forces and surface
topography via single-factor experiments, and established a 3D micro-cutting finite element
model based on crystal plasticity theory to study residual stress, microstructural evolution,
and damage behavior. The results indicate that the main cutting force first decreases and
then increases with cutting speed, with the inflection point speed varying with cutting
depth; an increase in cutting depth exacerbates microcrack propagation, while a deeper
maximum residual compressive stress suppresses crack initiation. Yue et al. [17] proposed
a residual stress profile prediction model integrating the exponential decay cosine (EDC)
function, particle swarm optimization (PSO), and backpropagation (BP) neural network
for the milling of the 7075-T6 aluminum alloy. They analyzed the key characteristics of
residual stress profiles and conducted multi-objective optimization based on the Kriging
model. Eventually, the constructed multi-objective optimization framework combined
with NSGA-III, MOPSO, and TOPSIS algorithms enabled the acquisition of optimal cutting
parameter combinations under different optimization modes. From an energy perspective,
Zheng et al. [18] developed a machining-induced residual stress analysis model considering
energy conversion in the milling process. They established a milling force prediction model,
an effective cutting work model, a strain energy solution model, as well as prediction
models for mechanical stress, thermal stress, and residual stress. The accuracy of these
models was verified through milling experiments, showing that the milling force prediction
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error is approximately 5% and the residual stress prediction error is around 15%, indicating
relatively small errors for both models.

Despite extensive research achievements, the fundamental understanding of residual
stress formation mechanisms still faces significant theoretical challenges. Although the ana-
lytical method can reveal the basic laws of stress distribution, it is difficult to quantitatively
describe the dynamic thermal—force coupling effect in the complex milling process [19].
The finite element simulation technique, while capable of modeling cutting processes, faces
significant challenges in achieving efficient predictions owing to limitations in material
constitutive model accuracy and computational resource requirements [20]. In contrast,
the integrated approach combining finite element simulation, experimental validation,
orthogonal design, and data-driven modeling facilitates the efficient quantification of
process-residual stress relationships, offering a reliable foundation for manufacturing pro-
cess optimization. However, most of the existing research focuses on the effect of a single
parameter (e.g., cutting speed or feed) on residual stress, and the systematic research on
the interaction of multiple parameters and the evolution of residual stress under finishing
conditions is still insufficient. Therefore, this study investigates the influence of milling pa-
rameters on surface residual stresses in the 7075-T7451 aerospace aluminum alloy through
a designed four-factor three-level orthogonal experiment. Meanwhile, X-ray diffraction
(XRD) analysis is integrated with cutting force measurement technology to establish a com-
prehensive characterization system. A quantitative analysis is conducted to characterize
residual stress distribution patterns and cutting force variations under different process
parameters, followed by the development of a predictive model through statistical anal-
ysis methods. This study aims to provide theoretical foundations for optimizing milling
processes of high-precision aluminum alloy components in aerospace applications, while
offering experimental support for controlling residual stresses and cutting forces under
multi-parameter interactions.

Based on the above research gaps, the core objectives of this study are as follows:

(1) The effects of spindle speed n., feed per tooth f,, cutting depth ap, and cutting width
a. on residual stress (X/Y directions) and cutting force (X/Y directions) in the 7075-
T7451 aluminum alloy were systematically investigated through a designed L9(3%)
orthogonal experiment coupled with finite element simulation. Parameter significance
was quantitatively ranked based on range analysis.

(2) Theoretical foundations and experimental support are provided for multi-parameter
optimization in the milling process of the 7075-T751 aluminum alloy, enabling the
precise control of residual stress distribution and cutting force magnitude. Through
this approach, practical issues caused by machining-induced stresses—including poor
dimensional stability and reduced fatigue life—can be effectively addressed in the
production of aerospace critical components.

(3) A multiple regression-based predictive model for residual stress and cutting force
was developed, with the parameter—response relationships quantitatively character-
ized. The model demonstrated prediction errors within the acceptable engineering
threshold (<20%), as validated through experimental measurements.

2. Materials and Methods

When simulating the milling process of aluminum alloys using finite element meth-
ods, it is essential to account for their inherent dynamic complexity. The commercially
established finite element software ABAQUS 2023, with its Explicit solver module, is em-
ployed to handle the nonlinear dynamic computations inherent to the milling simulation.
Additionally, the Dynamic, Temp-Displacement, Explicit analysis step is utilized to solve
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the thermo-mechanically coupled machining process. The primary simulation components
consist of the milling cutter and aluminum alloy workpiece.

The 7075-T7451 alloy, a high-strength Al-Zn-Mg-Cu precipitation-hardened aluminum,
exhibits outstanding mechanical properties and superior stress corrosion resistance, making
it widely used in aerospace applications. Through specific heat treatment processes, the
7075 aluminum alloy can achieve exceptionally high strength characteristics, making it
widely utilized in aerospace, automotive, and mechanical manufacturing sectors. It is
particularly suitable for aircraft structures and other high-stress components demanding
exceptional strength and corrosion resistance.

The primary chemical compositions of the 7075-T7451 aluminum alloy are presented
in Table 1, while Table 2 displays its physical and mechanical properties (See Appendix A
for details.). To enhance clarity, the units and sources for the detailed mechanical property
indices and chemical compositions are provided below [21].

Table 1. The 7075-T7451 aluminum alloy main chemical composition.

Element Zn Mg Cu Fe Si Mn Cr Ti Al
Percent/%5.1 2.1 1.2 0.5 0.4 0.3 0.18 0.2 tolerance

Table 2. Mechanical properties of 7075-T7451 aluminum alloy.

Mechanical 3 ]
Properties os MPa) ¢ (MPa) p (kg/m’) E(GPa)  &(%) HBW
Values 455 524 2850 70.3 11% 150

Figure 1 illustrates the simulated milling process of the aluminum alloy, in which a
stationary workpiece is machined through the rotation and feed of the tool. The positions
and directions of movement for both the workpiece and the tool on the machining center are
simulated, with the nodes on the bottom surface of the workpiece being fully constrained.
The milling cutter is modeled as a rigid body, maintaining its rotation along the Z-axis
and allowing movement in the Y-direction. The feed is defined as the horizontal advance
per revolution, while the rotation speed is referred to as the milling speed. The milling
cutter used is a 4-flute carbide end mill, with the tool parameters detailed in Table 3. The
workpiece dimensions are 70 mm x 40 mm X 40 mm. The initial temperature parameter is
set to 20 °C, with the contact interface defined between the chip layer and the tool. The
failure criterion for the milling process is surface failure. The Coulomb friction factor
is established at 0.3, which is consistent with the parameter range recommended for
aluminum alloy milling simulations in the existing studies. This value aligns with the
tribological characteristics between cemented carbide tools and the 7075-T7451 aluminum
alloy under dry cutting conditions, as validated by experimental studies on metal cutting
interface behavior [22].

Table 3. Milling cutter parameters.

Tool Material Cemented Carbide
Cutting edge diameter 12 (mm)
Cutting edge length 30 (mm)
Flute count 4
Helix angle 45°

Overall length 75 (mm)
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Figure 1. Simulation of milling process.

Additionally, controlling mesh density is essential for effective mesh division; a finer
mesh yields higher computational accuracy. However, increasing mesh density directly
leads to longer solution times and increased storage requirements. Therefore, it is crucial to
optimize mesh sizing. To reduce calculation time and enhance result accuracy, we employ
a local meshing technique for the workpiece. Specifically, in the cut section, particularly in
areas of stress concentration and high plastic strain, the mesh is refined to a size of 0.05 mm.
In non-critical regions, a coarser mesh is adopted with a size of 1 mm. The workpiece unit
type is a hexahedral 8-node three-dimensional solid reduced integration element, C3D8RT.
The cutting tool was modeled as a rigid body using four-node linear tetrahedral elements
(C3D4) with a uniform mesh size of 0.3 mm.

In the model, the stress—strain relationship of the material significantly influences the
prediction of the simulation results. Selecting an appropriate constitutive model to describe
the material’s dynamic properties is crucial for establishing the finite element model.
The milling process involves large strains and high temperatures, resulting in significant
gradients in temperature and strain distribution. Therefore, selecting an appropriate
intrinsic model based on the characteristics of the milling process is essential. Currently, the
most commonly used constitutive models include Johnson-Cook (J-C), Bodner-Paton, and
Follansbee—Kocks. The aluminum alloy 7075-T7451 was characterized using the Johnson—
Cook (J-C) constitutive model, which effectively describes its thermo-mechanical behavior
under large strains, high strain rates, and elevated temperatures.

The Johnson—Cook constitutive relationship can be formulated as [23]:

B T-Ty
T+Cin (%)] <1 Tmelt - TO> (1)

In this context, o represents the equivalent stress; A denotes the yield strength; B

7= (A+ B

indicates the strain hardening parameter; n refers to the hardening index; C signifies the
basic parameter for strain rate reinforcement; € represents the equivalent plastic strain per
unit time; £ denotes the equivalent strain rate; £ indicates the equivalent reference strain
rate; T refers to the actual temperature; Tj is the reference temperature; and T},,.;; represents
the melting point temperature of the material.

Table 4 shows the Johnson—Cook constitutive model parameters for the aluminum
alloy 7075-T7451.
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Table 4. Johnson-Cook model parameters for 7075-T7451 aluminum alloy.
A (MPa) B (MPa) C n m Terr (K) Ty (K)
435 278.94 0.019 0.34 0.96 1008 293

The combination of the Johnson—Cook failure model and the Johnson—Cook constitu-
tive model provides enhanced characterization of metal deformation failure under large
strains, and thus it is adopted. The Johnson-Cook failure model defines the damage
parameter based on the equivalent plastic strain at element integration points, expressed as

D=)" —r )
where A#?! represents the equivalent plastic strain increment, and EJ@Z denotes the failure
strain, and is defined as

zjil: {dl—i—dzexp(dggpﬂ 1+dgIn[ £
q )

The hydrostatic pressure to bias stress ratio is p/q (where q denotes the shear stress,

T—T,
1+ds———
< * STmelt_TO) )

i.e., the von Mises equivalent stress), and the temperature term together with the shear
failure parameters are d; to ds defined in the Johnson—Cook failure model. The damage
parameter D is accumulated at the end of each incremental analysis step. Material failure
occurs when D exceeds 1, at which point the element is deleted. The Johnson-Cook shear
failure parameters for the 7075-T7451 aluminum alloy are presented in Table 5 [22].

Table 5. Johnson-Cook shear failure parameters for 7075-T7451 aluminum alloy.

dy d> d3 dy ds
0.071 1.248 —1.142 0.147 0.01

To validate the established finite element model for milling process simulation, three
distinct cutting parameter combinations, as listed in Table 6, were selected for numerical
verification. Figure 2 displays the simulated milling process cloud diagram, while the
predicted residual stresses are reported for both the feed direction (Y direction) and its
perpendicular direction (X direction).

Table 6. Milling parameters.

Sample 1. (r/min) f, (mm/z) a, (mm) a, (mm)
1 3000 0.03 1.5 12
2 5000 0.03 0.5 9
3 7000 0.01 1.5 9

This experiment was conducted at an FLM540V precision machining center with
XYZ axis travels of 400 mm, 400 mm, and 300 mm, respectively, and a maximum spindle
speed of 9000 rpm, as illustrated in Figure 3. The tools and workpieces employed in the
experiments were consistent with the simulation model. All milling experiments were
conducted using brand-new carbide end mills (parameters listed in Table 3) to ensure
consistent initial cutting edge sharpness. A fresh tool was employed for each orthogonal
test group to prevent the potential influence of edge wear caused by prolonged cutting
on result stability. To mitigate pre-existing residual stress effects, all test coupons were
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subjected to a standardized annealing process before machining operations. A chamber
mulffle furnace was utilized to anneal the specimen blocks (Model: GF12Q-III, Manufac-
turer: Mafulu, Country of Origin: Tianjin, China, effective heating zone dimensions of the
furnace chamber: 300mm x 250mm x 250 mm, maximum operating temperature: 1200 °C,
temperature control accuracy: 1 °C), as illustrated in Figure 4. The annealing temperature
was maintained at 260 £ 5 °C for 2 h, followed by cooling to room temperature within
the furnace. Following specimen preparation, residual stresses on the milled surfaces
were measured using an Auto MATE II stress analyzer (Model: AutoMATE II, Brand:
Rigaku, Country of Origin: Tokyo, Japan, Detection Accuracy: 5 MPa, 26 Scanning Range:
98-168°, Maximum Power: 3 kW), with the measurement procedure detailed in Figure 5.
For the reliable evaluation of milling-induced residual stress profiles, a tri-point sampling
strategy was implemented across each machined layer, where the arithmetic mean of the
spatially distributed measurements was adopted as the characteristic residual stress value.
The cutting force was synchronously collected by a three-axis piezoelectric force sensor
(Kistler 9114B, Kistler, Winterthur, Switzerland) at a sampling rate of 10,000 Hz, as depicted
in Figure 6.

S, Mises
(Avg: 75%) ..
+7.383e+02
+6.768e+02
+6.153e+02
+5.538e+02
+4.923e+02 7
+4.309e+02
+3.694e+02
+3.079e+02
+2.464e+02
+1.84%9e+02
+1.234e+02
+6.195e+01
+4.610e-01

Figure 3. FLM540V precision machining center.
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Figure 5. Auto MATE II stress analyzer.
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Figure 6. Kistler 9114B force measurement system.

3. Results

This chapter presents the key findings of this study, focusing on model validation and
orthogonal experimental analysis. First, the validity and accuracy of the established finite
element model for the milling process were verified by comparing finite element simulation
results with experimentally measured data, followed by error analysis. Subsequently, based
on a four-factor, three-level orthogonal experimental design, the predictive modeling of sur-
face residual stress and cutting forces was conducted, and empirical formulas were derived
through regression analysis. Finally, the developed predictive models were validated, and
their prediction accuracy was evaluated, laying the foundation for the subsequent analysis
of the influence of milling parameters on residual stress and cutting forces.

3.1. Experimental Validation and Error Analysis

Table 7 summarizes the comparative results between the simulated and experimentally
measured surface residual stresses and cutting forces in both X and Y directions.

Table 7. Comparison of simulation and experimental results for residual stress and cutting force.

X Residual Stress (MPa) X Cutting Force (N) Y Residual Stress (MPa) Y Cutting Force (N)
Sample . Exp. Error Sim. Exp. Error Sim. Exp. Error . Error
SImOxs oo ) Fx.  Fxe (0 oy oy, ) Ombres BRBe
1 —18.24 —21.84 16.48 50.38 45.71 10.22 —44.41 —48.60 9.45 61.47 65.49 6.78
2 —34.23 —39.45 13.23 23.81 27.09 12.11 —40.21 —45.62 11.86 32.86 37.18 11.62
3 —38.84 —44.26 12.25 30.79 29.40 4.72 —1294  —123.17 4.81 38.55 41.46 7.02

Table 7 presents the maximum and average relative errors between simulated and
experimental results for surface residual stresses: 16.48% and 13.98% in the X-direction, and
11.86% and 8.71% in the Y-direction. For milling forces, the relative errors are 12.11% and
9.02% in the X-direction, while those in the Y-direction are 11.62% and 8.47%. Experimental
results confirm the validity and accuracy of the proposed milling process finite element
simulation model.
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3.2. Modeling of Surface Residual Stress and Cutting Force Prediction

The n¢, ap, a., and f, were selected as parameters to design a four-factor, three-
level (L9(3*)) orthogonal test. This study focuses on the milling residual stresses in the
component’s surface layer after the final finishing process. The primary factors influencing
process parameters include the machining characteristics, experimental machine tool, and
cutting tool performance. The milling parameters were set to the following: spindle speed
ne levels are set at 3000 r/min, 4000 r/min and 5000 r/min; f, levels are 0.01 mm/z,
0.02 mm/z, and 0.03 mm/z; ap levels are 0.5 mm, 1 mm, and 1.5 mm; and ae levels are
6 mm, 9 mm, and 12 mm. Table 8 presents the orthogonal experimental groups.

Table 8. Orthogonal Array L9(3*) Experimental Groups.

Sample n. (r/min) f, (mm/z) a, (mm) a, (mm)
1 3000 0.01 0.5 6
2 3000 0.02 1 9
3 3000 0.03 15 12
4 5000 0.01 1 12
5 5000 0.02 1.5 6
6 5000 0.03 0.5 9
7 7000 0.01 1.5 9
8 7000 0.02 0.5 12
9 7000 0.03 1 6

From the distribution of the maximum temperature in the milling simulation of the
orthogonal groups shown in Figure 7, it can be seen that as the spindle speed and feed
rate increase in the orthogonal experiment, the cutting temperature shows a significant
upward trend. The maximum temperature reaches 62.6 °C (Simple 7), and the minimum
temperature is 34.2 °C (Simple 1). The temperature difference between the groups exceeds
28 °C, which intuitively reflects the complexity of the thermo-mechanical coupling effect
in milling. From the perspective of the thermo-mechanical coupling physical mechanism,
combined with the residual stress test results (Table 9), the stress generation logic of groups
with different temperature characteristics can be analyzed as follows:

70 61.4 62.6
60
522 o N 50.4

O 50 :
2 417 44.7
o 40 34.2
2
[
5 30
Q.
§ 2
2

10

0

1 2 3 4 5 6 7 8 9

Sample

Figure 7. Maximum temperature distribution in milling simulation.

Table 9. Results of Orthogonal Experiment.

Sample ox (MPa) oy (MPa) Fx (N) Fy (N)
1 —51.41 —111.72 7.19 17.86
2 —37.63 —82.60 22.41 28.89

3 —18.24 —44.41 50.38 61.47
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Table 9. Cont.
Sample ox (MPa) oy (MPa) Fx (N) Fy (N)
4 —41.60 —108.83 20.49 25.94
5 —39.81 —68.06 38.77 45.70
6 —34.23 —40.21 23.81 32.86
7 —38.84 —129.40 30.79 38.55
8 —24.31 —44.62 17.95 23.76
9 —37.96 —57.91 29.48 33.57

@

@)

High temperature-dominated group (taking Simple 7 as an example): The cutting
temperature of 62.6 °C makes the thermal expansion effect of the workpiece surface
material significant. After the material in the high-temperature region undergoes
thermal expansion, it is constrained by the surrounding undeformed matrix. During
the cooling and contraction process, the thermal expansion inhibition effect dominates
the generation of residual stress. The experimentally measured Y-direction residual
stress of this group reaches —129.4 MPa, which highly coincides with the theoretical
mechanism in the thermo-mechanical coupling model that “the contribution ratio of
thermal stress increases with the rise in temperature”, verifying the prediction logic
of the model for thermal expansion-induced stress.

Mechanical force-dominated group (taking Simple 1 as an example): At 34.2 °C, the
thermal effect is relatively weak, and mechanical loads such as cutting force and
friction force between the tool and the workpiece become the main inducements for
residual stress. At this time, the thermal expansion deformation of the material is
small, and the plastic deformation caused by mechanical loads becomes the main
cause of stress generation, which is consistent with the assumption in the model that
“under the working condition of low heat input, mechanical force dominates the
evolution of residual stress”.

Extensive milling residual stress data were obtained through orthogonal experiments

(Table 9), enabling the derivation of an empirical calculation formula via mathematical

processing. Regression analysis, a statistical method for investigating variable correlations,

was applied to examine the four influencing factors in the orthogonal experiment. Given

the prevalence of exponential empirical formulas in metal cutting, Equation (4) adopts this

form to characterize the relationship between the milling parameters and residual stresses:

o= Kt'ncal .fzﬂz .apfls .aea4 (4)

In this context, K; represents a coefficient associated with cutting conditions.
This value can be derived by applying the natural logarithm

Ino = InKy + ajlnn, + axlnf, + azlna, + aslna, (5)

Simplify
Y = ag +a1x1 + axxy + azxz + agx4 (6)

This yields a linear equation, indicating that the independent variables x1, x2, x3, and

x4 exhibit linear relationships with the dependent variable y.

The empirical regression equations were derived through linear regression analysis

using MATLAB R2022a’s regress function, as presented in Equations (7) and (8).

oy = 724.108'7’[(;0'031 .fz—0.383.ap—0.096.ae—0.67 (7)
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oy = ~10.996-n,~ 0091 .fz70.832.%0‘23_“670.322 8)

The cutting force empirical formula was subsequently derived using the aforemen-
tioned methodology, as expressed in Equations (9) and (10):

FX = 10.61 .nCO.297.fZOA62.ap0.882 .%0403 (9)
F]/ _ 105.45_7%0.01 _fZO.389 'ﬂp0'584'ﬂ30'16 (10)

3.3. Validation of Surface Residual Stress and Milling Force Prediction Models

During the model validation phase, three additional experimental datasets were
employed to evaluate the prediction accuracy through comparative analysis between the
numerical results and experimental measurements (Tables 10 and 11).

Table 10. Error analysis of surface residual stress empirical model.

» f Pred. Exp. X Pred. Exp. Y
£, z a, (mm) g, (mm) ox_ ox_ oy_ oy_
p e p e o 14 e 0
(r/min) (mm/z) (MPa) (MPa) Error (%) (MPa) (MPa) Error (%)
3500 0.03 1 8 —29.55 —25.60 15.43 —49.73 —41.91 18.69
4500 0.02 1.5 10 —28.81 —31.92 9.74 —69.61 —62.53 11.38
5500 0.01 0.5 10 —42.03 —49.73 15.48 —94.49 —115.8 18.40
Table 11. Error analysis of the empirical cutting force model.
Pred. Exp. Pred. Exp.
ne 1. a, a, Fy Fy P X Fy Fy p Y
3 -p —e o, -p —e o,
(r/min) (mm/z) (mm) (mm) (MPa) (MPa) Error (%) (MPa) (MPa) Error (%)
3500 0.03 1 8 31.41 33.03 49 40.74 36.18 11.19
4500 0.02 1.5 10 41.18 44.71 791 45.81 50.12 9.42
5500 0.01 0.5 10 10.79 11.86 9.01 18.45 20.71 12.27

Data summary: The maximum error and average error of the surface residual stress
prediction model in the X-direction are 15.48% and 13.55%, respectively, while the maximum
error and average error in the Y-direction are 18.69% and 16.16%, respectively.

Data summary: The maximum error and average error of the cutting force prediction
model in the X-direction are 9.01% and 7.27%, respectively, while the maximum error and
average error in the Y-direction are 12.27% and 10.96%, respectively.

Yue et al. [17] proposed an EDC-PSO-BP neural network model trained on 25 experi-
mental datasets. This model achieved a correlation coefficient of 96.0-98.9% in predicting
residual stresses during the milling of the 7075-T6 aluminum alloy, with a maximum error of
only 7.42%, indicating strong nonlinear fitting capabilities. However, its performance relies
on large sample sizes and suffers from “black-box” limitations. In contrast, Zheng et al. [18]
developed a purely physics-based model derived from energy conversion and thermo-
mechanical coupling theory. Their model yielded milling force prediction errors of <10%
and residual stress errors of approximately 15%. Although the underlying mechanism
is well-defined, the model demands accurate material parameters and computationally
expensive iterative simulations.

In this study, the multiple regression model, constructed from only 9 orthogonal
experimental sets, exhibits maximum prediction errors of 18.69% for residual stress and
12.27% for cutting force. Although slightly less accurate, the proposed regression model
provides clear physical interpretability and computational efficiency, rendering it more
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practical for small-sample engineering applications. These three approaches thus form a
complementary framework, balancing prediction accuracy, mechanistic transparency, and
computational cost.

4. Discussion

Range analysis was performed on the orthogonal experimental data to systematically
investigate the influence of the milling parameters on surface residual stress and cutting
force characteristics. The range values of the parameter effects on cutting forces are pre-
sented in Table 12. Figure 7 shows the cutting forces variations under different parameter
levels. The cutting forces Fx and Fy increase with the higher levels of f., a,, and a, within
the tested range. Analysis of the underlying mechanisms reveals that increases in parame-
ters such as f;, a,, and 4, directly lead to an enlargement of the undeformed chip thickness
and instantaneous cutting area. As a high-strength precipitation-hardened aluminum alloy,
the 7075-T7451 exhibits high yield strength and work-hardening behavior, which neces-
sitate higher cutting forces to overcome the material’s resistance to plastic deformation
and achieve effective shearing. Among these parameters, a, exerts the most significant
influence, as it directly determines the axial depth involved in the cutting process, thereby
substantially increasing the material removal rate and the contact area between the tool
and the workpiece. Experimental observations demonstrate a significant decreasing trend
in cutting force with increasing spindle speed within the tested parameter range. This
phenomenon can be attributed to the enhanced thermal softening effect of the workpiece
material at higher cutting speeds, coupled with reduced work hardening. This is attributed
to the significant thermal softening behavior of the 7075-T7451 aluminum alloy at elevated
temperatures: its flow stress decreases with increasing temperature, which facilitates easier
material shearing and consequently reduces the cutting force. The synergistic effect of these
two mechanisms leads to the observed cutting force reduction. The parameter influence
magnitude follows: a, > f; > a, > n.. These results show a strong consistency with the em-
pirical cutting force equations. Figure 8 illustrates the milling force trends under different
parameter levels.

Table 12. Range analysis of residual stress and cutting forces.

Response Direction = Parameters K1 K2 K3 k1 k2 k3 Range Ranking
Type R)
ne —-107.28  —11564 —101.11 3576 —3855 —3370  4.84 >
X f, —-131.85 —101.75  —9043  —4395 —-33.92 -30.14 1381 f>
ap —10995  -11719 9689  —36.65 —39.06 -3230 677 7
residual ac —129.18  —110.70 —8415 —43.06 —3690 —2805 1501 :
stress ne —-23873  —217.10 —231.93 7958 7237 7731 721 £
y f, —349.95  —19528 14253 11665 —65.09 —4751  69.14 o
ap ~196.55  -24934 24187 6552 8311 8062 1760 L7
ae —237.69  —25221 —197.86 —79.23 8407 —6595 1812 P ¢
nc 81.14 83.07 78.22 2705 2769 2607 162 o
f, 58.47 80.29 10367 1949 2676 3456  15.07 2
X ap 48.95 73.54 11994 1632 2451 3998  23.66 af; "
cutting ae 75.44 78.17 88.82 2515 2606  29.61 4.46 e
force nc 108.22 104.50 95.88 3607 3483 3196 411 .
f, 82.35 98.35 12790 2745 3278 4263 1518 P
Y ap 74.48 88.40 14572 2483 2947 4857 2374 aefz>>nc

ae 97.13 100.30 111.17 32.38 33.43 37.06 4.68
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Figure 8. Trend of cutting forces with variation in cutting parameter levels.

As shown by the range analysis in Table 12, within the predetermined milling param-
eter range, 4, exhibits the most pronounced influence on X-directional residual stresses.
Followed by f;, and a,—n,. has the least effect. The underlying analysis reveals that ex-
panding a, extends the effective range of cutting force application. The expansion of the
cutting force-affected zone enlarges both the scope and intensity of plastic deformation,
consequently leading to elevated residual stress levels. Furthermore, 4, significantly in-
fluences the distribution and dissipation of machining-induced heat, thereby altering the
thermomechanical coupling state of the material and ultimately affecting the resultant
residual stress characteristics. Based on the results presented in Table 12, within the defined
milling parameter range, the ranking of cutting parameters’ influence on Y-directional
residual stresses is as follows: f; > a, > a, > n.. This is due to the fact that f; acts directly
on the thickness of the cutting layer. The Y-direction residual stress is predominantly gov-
erned by f,, which determines the undeformed chip thickness and consequently controls
both the normal cutting force intensity and plowing effect depth. This mechanism signifi-
cantly enhances the extent of plastic deformation within the material. Therefore, during
subsequent process optimization, prioritizing the adjustment of 4, and f, is essential for
achieving effective control over X-directional residual stresses. For Y-directional residual
stress control, primary optimization efforts should focus on f, as the dominant adjustment
parameter. Figure 9 illustrates the residual stress trends across parameter levels.

oy  =—d—ox
0

-20

o | A—— / —_ /

Surface residual stress (MPa)

I
N
Iy
S

3000 5000 7000 0.01 0.02 0.03 0.5 1 1.5 6 9 12

ne(r/min) f2(mm/z) a,(mm) ac(mm)

Figure 9. Trend of residual stresses with variation in cutting parameter levels.

Although orthogonal experimental design is primarily used to evaluate the main
effects of the parameters, its balanced dispersion still provides the possibility for a simplified
analysis of the interaction between key parameter pairs. To analyze the interactive influence
of f; and a, on cutting force, samples 1, 2, and 3 with a spindle speed of 3000 r/min (Table 8)
were selected to weaken the interference of n.. The results show that when f, increases from
0.01 mm/z to 0.02 mm/z and 4, increases from 0.5 mm to 1 mm, the X-direction cutting
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force (Fx) rises from 7.19 N to 22.41 N, with an increase rate of 212%. However, when f,
further increases to 0.03 mm/z and a, increases to 1.5 mm, the increase rate of Fx decreases
to 125%. This indicates that the influence of a, on cutting force weakens with the increase
of f;: atlow f, the effect of a, in expanding the axial cutting area is more significant; at
high f,, the thickness of the cutting layer dominates material removal, and the marginal
effect of a, is weakened, reflecting the interaction between the two parameters.

To analyze the interactive influence of 4, and f, on residual stress, samples 2, 4, and 9
with a constant cutting depth of 1 mm (Table 8) were selected to control the interference
of ap. The results show that when ., increases from 6 mm to 9 mm and f, decreases from
0.03 mm/z to 0.02 mm/z, the absolute value of oy rises from 57.91 MPa to 82.60 MPa, with
an increase rate of 43%. However, when a, further increases to 12 mm and f, decreases to
0.01 mm/z, the increase rate of the absolute value of oy drops to 32%. It can be seen that the
increase in 4, weakens the influence of f,: at small a,, the cutting area is concentrated, and
the enhancement of plastic deformation caused by the decrease in f, is more significant;
at large a,, the deformation energy is dispersed, and the regulatory effect of f, is diluted,
confirming the interactive effect between the two parameters.

It should be explicitly noted that the simplified analysis in this study based on the
L9(3%) orthogonal matrix has limitations. On one hand, in the selected “fixed secondary
parameter groups”, there are still differences in other parameters, which may cause slight
interference to the interaction trends. On the other hand, the 9 sets of experimental data
cannot cover all level combinations of the parameters, making it difficult to quantify the
precise intensity of the interaction effects. Future research can be further verified through
full-factor experiments or response surface methodology.

5. Conclusions

This study systematically investigates the milling of the 7075-T7451 aluminum alloy
through integrated finite element simulation and orthogonal testing, yielding the follow-
ing key conclusions regarding residual stress and cutting force distribution patterns and
predictive modeling:

(1) Comparative analysis between the simulation and experimental data reveals maxi-
mum relative errors of 16.48% (X-directional) and 11.86% (Y-directional) for surface
residual stresses, with mean errors of 13.98% and 8.71%, respectively. For the cut-
ting force, the maximum relative errors reach 12.11% (X-directional) and 11.62%
(Y-directional), with mean errors of 9.02% and 8.47%. These results demonstrate that
the developed dynamic thermomechanical coupling model accurately characterizes
residual stresses and cutting force distributions during milling.

(2) The influence laws of the process parameters on cutting forces in the X- and Y-
directions are summarized as follows: 4, is the dominant factor, followed by f,
and a,. Cutting forces exhibit a positive correlation with f., a,, and a,, whereas an
inverse trend is observed for 7. due to thermal softening. Therefore, optimizing
cutting forces requires prioritizing a, control, complemented by an elevated 7. to
exploit thermal softening for force suppression.

(3) Range analysis indicates that 4, contributes most significantly to X-direction residual
stresses, followed by f; and a,, while n, shows negligible effects. For Y-direction
residual stresses, f. dominates as the primary influencing factor, with a, and a,
being secondary contributors. Therefore, subsequent process optimization should
prioritize a, and f, adjustment for X-direction residual stress control, whereas f,
requires particular attention when reducing Y-direction residual stresses.

(4) An exponential predictive model relating residual stress to cutting forces was de-
veloped through multivariate regression analysis. During model validation, the



Materials 2025, 18, 3836

17 of 18

References

maximum prediction errors reached 18.69% for residual stress and 12.27% for cutting
force, indicating the robust engineering applicability of the proposed model.

Future studies could further investigate the influence of milling parameters on other
high-performance alloys (e.g., 2024 aluminum alloy, titanium alloys) or explore the mech-
anisms of tool coatings and wear effects on surface quality and residual stress, thereby
providing support for optimizing the machining of a broader range of materials.

It should be noted that this study utilized the chemical composition and mechanical
properties data of the 7075-T7451 aluminum alloy reported in the existing literature (Refer-
ence 21), without conducting independent material characterization. While these reference
data are widely accepted in the field, we acknowledge that potential variations in material
composition (even within the specification limits) may influence residual stress formation
and cutting force characteristics. This constitutes a limitation of the present study. Future
research should incorporate the following: (1) comprehensive material characterization
including chemical composition analysis and mechanical testing prior to machining experi-
ments; (2) a systematic investigation of how compositional variations within the 7075-T7451
specifications affect machining-induced residual stresses.
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Appendix A. Codes/Acronyms

Codes Name Acronyms Name
s Yield strength Sim. Simulate
o Tensile strength Exp. Experimental
0 Density Pred. Prediction
E Elastic modulus EDC Exponential Decay Cosine
0 Elongation PSO Particle Swarm Optimization
HBW Hardness
BP Backpropagation

1. Jiang, X.H.; Wei, Y.X,; Zhou, ].H.; Zhan, K ; Ding, Z.S; Liang, S.Y. Residual stress generation and evaluation in milling: A review.
Int. J. Adv. Manuf. Technol. 2023, 126, 3783-3812. [CrossRef]
2. Guo, J.; Fu, HY,; Pan, B.; Kang, R K. Recent progress of residual stress measurement methods: A review. Chin. J. Aeronaut. 2021,

34, 54-78. [CrossRef]
Gao, HJ,; Li, X,; Wu, Q.; Lin, M.H.; Zhang, Y.D. Effects of residual stress and equivalent bending stiffness on the dimensional

stability of the thin-walled parts. Int. . Adv. Manuf. Technol. 2022, 119, 4907-4924. [CrossRef]

Zawada-Michatowska, M.; Piesko, P.; Mréwka-Nowotnik, G.; Nowotnik, A.; Legutko, S. Effect of the Technological Parameters of

Milling on Residual Stress in the Surface Layer of Thin-Walled Plates. Materials 2024, 17, 1193. [CrossRef]


https://doi.org/10.1007/s00170-023-11394-1
https://doi.org/10.1016/j.cja.2019.10.010
https://doi.org/10.1007/s00170-021-08252-3
https://doi.org/10.3390/ma17051193

Materials 2025, 18, 3836 18 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Zhang, H.; Zhao, S.Q.; Sun, H.; Peng, EY; Yan, R.; Tang, X.W.; Shan, Y.A. Investigation on the Initial Residual Stress Detection
Method and Its Application for Deformation Analysis in Machining Thin-Walled Blades. Trans. Nanjing Univ. Aeronaut. Astronaut.
2024, 41, 158-173. [CrossRef]

Li, X.Y;; Qi, H.; Tao, Q.; Li, L. Influence of uncertain parameters on machining distortion of thin-walled parts. Int. ]. Adv. Manuf.
Technol. 2023, 127, 3773-3788. [CrossRef]

Jiang, X.H.; Kong, X.]J.; He, S.R.; Wu, K. Modeling the superposition of residual stresses induced by cutting force and heat during
the milling of thin-walled parts. J. Manuf. Process. 2021, 68, 356-370. [CrossRef]

Zheng, Y.H.; Hu, PC.; Wang, M.H.; Huang, X.Y. Prediction Model for the Evolution of Residual Stresses and Machining
Deformation of Uneven Milling Plate Blanks. Materials 2023, 16, 6113. [CrossRef]

Zhang, Z.X.; Zhang, Z.; Zhang, D.H.; Luo, M. Milling distortion prediction for thin-walled component based on the average
MIRS in specimen machining. Int. ]. Adv. Manuf. Technol. 2020, 111, 3379-3392. [CrossRef]

Li, N.; Yi, S.H.; Tian, W.Y.; Wang, Q. Semi-Analytical Solution Model for Bending Deformation of T-Shaped Aviation Aluminum
Alloy Components under Residual Stress. Metals 2024, 14, 486. [CrossRef]

Chen, Z.].; Qian, L.Y.; Cui, R K,; Liu, J.S.; Zhang, Q.D. Machining-induced residual stress analysis and multi-objective optimization
for milling process of Mg-Li alloy. Measurement 2022, 204, 112127. [CrossRef]

Jiang, X.H.; Cai, Y,; Liu, W.Q.; Guo, M.X,; Zhou, H.; Xu, Z.; Kong, X.J.; Ju, P.E. Residual compressive stress prediction determinedby
cutting-edge radius and feed rate during milling of thin-walled parts. Int. ]. Adv. Manuf. Technol. 2022, 124, 773-788. [CrossRef]
Sivam, S.P.S.; Bhat, M.D.].; Natarajan, S.; Chauhan, N. Analysis of residual stresses, thermal stresses, cutting forces and other
output responses of face milling operation on ZE41 Magnesium alloy. Int. J. Mod. Manuf. Technol. 2018, 10, 92-101.

Berry, L.; Wheatley, G.; Ma, W.; Masoudi Nejad, R.; Berto, F. The influence of milling induced residual stress on fatigue life of
aluminum alloys. Forc. Mech. 2022, 7, 100096. [CrossRef]

Matuszak, J.; Zaleski, K.; Zysko, A. Investigation of the Impact of High-Speed Machining in the Milling Process of Titanium Alloy
on Tool Wear, Surface Layer Properties, and Fatigue Life of the Machined Object. Materials 2023, 16, 5361. [CrossRef] [PubMed]
Zhang, P; Lin, Z,; Liu, Z.; Liu, J.; Mai, Q.; Yue, X. Effect of cutting parameters on the microstructure evolution and damage
mechanism of 7075-T6 aluminum alloy in micro cutting. Int. . Damage Mech. 2023, 32, 914-939. [CrossRef]

Yue, Q.; He, Y;; Li, Y,; Tian, S. Modeling and optimization of surface residual stress profiles in milling of aluminum 7075-T6 alloy.
Int. ]. Adv. Manuf. Technol. 2024, 130, 5913-5934. [CrossRef]

Zheng, Y,; Tian, Y.; Ma, J.; Zhang, F,; Cui, X.; Ren, L. Residual stress formation mechanism considering cutting energy in milling
of 7075 aluminum alloy. Int. |. Adv. Manuf. Technol. 2023, 131, 3039-3055. [CrossRef]

Mirkoohi, E.; Bocchini, P; Liang, S.Y. Inverse analysis of residual stress in orthogonal cutting. J. Manuf. Process. 2019, 38, 462—471.
[CrossRef]

Peng, Z.C.; Zhou, H.G,; Li, G.C.; Zhang, L.Y.; Zhou, T.; Fu, Y.L. A detected-data-enhanced FEM for residual stress reconstruction
and machining deformation prediction. Alex. Eng. J. 2024, 91, 334-347. [CrossRef]

Yi, S.H. Prediction and Control Methods for Machining Deformation of Thin-Walled Weak-Rigidity Aerospace Aluminum
Components. Ph.D. Thesis, Central South University, Changsha, China, 2023. Available online: https://link.cnki.net/doi/10.276
61/d.cnki.gzhnu.2022.000159 (accessed on 15 May 2025).

Dong, J. Prediction of Machining Deformation and Parameter Optimization for Aerospace Thin-Walled Components. Master’s
Thesis, Xi’an Technological University, Xi’an, China, 2024. Available online: https:/ /link.cnki.net/doi/10.27391/d.cnki.gxagu.20
24.000307 (accessed on 15 May 2025).

Lu, X.H.; Xv, G.Q.; Cong, C.; Gu, H,; Liang, S.Y. Residual stress prediction of micro-milling Inconel 718 thin-walled parts. Int. J.
Adv. Manuf. Technol. 2024, 133, 1305-1316. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.16356/j.1005-1120.2024.02.003
https://doi.org/10.1007/s00170-023-11713-6
https://doi.org/10.1016/j.jmapro.2021.05.048
https://doi.org/10.3390/ma16186113
https://doi.org/10.1007/s00170-020-06281-y
https://doi.org/10.3390/met14040486
https://doi.org/10.1016/j.measurement.2022.112127
https://doi.org/10.1007/s00170-022-10394-x
https://doi.org/10.1016/j.finmec.2022.100096
https://doi.org/10.3390/ma16155361
https://www.ncbi.nlm.nih.gov/pubmed/37570066
https://doi.org/10.1177/10567895231171408
https://doi.org/10.1007/s00170-024-13057-1
https://doi.org/10.1007/s00170-023-12844-6
https://doi.org/10.1016/j.jmapro.2019.01.033
https://doi.org/10.1016/j.aej.2024.02.014
https://link.cnki.net/doi/10.27661/d.cnki.gzhnu.2022.000159
https://link.cnki.net/doi/10.27661/d.cnki.gzhnu.2022.000159
https://link.cnki.net/doi/10.27391/d.cnki.gxagu.2024.000307
https://link.cnki.net/doi/10.27391/d.cnki.gxagu.2024.000307
https://doi.org/10.1007/s00170-024-13784-5

	Introduction 
	Materials and Methods 
	Results 
	Experimental Validation and Error Analysis 
	Modeling of Surface Residual Stress and Cutting Force Prediction 
	Validation of Surface Residual Stress and Milling Force Prediction Models 

	Discussion 
	Conclusions 
	Appendix A
	References

