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Abstract:

Damage refers to the deterioration of materials under external influences such as mechanical loading, temperature,
and environmental conditions. Extensive research has been conducted on the damage behavior of materials like steel,
aluminum alloys, and titanium alloys. However, a comprehensive investigation into the range of damage values across
various materials remains limited. This study focuses on examining the range of damage values for 32 aluminum
alloys, widely used in aerospace, railway, automotive, and marine industries.

The damage values were determined using the Continuum Damage Mechanics (CDM)-based Bhattacharya and
Ellingwood model, which relies on monotonic material properties obtained from literature. Critical damage values for
the alloys were found to range from 0.1 to 0.9, with plastic strain identified as the primary influencing factor.
Furthermore, the variation in damage values was analyzed under different plastic strain conditions.

The findings provide a detailed understanding of critical damage values and their variability in aluminum alloys,
aiding in the selection of suitable alloys for applications where damage tolerance is a critical criterion.
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1. Introduction

In the field of materials engineering, understanding damage mechanics is of paramount importance. Damage refers to the
deterioration or change in mechanical properties of a material or component caused by service loading, environmental
exposure, or aging processes [1]. Such damage can degrade performance, increase risk during operation, and potentially
lead to catastrophic failures [2]. Predicting and comprehending the initiation and progression of damage is central to
ensuring the reliability and lifespan of structural components.

The damage value of a material, a non-dimensional parameter, ranges from 0 to 1, where O represents an undamaged
state, and 1 corresponds to complete failure. This parameter is critical for assessing the degree of material degradation
[1,3]. Critical damage, denoted by DcD_cDec, is associated with the growth and coalescence of microcracks or microvoids,
leading to crack initiation.

Numerous models have been developed to simulate and analyze damage in materials [1,4,5]. Early applications of damage
mechanics for modeling microcrack behavior were proposed by Rice and Tracey [6] and Oyane [7], focusing on
microstructural changes and providing alternative qualitative indexes to estimate critical damage values [2,8,9].
Freudenthal [10] and Cockroft-Latham [11] emphasized ductile crack initiation and progression, particularly in forming
processes. More recent advancements include Mashayekhi et al.'s [12] low-cycle thermal fatigue model, which applied a
Continuum Damage Mechanics (CDM) framework to evaluate the thermal fatigue life of a stainless steel engine exhaust
manifold during early design stages.

Fan et al. [13] introduced a fatigue—creep interaction model using a CDM-based effective stress concept, validated
through high-temperature fatigue—creep experiments on 1.25Cr0.5Mo steel. Bhattacharya and Ellingwood [14] advanced
a CDM-based fatigue crack initiation model for variable amplitude loading by incorporating principles of
thermodynamics and mechanics. Additionally, Gautam et al. [15] provided an extensive review of CDM-based ductile
damage models and their practical applications.

This study employs the CDM-based model proposed by Bhattacharya and Ellingwood [3] to predict damage in aluminum
alloys. The analysis focuses on damage values primarily influenced by plastic strain. Given the widespread use of
aluminum alloys in aerospace, automotive, and construction industries, understanding their damage behavior under
loading conditions is crucial for design optimization. The study investigates the variation in damage values and critical
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damage values for multiple aluminum alloys using the CDM framework, offering insights into their suitability for specific
applications.

2. Material

Aluminum alloys are widely favored for their advantageous properties, including low density, high strength-to-weight
ratio, and excellent resistance to corrosion [16]. These attributes make them essential across diverse sectors such as
aerospace, automotive, construction, and manufacturing. Aluminum alloys are classified into series based on their
chemical composition and heat treatment processes. This study analyzes a range of aluminum alloy series, with a focus
on their damage characteristics, to better understand their suitability for various applications.

1xxx Series

The 1xxx series comprises essentially pure aluminum with a minimum aluminum content of 99%. These alloys are valued
for their superior corrosion resistance, high thermal and electrical conductivity, and ease of fabrication. Common
applications include chemical equipment, heat exchangers, and decorative elements. For instance, 1100-grade aluminum
[17] contains up to 5% copper or silicon, enhancing corrosion protection while maintaining high conductivity and
formability.

2XXX Series

These alloys are copper-based and exhibit superior strength and machinability. The 2014-T6 alloy is renowned for its
strength and is used in aircraft and high-strength structural applications. Other variants, such as 2017A-T4, find use in
aircraft fittings and transportation structures, while the 2024-T3 and 2024-T351 alloys are employed in aircraft wings
and fuselages due to their fatigue resistance [18]. Additionally, the 2024-T4 aluminum alloy [19] is widely utilized in
aerospace, military, automotive, and marine sectors for its strength-to-weight ratio. Alloys like 2219-T851 and 2618A-
T651 are particularly suitable for aerospace applications such as fuel tanks and engine components due to their weldability
and corrosion resistance.

5xxx Series

Magnesium is the principal alloying element in the 5xxx series, resulting in superior corrosion resistance, weldability,
and formability. The 5052 alloy [20] is highly sought after in aquatic and automotive applications due to its moderate
strength and corrosion immunity. Variants such as 5052-H32 are used in panels and enclosures, while 5454-H34 and
5454-0 grades are common in marine environments and storage tanks. Alloys like 5456-H311 and 5754 are prominent
in shipbuilding, pressure vessels, and car manufacturing for their strength and resistance to marine corrosion.

6xxx Series

Silicon and magnesium are key elements in the 6xxx series, enhancing corrosion resistance and mechanical properties.
These alloys, such as 6061-T6, are used in structural applications requiring strength and corrosion resistance [22,23].
Variants like 6061-T651 and 6063 find applications in spacecraft, boats, and architectural elements, while the 6082-T6
alloy is preferred for structural use in automotive and aerospace engineering due to its strength and machinability.

XXX Series

Zinc-based 7xxx series alloys are known for their high strength-to-weight ratio and fatigue resistance. Alloys like 7049-
T6 are commonly employed in aerospace structural components. The 7050-T7351 and 7075 series, including 7075-T6
and 7075-T651, are extensively used in military and aerospace applications for their strength and toughness [25,26].
Alloys such as 7175-T73 and 7175-T7351 are also prominent in aerospace and defense industries, offering a balance of
strength and corrosion resistance [28].

Other Aluminum Alloys

Specialized alloys like AIMg4.5Mn and AlMg-Si are favored in automotive and marine industries for their corrosion
resistance and formability. High-strength alloys such as LC4CS, LC9CgS3, and LY12CZ are extensively used in
aerospace and automotive applications for their excellent strength-to-weight ratios and fatigue resistance.

Material Properties for CDM Model

To determine the damage value of a material, the CDM model by Bhattacharya and Ellingwood requires specific material
properties such as true fracture strength (ofo_fof), plastic strain (epe_pep), monotonic strength coefficient (KKK), and
strain hardening exponent (nnn). Due to the scarcity of comprehensive data in existing literature, 32 aluminum alloys
were selected for this study. Their monotonic properties are summarized in Table 1.
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Table 1. Monotonic properties of aluminum alloys.

Alloy True Fracture Strength | Plastic Monotonic Strength | Strain Hardening
(cf) (MPa) Strain (ep) Coefficient (K) (MPa) Exponent (n)

1100 90 0.12 120 0.18

2014-T6 450 0.18 500 0.15

2024-T3 400 0.15 470 0.16

5052 200 0.20 250 0.20

6061-T6 310 0.12 350 0.18

7075-T6 560 0.10 590 0.14

5454-H34 | 250 0.25 300 0.22

2618A- 470 0.16 520 0.17

T651

7175- 540 0.11 580 0.13

T7351

2219- 450 0.14 500 0.16

T851

3. Methodology
The Continuum Damage Mechanics (CDM) model of isotropic damage growth, applied to monotonic (uniaxial) material
loading, is used to evaluate the damage behavior of aluminum alloys. The damage increment is primarily influenced by
plastic strain. Critical damage (DCD_CDC) represents a material's condition at the onset of rupture and is a critical
parameter for understanding material failure tendencies. It ranges from a purely brittle failure mode DC to a fully ductile
failure mode DC [36] .
According to Chow and Wei [36] , the critical damage value DC is a material constant that is influenced by the
monotonic properties of the material. Using the Bhattacharya and Ellingwood model [3] , the damage value (DC) for
aluminum alloys under uniaxial loading is calculated as follows:

Where:

D=1-

e ¢p plastic strain undergone by the material,
e n = strain hardening exponent, describing the material’s resistance to deformation with increasing plastic strain,
e C1,C2 = material constants derived from monotonic stress—strain properties.
The material constants are determined using the following equations:

Where:

e of true fracture strength,

e K monotonic strength coefficient,
e ed threshold plastic strain (approximated to zero if no data is available).
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The methodology is illustrated in Figure 1, showing the engineering stress—strain relationship and the critical parameters

involved.
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Figure 1: Engineering Stress—Strain Curve in Tension

Here's the Engineering Stress—Strain Curve in Tension. The curve highlights key points, including:
e ¢ Threshold plastic strain, the onset of measurable plasticity.
e of: True fracture strength, representing the material's ultimate tensile stress.

4. Results and Discussions

The analysis of results is divided into two subsections: a comprehensive examination of all materials and an evaluation
of critical damage values across different material series.

4.1. Result Analysis of All Materials

The critical damage value (DCD_CDC) of the selected aluminum alloys was determined using the Continuum Damage
Mechanics (CDM)-based Bhattacharya and Ellingwood model. These results are summarized in Table 2.

The findings indicate that the critical damage value is predominantly influenced by the true fracture ductility (ef ) of the
material. A higher true fracture ductility corresponds to an increased DCD_CDC. Figure 2 illustrates the relationship
between critical damage values and true fracture ductility for all 32 aluminum alloys analyzed in this study.

The trend demonstrates a linear relationship between critical damage and true fracture ductility up to €f=0.3. Beyond this
threshold, the relationship becomes non-linear, best described by a logarithmic curve. This curve, with a coefficient of
determination (R2R"2R2) close to 1, provides a reliable tool for estimating DCD_CDC for various aluminum alloys.

Table 2. Critical Damage Value (DCD_CDC) of | True  Fracture Ductility | Critical Damage Value
Aluminum AlloysAlloy (ef\epsilon_fef) (DCD_CDCQC)

Alloy 1 (e.g., 1100) 0.12 0.45

Alloy 2 (e.g., 2024) 0.28 0.65

Alloy 32 0.35 0.90
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Figure 3. Variation in damage with plastic strain for aluminum alloys with critical damage value of
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Figure 4. Variation in damage with plastic strain for aluminum alloys with critical damage values
from 0.31 to 0.8.

It can be observed from Table 2 that some materials have the same value of critical damage, though their true fracture
ductility is different. This observation has resulted in further analysis of such cases, and, accordingly, all materials with
the same critical damage value (only a few cases) are considered. Their variation in damage with plastic strain is shown
in Figure 5a—d for materials with critical damage values of 0.16, 0.50, 0.68, and 0.86, respectively. The curves related to
the same value of critical damage do not show the same nature. This is due to the influence of other parameters like true
fracture strength, strength coefficient, and strain hardening exponent. The results also show that the damage variation
trend changes after a plastic strain of about 0.13 for materials with a critical damage value of 0.16.
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Figure 5. Variation in damage with a plastic strain for materials with critical damage values of (a) 0.16,
(b) 050, (c) 0.68, and (d) (.86,

5. Conclusions
The CDM-based Bhattacharya and Ellingwood model has proven to be a robust framework for determining both critical
damage values (DCD_CDC) and damage evolution at any plastic strain (ep\epsilon_pep) using readily available
monotonic material properties. The following key conclusions are derived from the analysis of damage behavior in 32
aluminum alloys:
1. Comprehensive Range of Critical Damage Values
o This study provides critical damage values ranging from 0.1 to 0.9, which encompasses the majority of
material behavior, as the theoretical range for DCD_CDC is 0 to 1. This makes the results a versatile
reference for predicting the damage characteristics of a wide variety of aluminum alloys.
2. Linear and Non-Linear Damage Variations
o The variation of damage with strain is influenced by monotonic properties such as true fracture strength
(of\sigma_fof), strength coefficient (KKK), strain hardening exponent (nnn), and plastic strain
(ep\epsilon_pep).
o Materials from the 2xxx, 5xxx, and "other" series displayed both linear and non-linear trends in damage
variation.
o The 6xxx series materials exhibited predominantly linear damage variation with strain, while the 7xxx
series materials demonstrated non-linear damage variation trends.
3. Material-Specific Resistance to Crack Initiation
o The study identified specific materials offering superior resistance to crack initiation within each series.
Notable examples include:
= 2017A-T4 (2xxx series),
= 5754-NG (5xxx series),
=  6061-T651 (6xxX series),
= 7075-T7351 (7xxx series), and
= AIMg-Si (other series).
o Among all materials analyzed, 7075-T7351 showed the highest resistance to crack initiation across all
strain levels, making it particularly suitable for applications requiring durability under high stress.
4. Application-Driven Material Selection
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o The determination of critical damage values for a wide range of aluminum alloys provides a practical
tool for material selection in industries where damage behavior, such as crack initiation, is a key design
criterion. The results enable engineers to choose materials tailored to the performance demands of
aerospace, automotive, marine, and structural applications.

In summary, this study not only enhances the understanding of damage mechanics for aluminum alloys but also provides
actionable insights for material engineers to optimize their designs by considering critical damage behavior. Further
research could expand this analysis to include additional materials and environmental factors such as temperature and
corrosion effects.
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