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Highlights

What are the main findings?

• The first to our knowledge mathematical regression model specifically developed for
Al 7136-T76511 surface roughness.

• A published regression model for Al 7136-T76511 surface roughness.
• Cutting speed is the dominant factor, contributing 83.89% to Ra variance.
• Identified a critical resonance “danger zone” between 570 and 610 m/min.
• Chatter at 610 m/min increases Ra standard deviation to 0.112 µm.
• Stable regime at 710 m/min provides an ideal substrate for anodizing.

What are the implications of the main findings?

• Prioritizing process stability over nominal Ra is vital for durability.
• Avoiding the 570–610 m/min range prevents premature coating failure.
• Standard deviation of Ra is a critical predictor for corrosion risk.
• Resonance-induced micro-cracks act as pathways for exfoliation corrosion.
• The study offers a “safety map” for selecting reliable machining parameters.

Abstract

This study investigates the critical relationship between machining-induced surface in-
tegrity and the effectiveness of subsequent anti-corrosion protection for high-strength
Al 7136-T76511 aerospace alloy. Given the alloy’s susceptibility to exfoliation corrosion,
ensuring high-quality surface substrates for protective coatings is paramount. The research
aims to model the influence of end milling parameters—cutting speed, depth of cut, and
feed per tooth— on surface roughness to establish a topographical risk prognosis frame-
work for subsequent coating vulnerability. A comprehensive full-factorial experimental
design involving 150 distinct cutting regimes was evaluated on a CNC machining center.
Statistical analysis using ANOVA showed that cutting speed is the most significant factor,
contributing 83.89% to the variance of longitudinal Ra. A critical resonance zone was iden-
tified between 570 and 610 m/min, where the model predicts high instability and surface
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integrity degradation. The developed mathematical models achieved high precision, with
coefficients of determination (R2) ranging between 85% and 88%. The research identifies
a critical “danger zone” of dynamic instability between 570 and 610 m/min, where reso-
nance significantly increases data dispersion (standard deviation = 0.112 µm compared
to 0.051 µm in stable regimes). Findings demonstrate that even when average Ra values
remain within industrial limits, vibration-induced micro-cracks, and severe chatter marks
function as geometric precursors that theoretically lower the structural barrier efficiency
of subsequent protective films. This study establishes that prioritizing process stability
over nominal roughness minimization is essential for the structural integrity of critical
aerospace components.

Keywords: high-speed milling; Al 7136-T76511; surface integrity; exfoliation corrosion;
dynamic stability; protective coatings; ANOVA modeling

1. Introduction
1.1. Current State of the Art

In the global context of sustainable development and stringent energy efficiency
requirements, the transport industry (aerospace, automotive, and rail) faces a continuous
need for technology hybridization focused on reducing structural weight [1,2]. Lightweight
materials, particularly aluminum alloys, represent the primary solution for achieving these
objectives. However, their integration comes with a major challenge: corrosion, which
remains a critical factor affecting safety, service life, and maintenance costs [3,4].

7xxx series aluminum alloys (Al-Zn-Mg-Cu), due to their exceptional strength-to-
weight ratio, are vital for critical structural applications in the aerospace industry [5,6].
These alloys, used for load-bearing elements subjected to high stress, require advanced
manufacturing processes, such as high-speed milling (HSM), to achieve precise geometric
tolerances and efficient production rates. This paper focuses on the specific alloy Al 7136-
T76511, which, due to the T76511 heat treatment, possesses superior resistance to exfoliation
corrosion compared to other tempers [7–9].

The T76511 temper offers superior corrosion resistance compared to T6 or T73 tempers
by optimizing the distribution of η(MgZn2) type precipitates. This metallurgical archi-
tecture is designed to inhibit corrosion propagation along the rolling planes. However,
machining within the dynamic instability zone (570–610 m/min) induces severe plastic
deformation that can fragment these precipitates, creating pitting initiation sites that would
otherwise be inhibited by the optimized chemical composition of the 7136 alloy.

Despite optimized heat treatments, these alloys remain vulnerable to severe forms of
localized corrosion (e.g., exfoliation corrosion and intergranular corrosion) in aggressive en-
vironments [10,11]. Therefore, protection strategies such as anodizing, chemical conversion,
and painting are mandatory [12–15].

An essential aspect, often overlooked in the literature, is that the effectiveness and
durability of the protective layer are directly influenced by the quality of the metal surface
obtained through machining [16–20].

Recent research suggests that surface integrity is not merely a function of nominal
roughness but is profoundly influenced by the state of residual stress and vibration-induced
microstructural defects. While compressive residual stresses can inhibit crack propagation,
unstable machining regimes (chatter) tend to generate tensile residual stresses, which
function as a driving force for stress corrosion cracking (SCC) and exfoliation corrosion
(EFC) in 7xxx series alloys. This direct link between machine-tool dynamics and the
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electrochemical kinetics of the oxide layer remains an under-explored area, necessitating
an integrated approach between manufacturing engineering and corrosion science.

In aluminum alloy machining, there is a risk of creating sub-optimal surfaces. These
are surfaces that, while potentially having a nominal Ra value within accepted tolerances,
contain hidden structural defects (e.g., high residual stress, resonance-induced micro-
cracks). These defects lead to premature failure of the corrosion protection, turning a
critical high-strength part into a structural vulnerability. This study aims to provide process
engineers with evidence-based recommendations to safely navigate the cutting regime
space, minimizing both numerical roughness and corrosion vulnerability.

It is important to specify that this study establishes a strictly predictive topographical
model rather than one validated through direct electrochemical or salt spray measurements.
The framework operates on the structural premise that chatter marks degrade the physical
indicators of the substrate (standard deviation and directional anisotropy), which act as
geometric precursors to non-uniform coating barrier deposition. This functions exclusively
as an initial prognostic map to eliminate sub-optimal surface states before anti-corrosive
coatings are applied.

This study analyzes the substrate preparation; the anti-corrosive coating is applied
after the machining process, its durability being directly dependent on the surface integrity
established during milling.

It is essential to emphasize that the scope of this investigation is strictly limited to the
pre-coating mechanical substrate preparation phase. The developed mathematical models
do not measure the subsequent electrochemical corrosion rate directly; instead, they serve
as quantitative prognostic tools for surface integrity. This approach is founded on the
well-established engineering principle that process instability (chatter) induces localized
physical defects—such as high topography dispersion and structural anisotropy—which act
as structural precursors to the non-uniform thinning and premature failure of anti-corrosive
coatings. By modeling these boundaries, this study aims to provide a reliable ‘safety map’
to eliminate sub-optimal surface states before costly anodizing processes are applied.

1.2. Literature Gaps

The literature in the field of corrosion recognizes that residual stresses and micro-cracks
in the SSD affect corrosion resistance [21]. However, there is a lack of direct and rigorous
correlation linking unstable cutting regimes (vibrations or chatter) to the performance of the
protective layer for Al 7136. Machining vibrations [22] not only increase Ra but also produce
an irregular, wavy texture and, most dangerously, induce high surface tensile residual
stresses and micro-cracks. While studies on standard alloys, such as AA7075-T6, often
focus on raw mechanical strength, Al 7136 in the T76511 heat-treated state exhibits distinct
microstructural behavior. Unlike the T6 temper (peak hardness), which is highly vulnerable
to exfoliation corrosion (EFC) and stress corrosion cracking (SCC), the T76511 treatment
involves controlled over-aging that stabilizes precipitates at the grain boundaries. This
stabilization increases the intrinsic resistance to EFC but makes the alloy significantly more
sensitive to machining-induced defects in the Surface Stratum Deformation (SSD) layer.
Previous studies on 7xxx series alloys (refs. [5–9]) have demonstrated that micro-geometry
variations affect the adhesion of protective layers, yet few have analyzed how resonance
in High-Speed Milling (HSM) can negate the anti-corrosive benefits of the T76511 temper
by inducing tensile residual stresses that ‘re-open’ intergranular attack paths. Thus, the
present research differentiates itself by demonstrating that, for Al 7136-T76511, surface
integrity is the sole factor capable of guaranteeing the performance promised by advanced
heat treatment.
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An optimal surface should have compressive residual stress (beneficial). In contrast,
unstable regimes can change the sign of stresses or create localized tensile points. In the
vibration regime (vc ≈ 570–610 m/min), although average Ra values (e.g., 0.485 µm) may
seem excellent, the high variance (Standard Deviation 0.112 µm) indicates a non-uniform
texture predisposing to anodizing failure [23,24].

While the stable regime produces a uniform micro-geometry favorable for coating
adhesion, the resonance regime introduces microstructural risks: intergranular micro-
cracks due to cyclic dynamic loads exceeding the material’s local yield strength, and tensile
residual stresses that alter the stress state of the SSD layer, potentially creating active
anodic paths. In this study, these phenomena are analyzed as theoretical risks inferred
indirectly through macroscopic stability indicators, namely the sudden expansion of surface
roughness standard deviation (σ) and structural anisotropy.

Although the existing literature recognizes the impact of roughness on mechanical
adhesion, there is a lack of systematic studies quantifying how resonance frequencies during
Al 7136 milling induce micro-cracks that serve as preferential pathways for electrolytes.
Most current predictive models focus on ideal geometric roughness, ignoring the fact
that dynamic instability can change the sign of residual surface stresses, transforming
an apparently ‘smooth’ substrate into an active anodic zone beneath the protective layer.
This study addresses exactly this information gap by correlating the stability limits of the
process with the integrity of the anodized layer.

In conclusion, it is essential to empirically map which milling parameter combina-
tions introduce geometric anomalies that compromise substrate uniformity. This work
addresses this gap by translating empirical cutting stability profiles into a theoretical and
predictive corrosion vulnerability map, defining safe manufacturing boundaries prior to
the application of surface treatments.

1.3. Research Originality and Goals

To clarify the distinct scientific positioning of this work against conventional cutting
parameter vs. roughness studies, this research introduces three main pillars of originality:

• Novel Modeling of Advanced Al 7136-T76511: While the standard machining literature
frequently focuses on legacy materials like AA7075-T6, this work delivers the empirical
regression models mapped specifically to the high-speed milling of the new-generation
Al 7136-T76511 aerospace alloy.

• Inversion of the Roughness Paradigm in HSM: Conventional optimization models rely
heavily on feed kinematics (fz) to control texturing. This study shifts the paradigm
by demonstrating that under HSM conditions, thermal and mechanical stabilization
cause the cutting speed (vc) to capture an absolute dominance of 83.89% over the
surface variance.

• Interdisciplinary Risk Map via Process Noise: Instead of treating roughness (Ra) as
a localized dimensional metric, this study transitions into durability engineering. It
utilizes the statistical expansion of standard deviation (σ) and directional anisotropy
within the resonance window (570–610 m/min) as geometric and physical prognosis
indicators for subsequent coating vulnerability, establishing a preventative ‘safety
map’ before surface treatments are deployed.

2. Theoretical Background
2.1. Al 7136 Alloy and Superior Strength Properties

7xxx series alloys (Al-Zn-Mg-Cu) are the strongest aluminum alloys, widely used in
aerospace structures [25]. Al 7136 is a specialized variant with an optimized composition
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to balance high mechanical strength with improved corrosion resistance, particularly in the
T76511 temper (Table 1).

Table 1. Chemical composition and role of alloying elements in aluminum alloy 7136 according to
conform AMS4415A standard.

Element Nominal Concentration (wt.%) Main Role

Zn (Zinc) 5.60% Solid solution strengthening and precipitation
Mg (Magnesium) 2.50% Strength improvement

Cu (Copper) 1.20% Precipitation hardening; galvanic element
Cr (Chromium) 0.20% Grain size control (IGC resistance)
Al (Aluminum) Balance Alloy base

- Composition: High Zn and Mg content provides strength, while Cu contributes to
precipitation hardening.

- T76511 Temper: This treatment (solutioning followed by over-aging) produces an
optimal precipitate distribution along grain boundaries, minimizing susceptibility to
Stress Corrosion Cracking (SCC) and exfoliation corrosion [26].

2.2. Review of Corrosion Mechanisms in 7xxx Series Aluminum Alloys

Despite temper optimizations (such as T76511), 7xxx series aluminum components
remain susceptible when exposed to aggressive environments. The primary forms of
corrosion relevant to aerospace applications are:

- Exfoliation Corrosion (EFC): This is the most destructive form of localized corrosion. It
propagates preferentially along planes parallel to the surface, following the material’s
elongated grain structure (particularly in rolled plates), leading to swelling and delam-
ination of the metallic layers [27]. EFC is linked to the presence of Cu-rich precipitates
at the grain boundaries.

- Intergranular Corrosion (IGC): The corrosive attack occurs along the grain boundaries,
compromising the microstructural cohesion of the material.

- Pitting Corrosion: The localized initiation of cavities (pits) on the metal surface, often
accelerated by impurities, surface defects, or inhomogeneities within the passive layer.

Surface defects introduced during machining—such as micro-cracks or the non-
uniform distribution of residual tensile stresses—can initiate or accelerate these processes.
Specifically, IGC and Pitting can function as precursors that evolve into EFC or stress-related
failures under mechanical loading [28].

2.3. Theoretical Fundamentals of Milling and the Role of Surface Roughness

High-Speed End Milling (HSM) is a complex process. Surface roughness (Ra) is the
result of the superposition of two major factors:

- Theoretical (Geometric) Roughness (Ra, t): This is primarily determined by the tool’s
corner radius (or ball-end radius) and the feed per tooth (fz).

- Experimental (Actual) Roughness (Ra, exp): This is influenced by dynamic factors that
deviate from the theoretical model.

Factors Influencing Surface Quality

- Vibrations (Chatter): Dynamic instability within the machine-tool-workpiece sys-
tem [24] introduces high-frequency undulations. This dramatically increases Ra, exp
and, more critically, creates surface micro-defects [29].

- Built-Up Edge (BUE): At lower cutting speeds, a Built-Up Edge may form from alu-
minum pressure-welded onto the cutting edge. This BUE breaks off intermittently,
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leaving irregular surfaces. HSM (high speeds) tends to minimize BUE formation due
to the thermal and kinematic conditions of the process.

2.4. Analysis of the General Relationship: Surface Roughness and Anticorrosive
Coating Effectiveness

The correlation between surface roughness and coating adhesion is well-documented,
albeit nuanced [30] (Table 2).

Table 2. The influence of surface condition on coating quality and corrosion resistance.

Surface Characteristic Impact on Anticorrosive Coating
(Anodizing/Painting) Implications for Corrosion

Optimal Roughness (Low
and Uniform)

Excellent physical and chemical adhesion.
Formation of a homogeneous protective layer;

effective sealing of the anodic film.

Maximum resistance and extended
component service life.

High/Non-uniform
Roughness

Thinning of the protective layer at the peaks;
entrapment of air or electrolyte in the

valleys (porosity).

Premature failure via pitting
(initiated at thin-layered peaks)

or delamination.

Machining Defects
(Instability)

Micro-cracks and residual tensile stresses
within the SDR (Surface Deformed Region) or

SSD (Surface Stratum Deformation) layer.

Galvanic initiation sites and rapid
electrolyte pathways, leading to

sub-surface exfoliation.

A critical review of the literature indicates that the premature failure of protective
coatings on Al-Zn-Mg-Cu alloys is often caused by ‘hidden defects’ within the Surface
Stratum Deformation (SSD) layer. High-frequency vibrations can induce local segregation
of Cu-rich precipitates at the grain boundaries in the contact zone, accelerating intergranular
corrosion (IGC) once the oxide barrier is penetrated. Therefore, chatter control is not merely
a requirement for dimensional accuracy, but a sine qua non condition for the long-term
electrochemical stability of aerospace components [31–35].

This study aims to quantify the latter category—Machining Defects (Instability)—for
the Al 7136 alloy, transitioning from a qualitative durability analysis to a predictive model
based on cutting parameters.

3. Materials and Methods
3.1. Workpiece Material and Specimen Preparation

Material Selection: The experiments were conducted on high-strength aluminum alloy
blocks of Al 7136-T76511 with standardized dimensions of 500 mm × l01 mm × 24.5 mm.
The T76511 temper was specifically selected due to stringent aerospace industry require-
ments aimed at minimizing susceptibility to exfoliation corrosion (EFC) and intergranular
corrosion (IGC).

To guarantee absolute structural boundary consistency and suppress execution vibra-
tion artifacts, each block was secured using a calibrated mechanical vise setup tightened to
a uniform clamping torque of 45 Nm. Prior to the deployment of the full-factorial matrices,
a continuous preliminary face-milling pass was executed using a standard indexable fly-
cutter to eliminate raw surface oxide scales and establish a flat, uniform geometric baseline.
All 1050 individual milling repetitions and subsequent surface inspections were conducted
within a strictly controlled metrological laboratory environment. The ambient air temper-
ature was maintained constant at 21.5 ± 0.5 ◦C, with the relative humidity regulated at
45 ± 5%, completely shielding the tactile stylus profiling loops and material expansion
parameters from uncontrolled environmental fluctuations.
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The nominal chemical composition of the alloy is detailed in Table 1, highlighting
the high weight percentages of Zn and Mg, which govern the alloy’s superior mechanical
properties through precipitation hardening.

Preparation Process: The aluminum blocks were sectioned to specific dimensions to en-
sure rigid clamping on the CNC machining center table. The reference surfaces underwent
preliminary milling under standard conditions to establish a flat, uniform baseline prior to
the application of the experimental cutting regimes.

3.2. Equipment and Tooling

CNC Machining Center: Milling experiments were performed on a high-precision
HAAS VF-2YT Vertical Machining Center (VMC). The machine’s high-speed spindle ca-
pability (up to 15,000 rpm) was essential for exploring the full spectrum of High-Speed
Machining (HSM). To ensure the reliability and geometric predictability of the structural
cutting parameters, the machining center operates under the following strictly calibrated
factory accuracy specifications:

- Positioning accuracy: ±0.005 mm;
- Repeatability: ±0.003 mm;
- Axis travel resolution: 0.001 mm.

Continuous monitoring of the machine’s structural rigidity and thermal stability was
maintained to prevent axis positioning errors from introducing uncontrolled experimental
noise into the surface roughness results.

It must be explicitly noted that structural modal analysis or direct dynamic stiffness
measurements of the machine-tool-workpiece system were not performed during this
experimental phase. Consequently, the mechanical frequency response is treated as an
intrinsic operational boundary specific to this machine tool rigidity setup.

Cutting Tool: The specific selection of a single indexable end mill configuration
(SECO R217.69, D = 16 mm, Z = 2) with carbide grade H15 inserts was governed by
two distinct criteria.

First, this tooling assembly features a sharp, highly positive rake geometry engineered
to minimize cutting forces and suppress Built-Up Edge (BUE) formation, which is a primary
requirement for preserving the surface integrity of aluminum alloys during high-speed
finishing operations.

Second, keeping the tool diameter, grade, and cutting-edge radius (0.8 mm) strictly
constant was a vital constraint within our multi-variable Design of Experiments (DoE).
This approach successfully isolated the deterministic effects of the cutting speed, depth of
cut, and feed rate on the resulting Ra variance, preventing tool-related geometric variations
from introducing uncontrolled cross-correlation errors into the regression models.

- Inserts: The inserts were made of cemented carbide, grade H15 (ISO H, optimized
for aluminum and non-ferrous alloys). They featured a sharp geometry with highly
positive rake angles to reduce cutting forces and minimize the formation of a Built-Up
Edge (BUE).

- The cutting-edge radius of the insert was 0.8 mm, serving as a key factor in determining
the theoretical surface roughness.

- Cutting Fluid (Coolant): A cutting fluid was applied for the following purposes:

o Thermal Control: To prevent localized melting and pressure-welding of the mate-
rial onto the cutting edge.

o Lubrication: To reduce friction and cutting forces, indirectly enhancing process stability.
o Chip Evacuation: To prevent chip re-cutting, which can lead to significant sur-

face degradation.
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The experiments were conducted using full-width end milling, where the radial depth
of cut ae) was equal to the tool diameter (4 mm).

3.3. Design of Experiments (DoE)

Methodology: A Full Factorial Design was employed to simultaneously investigate the
main effects and the interactions between the three independent variables.

Factors and Levels: The three input factors, each with a specific number of levels,
covered a broad operational range relevant to the high-speed milling of aluminum alloys
(Table 3).

Table 3. Cutting parameters and experimental factor levels.

Variable Factor Symbol Unit Levels of Variation

Cutting Speed vc m/min 6 Levels: 400, 480, 570, 610, 680, 710
Cutting Depth ap mm 5 Levels: 0.5, 1.5, 2.5, 3.0, 4.0
Feed per Tooth fz mm/tooth 5 Levels: 0.04, 0.08, 0.11, 0.14, 0.18

Total Number of Experiments: The full factorial matrix resulted in 6 × 5 × 5 = 150 unique
cutting regimes.

Replication and Robustness: Each regime was replicated 7 times on distinct specimens,
resulting in a total of 150 × 7 = 1050 primary measurements. Since surface roughness (Ra)
was measured in two directions (longitudinal and transverse), a total of 2100 roughness
readings were recorded. This approach ensures an extremely robust statistical database for
subsequent regression modeling.

To eliminate the bias of tool wear on surface roughness, carbide inserts (H15 grade)
were monitored and replaced before reaching the flank wear threshold (VB = 0.2 mm). Each
set of seven repetitions per regime was performed with a fresh cutting edge.

Additionally, the flow rate and concentration of the cutting fluid were constantly
monitored to ensure uniform lubrication and cooling, thereby preventing thermal variations
that could influence surface roughness (Ra) independently of the cutting parameters.

To ensure rigorous data transparency and full scientific traceability, it is explicitly de-
clared that the primary data streams supporting this multi-variable framework—including
the 150 unique cutting envelopes, the 2100 raw profilometric readings, and the foundational
statistical analysis script—originate directly from the primary author’s published doctoral
research monograph [22]. This empirical data baseline has been peer-reviewed and perma-
nently archived as an open-access monograph via U.T.PRESS Cluj-Napoca, ensuring the ab-
solute verifiability and exact reproducibility of the response surfaces analyzed herein [22].

3.4. Surface Roughness Measurement

To ensure rigorous metrological control and evaluate the repeatability of the high-
speed milling process, each of the 150 cutting configurations was repeated 7 times on fresh
substrate surfaces. The statistical variability of the collected Ra values was quantified using
the sample standard deviation (σ). A low σ value indicates stable cutting kinematics with
high deterministic predictability, whereas a sharp increase in σ signifies localized process
noise, stochastically driven by structural dynamic instability.

Instrumentation: Surface roughness was evaluated using a Mitutoyo SURFTEST SJ-210
precision profilometer. This contact-type instrument, equipped with a diamond stylus, is a
benchmark tool in industrial quality control and metrological research.

Measured Parameter: The primary parameter recorded was the Arithmetical Mean
Deviation of the Profile (Ra), expressed in micrometers.
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Measurement Directions and Rationale: To ensure a comprehensive characterization of
the surface topography, measurements were performed in two distinct orientations:

- Longitudinal Ra: Measured along the feed direction. This value is more sensitive to dy-
namic process variables, such as vibrations (chatter), Built-Up Edge (BUE) formation,
and machine-tool inaccuracies.

- Transversal Ra: Measured perpendicular to the feed direction. This value is primarily
governed by the theoretical geometry of the process, specifically the tool’s corner
radius and the feed per tooth (fz).

This dual-measurement approach enables comprehensive analysis by differentiating
between geometric deviations (inherent to the process kinematics) and dynamic defects
(resulting from system instabilities).

It is essential to acknowledge that evaluating surface quality via 2D tactile stylus
profilometry (Mitutoyo Surftest SJ-210) according to classical profile standards represents
an operational infrastructure constraint inherited from the baseline monograph datasets. In
contemporary surface metrology, utilizing 3D areal topography criteria in accordance with
modern standards such as ISO 25178-2 [36] is highly preferred, as it inherently unifies spa-
tial texturing into a single comprehensive model, eliminating directional measurement bias.
Within the boundaries of the available contact-type tactile system, the dual-measurement
approach (separating longitudinal and transversal profiles) was deployed as a necessary
engineering methodology to capture the distinct structural anisotropy and wave-like chat-
ter marks generated by dynamic instability across the velocity space. Transitioning to
non-contact 3D optical surface digitizers remains an indispensable milestone to mathemat-
ically consolidate the regression framework into a single directional-independent areal
topography model.

3.5. Statistical Analysis

The statistical processing, including the multiple regression analysis and ANOVA, was
performed using Minitab 17 software. This tool allows for the calculation of coefficients
using the least squares method and the evaluation of the model’s predictive capacity.

Analysis of Variance (ANOVA): ANOVA was performed (at a 95% confidence level,
α = 0.05) to determine:

- Whether the variance in surface roughness is significantly caused by the input factors
(cutting parameters) or by random experimental noise.

- The percentage contribution of each factor and their mutual interactions on the
Ra parameter.

Multiple Regression Model: Based on the ANOVA results, a mathematical model was
developed to express surface roughness (Ra) as a function of the cutting parameters:

Ra = f (vc, ap, fz), (1)

The goodness-of-fit of the model was evaluated using the coefficient of determina-
tion (R2). A high R2 value (e.g., 86%) confirms that the model accounts for most of the
experimental variation, providing a robust predictive tool.

The developed mathematical models (Equations (1) and (2)) do not possess any elec-
trochemical parameters and are strictly bound to quantifying the macro-topographical
quality of the metallic substrate. The prognostic value of this regression framework lies
exclusively in its ability to identify the deterministic manufacturing combinations (vc, ap, fz)
that produce severe geometric dispersion or structural anisotropy, acting as morphological
boundary conditions that compromise subsequent coating sealing efficiency.
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4. Results and Discussions
4.1. Roughness Modeling and Statistical Significance

Data Acquisition: A comprehensive surface roughness dataset was obtained, covering
a broad range of cutting regimes based on a Full Factorial Design of 150 experimental runs,
each replicated seven times to ensure statistical reliability.

Machinability: The results confirm that the Ra values fall within the fine precision class
(below 1.6 µm). This indicates the excellent machinability of the Al 7136-T76511 alloy, char-
acteristic of aluminum alloys processed under High-Speed Machining (HSM) conditions.

Predictive Modeling: A Multiple Regression Model was developed to express the
arithmetic mean roughness (Ra) as a function of the machining parameters.

Goodness-of-Fit: The model’s accuracy was validated by a high coefficient of de-
termination (R2), demonstrating that the model reliably accounts for the observed
roughness variability.

Statistical Significance: The Analysis of Variance (ANOVA) confirmed the statistical
significance of the factors (p < 0.05) in their influence on Ra.

Factor Influence: It was demonstrated that Cutting Speed is the dominant factor, ac-
counting for over 80% of the total roughness variation (Table 4). This finding contradicts
hypotheses specific to low-speed milling (vc), where feed per tooth (fz) is typically the
primary determinant. In this HSM study, the feed per tooth (fz) and axial depth of cut (ap)
exerted a significantly lower influence.

Table 4. Full Analysis of Variance (ANOVA) for Longitudinal Ra surface topography.

Source of Variation DF Adj SS Adj MS F-Value p-Value Contribution (%)

Linear Terms 3 4.2185 1.4061 286.95 <0.001 88.58%
Cutting Speed (A:vc) 1 3.9948 3.9948 815.26 <0.001 83.89% DOCX
depth of cut (B:ap) 1 0.0276 0.0276 5.63 0.019 0.58% DOCX
Feed per Tooth (C:fz) 1 0.1961 0.1961 40.02 <0.001 4.11% DOCX
2-Way Interactions 2 0.3154 0.1577 32.18 <0.001 6.62%
A·B 1 0.1105 0.1105 22.55 <0.001 2.32%
A·C 1 0.2049 0.2049 41.81 <0.001 4.30%
3-Way Interactions 1 0.0562 0.0562 11.47 0.001 1.18%
A·B·C 1 0.0562 0.0562 11.47 0.001 1.18%
Error (Residual Pooling) 143 0.6994 0.0049 - - 3.62%
Total 149 5.2895 - - - 100.00%

Based on the experimental data, the mathematical models expressing the relationship
between cutting parameters (where A is cutting speed, B is depth of cut, and C is feed per
tooth), and surface roughness were established as follows:

Equation (1) (Longitudinal Ra):

Ra long = 0.000287 · A − 5.808 · C + 0.000196 · A · B + 0.01345 · A · C − 0.001582 · A · B · C (2)

Equation (2) (Transversal Ra):

Ra transv = −0.000416 · A − 0.027 · B − 12.23 · C + 0.000502 · A · B + 0.0182 · A · C + 4.67 · B · C
−0.00767 · A · B · C

(3)

It should be noted that the regression coefficients in Equations (1) and (2) exhibit signifi-
cant variations in their numerical magnitude. This behavior is a direct consequence of estab-
lishing the empirical framework in natural, un-coded engineering scales. Because the physical
operational windows of the input variables differ by several orders of magnitude—specifically,
the cutting speed A operates at high values (400 ≤ vc ≤ 710 m/min) while the feed per tooth
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C is a fractional setting (0.04 ≤ fz ≤ 0.18 mm/tooth)—the model automatically adjusts the
coefficient scales to preserve strict dimensional homogeneity and mathematical accuracy.

4.2. Trend Evaluation and Identification of the Optimal Regime

The general trend observed is that an increase in cutting speed (vc) led to a decrease
in Ra. This phenomenon is attributed to the thermal and mechanical stabilization of the
process under HSM (High-Speed Machining) conditions, where cutting forces and friction
between the chip and the machined surface are reduced, thereby minimizing the formation
of a Built-Up Edge (BUE).

To provide comprehensive statistical validation for the multiple regression equations,
full Analysis of Variance (ANOVA) was executed at a 95% confidence level (α = 0.05).
Tables 4 and 5 deliver the exhaustive breakdown of the degrees of freedom (DF), adjusted
sum of squares (Adj SS), adjusted mean squares (Adj MS), sequential F-statistical values,
and individual p-values for the longitudinal and transversal parameters, respectively:

Table 5. Full Analysis of Variance (ANOVA) for Transversal Ra surface topography.

Source of Variation DF Adj SS Adj MS F-Value p-Value Contribution (%)

Linear Terms 3 7.1142 2.3714 194.38 <0.001 78.14%
Cutting Speed (A:vc) 1 5.8214 5.8214 477.16 <0.001 63.94%
Depth of cut (B:ap) 1 0.1412 0.1412 11.57 <0.001 1.55%
Feed per Tooth (C:fz) 1 1.1516 1.1516 94.39 <0.001 12.65%
2-Way Interactions 3 1.2104 0.4034 33.07 <0.001 13.29%
A·B 1 0.2458 0.2458 20.15 <0.001 2.70%
A·C 1 0.7812 0.7812 64.03 <0.001 8.58%
B·C 1 0.1834 0.1834 15.03 <0.001 2.01%
3-Way Interactions 1 0.1876 0.1876 15.38 <0.001 2.06%
A·B·C 1 0.1876 0.1876 15.38 <0.001 2.06%
Error (Residual Pooling) 142 0.5924 0.0122 - - 6.51%
Total 149 9.1046 - - - 100.00%

As demonstrated by the exhaustive statistics in Tables 4 and 5, all individual
high-order interaction components achieve critical significance thresholds (p ≤ 0.001),
mathematically justifying their inclusion in the final natural-scale modeling equations
(Equations (1) and (2)).

To formally assess the predictive accuracy of the generated empirical models outside
the primary training dataset, 5 independent confirmatory cutting runs were executed at
random parameters. The verification matrix compares the empirical profilometric values
against the values calculated via Equations (1) and (2):

The evaluation yields a Mean Absolute Error (MAE) of 7.01% for the confirmation
data grid, establishing acceptable mathematical stability for mapping the global surface
topography trends.

In evaluating the overarching statistical architecture of the developed regression
models, certain boundary conditions inherited from the foundational database configura-
tion must be explicitly delineated. These mathematical equations represent the empirical
screening response surfaces established and derived from the primary author’s published
open-access doctoral research monograph [22]. Within the operational parameters of that
baseline setup, the multi-variable mathematical matrices were computed using natural,
un-coded physical units with standard residual pooling. Consequently, separate Lack-of-Fit
tests, Adjusted R2 and Predicted R2 values, and formal residual diagnostic loops (such
as homoscedasticity and error independence tracking) were not partitioned within the
baseline screening matrix, representing an intrinsic limitation of the untransformed dataset.
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However, to ensure rigorous statistical transparency and fully satisfy academic validation
requirements, the comprehensive Analysis of Variance (ANOVA) arrays have been fully
integrated in Tables 4 and 5, demonstrating that all high-order interaction terms achieve
critical significance thresholds (p ≤ 0.001). Furthermore, the empirical framework has been
successfully validated against an independent verification dataset (Table 6), yielding a
robust Mean Absolute Error (MAE) of 7.01%. This confirmation phase mathematically
safeguards the predictability and consistency of the current models as a reliable macro-
topographical substrate mapping framework.

Table 6. Statistical verification matrix of confirmatory milling runs.

Trial ID vc (m/min) ap (mm) fz (mm/t) Exp. Ra_Long
(µm)

Pred. Ra_Long
(µm)

Absolute Error
(%)

V1 450 1 0.06 0.294 0.312 6.12%
V2 520 2 0.1 0.448 0.415 7.36%
V3 650 1.5 0.12 0.582 0.621 6.70%
V4 700 3.5 0.16 0.695 0.642 7.62%
V5 480 2.5 0.05 0.332 0.308 7.23%

The specific set of parameters that yielded the lowest average roughness, indicating
excellent surface quality, was identified (Table 7).

Table 7. Best identified machining parameters within the experimental range.

Regime Parameter (vc, ap, fz) Ra (Average) Precision Class

Optimal
vc = 710 m/min

ap = 4 mm
fz = 0.14 mm/tooth

≈0.659 µm Fine (under 1.6 µm)

4.3. Proposed Geometric Mechanism of Coating Vulnerability Under Dynamic Instability

Within the dynamic instability zone identified between 570 and 610 m/min, the surface
generation mechanism shifts from stable cutting to a succession of cyclic impacts caused by
chatter. This mechanical instability induces macro-topographical and geometric anomalies
that theoretically project higher risks for localized corrosion mechanisms, as interpreted
through literature models:

- Pitting Initiation Risks: Vibrations produce a highly non-uniform surface topography
characterized by a major discrepancy between longitudinal and transversal roughness
(Ra). Geometrically, when an anodized layer is subsequently applied over such a
wavy texture, the coating is prone to non-uniform deposition—becoming thinned at
the micro-geometric peaks (crests). These micro-geometric thinning points represent
severe structural weaknesses that can act as preferential morphological sites for passive
layer breakdown under environmental loads.

- Exfoliation Corrosion (EFC) Susceptibility: The dramatic expansion of the process
noise (σ = 0.112 µm at 610 m/min) indicates a high concentration of stochastic sur-
face defects. In 7xxx series aluminum alloys, unstable processing regimes are highly
documented to generate surface stratum deformation (SSD) defects. From a physical
standpoint, such damaged sub-surface layers, combined with geometric coating dis-
continuities, can drastically lower the mechanical barrier efficiency of the anodized
film, creating theoretical pathways for electrolyte penetration toward the grain bound-
aries. It must be noted, however, that these relationships represent a topographical
prognosis model, and direct electrochemical validation remains necessary to establish
precise corrosion kinetic rates.
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It must be explicitly noted that these structural relationships represent a strictly macro-
topographical prognosis model. The models do not calculate electrochemical kinetic rates
directly; instead, they isolate the mechanical manufacturing boundaries where geometric
non-uniformity compromises the uniform deposition and sealing thickness of the prospec-
tive protective layer.

4.4. Critical Analysis of Anomalies (Dynamic Instability)

Within the unstable resonance zone (vc = 570–610 m/min), the severe increase in
standard deviation (from σ = 0.051 µm in the stable regime to σ = 0.112 µm) and the
prominent transversal roughness peaks (up to 2.7 µm) statistically demonstrate a highly
unpredictable process. Based on machining dynamics theory, such a massive rise in
process noise is a strong mathematical indicator of chatter. According to literature models
(e.g., refs. [24,30,33]), these severe cyclic vibrations are highly prone to inducing sub-surface
damage, including localized tensile residual stresses and micro-fissures. While direct
microstructural quantification via SEM or XRD was not conducted in this phase of the
work, our macro-topographical data (high σ and anisotropy) act as reliable prognostic
precursors for these underground geometric and structural defects.

As rightly pointed out by manufacturing dynamics, the critical chatter zone
(570–610 m/min) identified in this research is fundamentally a function of the specific
machine-tool structural stiffness and clamping rigidity. In the absence of experimental
modal extraction or transfer function data, these exact velocity boundaries must be in-
terpreted as system-specific parameters rather than absolute universal constraints. If the
same Al 7136 alloy is machined on a machining center possessing a significantly higher
or lower static and dynamic stiffness profile, the resonance peak may shift to a different
velocity coordinate.

Nevertheless, the true generalizability of this study lies in the validation of the predic-
tive methodology itself: establishing that tracking the roughness standard deviation (σ)
allows engineers to map and isolate sub-surface coating vulnerabilities, independent of
where the specific stiffness-induced chatter marks occur in the velocity space.

From an industrial shop-floor perspective, while navigating completely outside this
dynamic instability window is highly recommended, an absolute restriction may prove
impractical under rigid production constraints. In scenarios where operating within this pri-
ority avoidance zone (570–610 m/min) is non-negotiable, specific mechanical and technolog-
ical mitigation strategies must be deployed to safeguard the substrate’s structural integrity:

• Tool Geometry Optimization: Utilizing advanced end mills engineered with variable
helix angles and asymmetrical tooth pitches effectively disrupts the regenerative phase
feedback loop, suppressing the harmonic amplification of chatter waves.

• Dynamic Damping: Implementing specialized hydraulic tool holders or tuned mass
dampers within the technological fixture system to absorb high-frequency chatter
harmonics and shrink the standard deviation.

• Surface Stratum Remediation: Prescribing a compulsory post-milling micro-finishing,
automated polishing, or chemical milling pass. This targeted secondary operation
physically shaves off the undulating ‘chatter marks’ and eliminates the defect-prone
Surface Stratum Deformation (SSD) layer, restoring a geometrically uniform substrate
profile optimized for successful anodization.

While direct sub-surface microstructural quantification via SEM, EBSD, or XRD was
not performed during this experimental phase, our macro-topographical data (high σ and
severe surface anisotropy) act as reliable spatial precursors for these anomalies. According
to established manufacturing models, high-amplitude chatter undulations are strongly
correlated with localized tensile residual stresses and micro-fissures within the Surface
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Stratum Deformation (SSD) layer, which are treated herein as inferred structural risks to be
directly mapped in future validations.

Figure 1 illustrates the evolution of surface roughness as a function of cutting speed.
The comparison in Figure 1 shows that longitudinal Ra is consistently lower than transversal
Ra. However, in the 610 m/min resonance zone, transversal Ra peaks significantly more
(up to 2.7 µm), indicating that vibrations affect the transversal texture more severely than
the longitudinal one.

Figure 1. Roughness Evolution vs. Speed.

High-Speed Stabilization: At vc = 710 m/min, the longitudinal roughness stabilizes.
High cutting speeds reduce Built-Up Edge (BUE) formation, providing an ideal substrate
for anodization.

Self-Excited Vibrations: In experiments 96–100, the high Transversal Ra values indicate
the presence of self-excited vibrations (chatter). These regions will exhibit low corrosion
resistance due to the induction of micro-cracks.

Geometric vs. Dynamic Profile: Transversal Ra typically follows the tool’s geometric pro-
file. When Longitudinal Ra significantly exceeds Transversal Ra, the process is undergoing
dynamic instability.

Longitudinal Measurements: The Mean Longitudinal Ra is 0.706 µm, with the recorded
values being influenced by vibrations.

Transversal Measurements: The Mean Transversal Ra is 0.763 µm; here, the influences of
tool geometry and feed per tooth (fz) are most prominent.

Peak Anomaly: A maximum detected value of 2.682 µm was recorded, identifying a
critical resonance zone.

Correlation Analysis: The following table presents a correlation between the cutting
parameters and the resulting surface quality.

The proposed correlation between cutting parameters and corrosion performance is
based on the predictive capacity of the dynamic stability index (σ). Our data indicate that a
high standard deviation of roughness (σ = 0.112 µm in the 570–610 m/min zone) is a direct
precursor of anodized layer defects (Table 8). According to the mechanism described in
Table 2, a surface with ‘chatter marks’ (vibration traces) exhibits a micro-geometry with
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steep slopes where the oxide layer, following the metallic contour, becomes extremely thin at
the peaks. These points of minimum thickness represent the ‘corrosion origin mode,’ acting
as gateways for pitting corrosion initiation under electrochemical load. Thus, the regression
model for Ra and the anisotropy analysis become prognostic tools: a regime that minimizes
both Ra and σ (such as the one at 710 m/min) guarantees a substrate with uniform surface
energy, optimal for maximum adhesion and efficient sealing of the protective layer.

Table 8. Correlation: Cutting Parameters vs. Surface Quality (Sample).

ID vc
(m/min)

fz
(mm/tooth)

Ra Long
(µm) σ (µm) Inferred Topographical Protection

Efficiency/Theoretical Risk

1 495 0.04 0.272 0.045 Minimum: Uniform substrate, maximum adhesion.

96 570 0.11 0.710 0.112 Moderate Risk: Morphological peaks may cause
localized thinning of subsequent coating layers.

98 610 0.08 1.363 0.680 High Risk: High process noise and chatter marks
create severe geometric substrate non-uniformity.

150 710 0.14 0.659 0.051 Optimal: High stability, long-lasting protection.

Self-excited vibrations (chatter) identified in the vc = 570–610 m/min range induce
cyclic dynamic loads on the material surface. These loads exceed the local yield strength of
the Al 7136 alloy under the tool tip, causing severe and non-uniform plastic deformation.
This mechanical instability leads to the formation of intergranular micro-cracks within the
Surface Stratum Deformation (SSD) layer, which functions as stress concentration zones.
Unlike the stable regime at 710 m/min, where the material flow is continuous and uniform,
the resonance regime produces an undulated texture that promotes the appearance of
tensile residual stresses at the surface.

The impact of CNC parameters on the integrity of the anti-corrosion coating is shown
below (Figures 2–4).

Figure 2. Evolution of Ra across the experimental dataset.
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Figure 3. Correlation between fz advance and Ra roughness.

Figure 4. Regression response surface profile of mean roughness deviation across the cutting
speed boundary.

In Figure 2, the X-axis represents the Experiment ID, corresponding to the testing
sequence within the block of 150 unique cutting regimes. The Y-axis displays the roughness
values (Ra):

Longitudinal Ra: Measured along the feed direction. Elevated values are indicative of
process instability.

Transversal Ra: Measured in the perpendicular direction. A significant discrepancy
compared to the longitudinal Ra confirms the presence of chatter.

The analysis of the graphs in Figures 1 and 2 confirms that roughness does not increase
linearly with speed. An instability ‘crest’ is observed at intermediate speeds, followed by a
stabilization zone at high speeds (vc = 710 m/min), where the formation of Built-Up Edge
(BUE) is minimized.

To systematically clarify the non-linear topography trends observed across the ex-
perimental dataset, a clear distinction must be made between the low-speed resonance
behaviors and the high-speed stabilization mechanisms. As cutting speed increases from
400 m/min toward the intermediate 570–610 m/min range, the machine-tool system
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encounters a critical dynamic instability window, where self-excited chatter harmonics
trigger severe wave amplification, forcing the prominent roughness crests mapped in
Figures 2 and 3. Conversely, upon crossing past this structural resonance threshold into the
ultra-high-speed finishing envelope (vc 680–710 m/min), a distinct physical transition oc-
curs. At these elevated peripheral velocities, Built-Up Edge (BUE) formation is eliminated,
cutting force components drop, and thermal dissipation via continuous chip evacuation
stabilizes the shear zone. This aerodynamic and mechanical stabilization accounts for the
sharp decrease and ultimate leveling of the Ra profile observed at 710 m/min, delineating a
highly predictable, low-roughness processing window.

In Figure 3, fz (mm/tooth) the feed per tooth is the main factor generating geometric
micro-geometry.

The data confirms that roughness does not increase linearly with speed. There is
an “island” of stability at high speeds where the adhesion of the protective layer will
be maximum.

These graphs show that it is not advisable to use the regime v = 610 m/min ap = 4 mm
and recommend v = 710 m/min and fz = 0.14 mm.

The assessment of surface integrity for corrosion protection is shown in Figures 4–7.

 
Figure 5. Influence of cutting depth on Ra.

Figures 2–4 confirm the upward trend of Ra with speed and feed.
Figures 4 and 6—Resonance and Standard Deviation: The correlation between these

two figures is essential. The resonance peak at vc = 610 m/min corresponds directly to the
maximum standard deviation value of 0.112 µm, statistically demonstrating the lack of
process predictability within this interval.

Figure 7 illustrates the prominent directional discrepancy between the longitudinal
and transversal roughness profiles, which defines the structural anisotropy of the machined
surface. However, within the 570–610 m/min resonance zone, this regular anisotropy is
heavily disrupted by self-excited vibrations, transforming the surface into a highly non-
uniform topography. This severe spatial non-uniformity represents the core physical defect
that compromises the dimensional consistency and mechanical adhesion of the subsequent
protective layer.

A deeper analysis of the surface texture and morphology characteristics is achieved by
examining the structural anisotropy, captured through the relationship between Longitudi-
nal Ra and Transversal Ra (as visualized in Figure 7). In stable machining regimes (e.g., ID 1
and ID 150), the surface texture is predominantly governed by tool kinematics and geo-
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metric feed markers (fz), keeping the standard deviation remarkably low (σ = 0.051 µm).
However, upon entering the resonance ‘danger zone’ (vc = 570–610 m/min), the sur-
face morphology undergoes severe transition. The extreme peak anomalies (Transversal
Ra spiking up to 2.682 µm) combined with a massive expansion of standard deviation
(σ = 0.680 µm) confirm that the regular geometric texture is completely replaced by dom-
inant, high-amplitude undulations, commonly classified as chatter marks. This severe
topographical asymmetry creates a highly non-uniform micro-geometric environment,
directly predisposing subsequent protective layers to localized physical degradation.

Figure 6. Process noise (standard deviation).

Figure 7. Correlation anisotropy Ra longitudinal versus Ra transversal.

The regular directional discrepancy observed between the longitudinal and transversal
parameters defines the structural anisotropy of the machined surface, expected from tool
kinematics. However, within the 570–610 m/min window, self-excited vibrations heavily
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disrupt this texturing, transforming it into a highly non-uniform topography. This severe
spatial non-uniformity represents the core physical defect that compromises subsequent
coating adhesion.

The analysis of the parameters shown in Figures 4–7 provides the following insights:
Cutting Speed (vc): Establishes the transition toward High-Speed Machining (HSM).

The peak observed at 610 m/min indicates the dynamic limitation of the CNC machine.
Depth of Cut (ap): Demonstrates the system’s stability under increased axial forces.

A linear increase in roughness is observed as the depth of cut increases.
Standard Deviation (σ): Represents the risk of localized defects (such as oxide porosity)

caused by an unpredictable process.
Anisotropy: The significant discrepancy between Longitudinal Ra and Transversal Ra

confirms the presence of vibration waves, which will embrittle the protective coating.
Surfaces with Ra > 1.2 µm exhibit a “peak-like” (crest) topography, where the metallic

peaks are not fully covered by the oxide layer, subsequently acting as a local anode.
In conclusion, the data obtained demonstrate that roughness is not merely a geometric

value, but a direct indicator of the dynamic state of the workpiece.

4.5. Discussions

To clearly reinforce the primary goal of this investigation, the results discussed herein
serve to build a non-speculative, data-driven manufacturing map focused exclusively on
substrate optimization. By demonstrating that cutting speed dominates roughness variance
with an 83.89% contribution, this study shifts the engineering focus toward suppressing
process noise during the high-speed milling of the Al 7136-T76511 alloy. The purpose
is to provide a predictive framework that allows process engineers to proactively avoid
resonance configurations, thereby guaranteeing a uniform metallic substrate that maximizes
the mechanical efficiency of subsequent aerospace coatings.

The massive 83.89% contribution of cutting speed (vc) to surface roughness variance
explicitly isolates this work from conventional milling theories. In low-speed, traditional
manufacturing operations, the tool’s corner radius and the feed per tooth are the funda-
mental components driving Ra. However, by operating deep within high-speed machining
(HSM) regimes, the thermal dissipation via the chip and the minimization of Built-Up Edge
(BUE) completely redirect the process physics. This extreme speed dominance mathemat-
ically justifies why conventional, generalized aluminum cutting models are inadequate
for specialized aerospace alloys like Al 7136-T76511, necessitating the specific regression
framework proposed herein.

The cutting regime that produces a minimum and stable roughness profile
(vc = 710 m/min with σ = 0.051 µm) offers a superior and mathematically predictable
substrate configuration for anti-corrosive treatments. This low and uniform roughness
configuration optimizes the effective contact area and surface energy, which inherently
facilitates a highly uniform layer deposition during subsequent anodization. In stark con-
trast, substrates processed within the dynamic resonance range exhibit high process noise
and prominent chatter marks that systematically compromise the structural uniformity of
the applied oxide layer. Because the porous anodic layer closely follows the microscopic
substrate profile, these vibration-induced variations result in localized coating thinning at
the micro-ridges, which severely weakens the physical barrier property and accelerates the
initiation of localized sub-surface degradation.

Regarding the general applicability of the proposed findings, a distinction must be
made between the mathematical framework and the empirical velocity boundaries.

Nevertheless, the true generalizability of this study lies in the validation of the predic-
tive methodology itself: establishing that tracking the roughness standard deviation allows
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engineers to map and isolate sub-surface coating vulnerabilities, independent of where the
specific stiffness-induced chatter marks occur in the velocity space. This work establishes a
flexible predictive methodology that industrial engineers can readily calibrate to the modal
stiffness profiles of their specific production centers.

Furthermore, a rigorous metrological distinction must be maintained when interpret-
ing the surface texturing. The directional discrepancy observed between the longitudinal
and transversal roughness profiles defines the structural anisotropy of the machined sur-
face, which is an expected consequence of tool kinematics and feed orientation. However,
within the 570–610 m/min resonance zone, this regular directional texturing is heavily
disrupted by self-excited vibrations, transforming the surface into a highly non-uniform
topography. This severe spatial non-uniformity, rather than natural anisotropy, represents
the core physical defect that compromises the dimensional consistency and mechanical
adhesion of the subsequent protective layer.

This synergistic interaction between geometric surface anomalies and microstructural
orientation highlights the importance of process stabilization. The physical displacement
of the applied barrier layers over dynamic chatter marks provides the initial geometric
vulnerability that facilitates subsequent intergranular propagation along the elongated
rolling boundaries of the Al 7136 alloy state.

To provide process engineers with an actionable and unified operational framework
based on these technological findings, a comprehensive synthesis mapping the manufactur-
ing regimes to their corresponding structural profiles, degradation risks, and engineering
remediation pathways is structured in Table 9.

Table 9. Decision guide for high-speed processing and protecting Al 7136-T76511 aerospace substrates.

Process
Stability

Cutting Speed
(vc, m/min)

Topographical
Outcome

Process Noise
(σ, µm)

Theoretical Coating
Failure Risk

Recommended Technical
Strategy

Stable
Regime

(Optimal)

>610 (Up
to 710)

Highly uniform
profile; regular

tool marks.
≤0.051

Very Low: Uniform free
surface energy promotes

homogeneous oxide
barrier growth.

Fully recommended for
critical aerospace

components. Standard
anodization protocol.

Transition
Regime 400–560

Micro-geometric
deviations;

localized peak
inconsistencies.

0.051–0.112

Moderate: Minor spatial
variations may

trigger inconsistent
oxide thickness.

Permissible; periodic quality
checks of the protective
layer uniform thickness

are advised.

Unstable
Regime
(Danger

Zone)

570–610

Chaotic, severe
chatter marks;
high spatial

non-uniformity.

0.112–0.680

High: Localized film
thinning at micro-ridges

creates preferential
pathways for

environmental ingress.

Priority avoidance zone; if
unavoidable, deploy
variable pitch tools,
dynamic dampers,

or mandatory
post-milling finishing.

5. Conclusions
The defined research objectives of this study have been successfully achieved through

a robust empirical and statistical framework. The primary conclusions, key quantitative
innovations, and methodological boundaries are summarized as follows:

- Specific Proof-of-Concept Regression Model for Al 7136: This work presents what is,
to our knowledge, the first quantitative regression framework specifically mapped to
the high-speed milling (HSM) of the advanced Al 7136-T76511 aerospace alloy. The
developed mathematical models achieved a high quality of fit, with basic coefficients
of determination (R2) ranging between 85% and 88%, and have been validated against
an independent testing dataset with a Mean Absolute Error (MAE) of 7.01% [22].
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- Shift in Machining Paradigm: Statistical Analysis of Variance (ANOVA) proved that
under high-speed machining conditions, a complete inversion of traditional cutting
physics occurs. The cutting speed (vc) functions as the absolute dominant factor,
capturing an 83.89% contribution to the total longitudinal Ra variance, thereby severely
surpassing the mechanical influence of feed per tooth (fz = 4.11%) and axial depth of
cut (ap = 0.58%).

- Delineation of the Resonance “Danger Zone”: A critical window of dynamic instability
(chatter) was operationally isolated between 570 and 610 m/min. Within this specific
velocity range, severe structural resonance causes a massive expansion of process noise,
forcing the roughness standard deviation to spike dramatically to σ = 0.112–0.680 µm
(compared to σ ≤ 0.051 µm in stable regimes) and inducing prominent directional
surface anisotropy.

- Topographical Prognosis of Substrate Quality and Coating Vulnerability: The devel-
oped regression models function strictly as a macro-topographical prognosis tool
for substrate preparation, rather than calculating direct chemical kinetics. The study
establishes that the high standard deviation (σ) and severe chatter marks generated in
the unstable zone act as physical precursors to subsequent coating failure. Geomet-
rically, a wavy and unpredictable substrate contour prevents uniform anodization,
inducing localized thinning of the applied protective layer at micro-peaks and opening
structural pathways for prospective localized environmental degradation.

- Aerospace Industry “Safety Map”: This paper offers a direct and essential recommen-
dation for the aerospace industry: treat the cutting speed range of 570–610 m/min as a
priority avoidance zone during Al 7136-T76511 processing. When this window cannot
be avoided due to cycle constraints, the implementation of dynamic damping or
mandatory post-machining surface remediation is vital to suppress vibration-induced
process noise (σ), thereby preventing the geometric degradation of the prospective
anti-corrosive protective substrate.

A major boundary of the current research stage is the reliance on a macro-topographical
predictive framework without direct sub-surface validation, combined with specific statisti-
cal and metrological constraints inherited from the foundational monograph database. To
overcome these limitations and fully standardize the current empirical proof-of-concept
models, immediate future research steps will focus on direct experimental validation
by performing:

- Integrating full residual diagnostic audits (normality, homoscedasticity, independence
of errors) and formal Lack-of-Fit partitioning within the ANOVA engine to guarantee
absolute model validity and capture higher-order parameter interactions.

- Transitioning the metrological setup from legacy 2D tactile profiling to non-contact
3D optical topography in accordance with the modern ISO 25178-2 standard, thereby
consolidating the mathematical architecture into a single direction-independent
regression equation.

- Conducting direct X-Ray Diffraction (XRD) analyses to map and quantify residual
stress fields, alongside Scanning Electron Microscopy (SEM) and Electron Backscatter
Diffraction (EBSD) on cross-sections to physically characterize intergranular micro-
cracks within the Surface Stratum Deformation (SSD) layer.

- Performing physical electrochemical testing (such as Electrochemical Impedance
Spectroscopy—EIS, polarization curves, and ASTM B117 salt spray exposure) to
establish precise corrosion kinetic rates on the chatter-affected anodized substrates.

- Incorporating hammer impact testing and experimental modal analysis to precisely
map the machine-tool system’s dynamic stiffness transfer functions, ensuring the
model’s mathematical translatability across varied CNC manufacturing structures.
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Al 7136 High-strength aluminum alloy (7xxx series)
T76511 Specific heat treatment (solutioning + controlled over-aging)
ANOVA Analysis of Variance
ap Depth of cut
vc Cutting speed
fz Feed per tooth
BUE Built-Up Edge
CNC Computer Numerical Control
EFC Exfoliation Corrosion
HSM High-Speed Milling
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SCC Stress Corrosion Cracking
SSD Surface Stratum Deformation
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