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Aluminum and its alloys represent one of the most versatile categories of engineering materials in the modern 

industrial landscape. As highlighted in the seminal ASM Specialty Handbook: Aluminum and Aluminum Alloys, 

edited by J.R. Davis, aluminum’s unique combination of low density, high strength-to-weight ratio, and excellent 

corrosion resistance has made it the material of choice for sectors ranging from aerospace and automotive to 

packaging and electronics. This technical analysis serves as an exhaustive deep-dive into the metallurgical 

properties, classification systems, and industrial applications of aluminum, drawing upon the rigorous standards 

established by ASM International and the Aluminum Association.

The Fundamentals of Aluminum Metallurgy

Aluminum is a lightweight metal with a density of approximately 2.70 g/cm³, which is roughly one-third that of steel

or copper. Its face-centered cubic (FCC) crystal structure contributes to its exceptional ductility and formability, even

at cryogenic temperatures where many other metals become brittle. The metallurgical excellence of aluminum

begins with its ability to form a stable, protective oxide layer (Al ‚O ƒ) almost instantaneously upon exposure to air,

providing inherent resistance to atmospheric corrosion.

Atomic Structure and Strengthening Mechanisms

Pure aluminum is relatively soft, with a tensile strength of about 90 MPa (13 ksi). To enhance its mechanical

properties for engineering use, four primary strengthening mechanisms are employed:

•  Solid Solution Strengthening: Adding alloying elements like magnesium or manganese that dissolve into the 

aluminum lattice, creating internal strain that impedes dislocation movement.

•  Strain Hardening (Work Hardening): Increasing strength through plastic deformation (e.g., cold rolling), which 

increases dislocation density.

•  Precipitation Hardening (Age Hardening): A multi-stage heat treatment process where second-phase particles 

(e.g., CuAl ‚) are precipitated from a supersaturated solid solution to block dislocation paths.

•  Dispersion Strengthening: Incorporating stable, insoluble particles (often via powder metallurgy) to provide 

strength at elevated temperatures.

Classification of Aluminum Alloys

The industry standard for identifying aluminum alloys is the four-digit numerical system managed by the Aluminum 

Association. Alloys are primarily divided into two categories: Wrought Alloys (shaped by mechanical working) 

and Cast Alloys (poured into molds).

Wrought Aluminum Alloy Series

Wrought alloys are identified by a four-digit system (1xxx through 8xxx) based on the principal alloying element:

•  1xxx Series (99.0% Minimum Aluminum): Known for excellent corrosion resistance and high thermal/electrical 

conductivity. Primarily used in chemical equipment and electrical bus bars.

•  2xxx Series (Copper): High-strength alloys often used in aerospace applications. These are heat-treatable but 

generally possess lower corrosion resistance than other series.



•  3xxx Series (Manganese): Moderate strength, non-heat-treatable alloys with excellent workability. Common in 

beverage cans and heat exchangers.

•  4xxx Series (Silicon): Used largely in welding wires and brazing alloys due to lower melting points and high 

fluidity.

•  5xxx Series (Magnesium): Excellent weldability and corrosion resistance in marine environments. These are 

non-heat-treatable.

•  6xxx Series (Magnesium and Silicon): Versatile, heat-treatable alloys with good formability and corrosion 

resistance. 6061 is the most widely used general-purpose alloy.

•  7xxx Series (Zinc): The highest strength aluminum alloys, containing zinc, magnesium, and often copper. 

Critical for structural aerospace components.

•  8xxx Series (Other Elements): Includes alloys with lithium (for lower density) or tin and iron for specific 

industrial needs.

Cast Aluminum Alloy Series

Cast alloys utilize a three-digit system with a decimal point (xxx.x). The decimal ".0" denotes a final casting, while

".1" or ".2" denotes ingot form. Common series include 3xx.x (Silicon + Copper/Magnesium), which is the most

widely used casting group due to its excellent fluid properties and pressure tightness.

The Temper Designation System

As detailed in the ASM Specialty Handbook, the properties of an aluminum alloy are not determined by chemistry 

alone; the temper(thermal and mechanical processing history) is equally critical. The temper designation follows

the alloy number, separated by a hyphen (e.g., 6061-T6).

Standard Temper Codes

1.  -F (As Fabricated): No special control over thermal or work-hardening conditions.

2.  -O (Annealed): The lowest strength, highest ductility state.

3.  -H (Strain Hardened): Applied to non-heat-treatable alloys (e.g., 5xxx). Sub-digits indicate the degree of 

hardening (e.g., H14, H32).

4.  -W (Solution Heat Treated): An unstable temper applied only to alloys that age at room temperature.

5.  -T (Thermally Treated): Applied to heat-treatable alloys to produce stable tempers.

Specific T-Tempers



Temper Code Description of Thermal Treatment Typical Application Context

T3 Solution heat treated, cold worked, 
and naturally aged.

Aerospace skins (2024-T3)

T4 Solution heat treated and naturally 
aged to a stable condition.

Forming operations requiring ductility.

T6 Solution heat treated and artificially 
aged (oven aged).

Structural frames, 6061-T6 
components.

T7 Solution heat treated and overaged 
(stabilized).

Improving stress-corrosion resistance 
in 7xxx series.

T8 Solution heat treated, cold worked, 
and artificially aged.

High-strength specialized fasteners.

Technical Analysis: Corrosion Mechanisms and Prevention

One of the primary focuses of J.R. Davis’s work is the Corrosion of Aluminum and Aluminum Alloys. While

aluminum is inherently corrosion-resistant due to its oxide film, it is susceptible to specific localized corrosion

modes in aggressive environments.

1. Pitting Corrosion

Occurs in the presence of halides (especially chlorides). When the protective oxide layer is locally breached and

cannot reform, small pits develop. This is common in marine environments if the alloy is not properly selected or

coated.

2. Galvanic Corrosion

Aluminum is highly anodic. When placed in electrical contact with more noble metals (like copper or steel) in the

presence of an electrolyte, the aluminum will corrode sacrificially. Proper insulation using non-conductive gaskets or

sealants is required in multi-material assemblies.

3. Intergranular Corrosion (IGC)

This occurs when precipitation at grain boundaries creates electrochemical potential differences between the grain

boundary and the grain interior. Heat treatment (e.g., T7 temper for 7xxx alloys) is used to control the distribution of

precipitates and mitigate IGC.

4. Stress-Corrosion Cracking (SCC)

The simultaneous action of tensile stress and a corrosive environment can lead to sudden failure. High-strength 

2xxx and 7xxx alloys are particularly vulnerable. ASM Internationalguidelines suggest using specific overaging

treatments to increase resistance to SCC.

Practical Implementation: Manufacturing and Fabrication

Successful engineering with aluminum requires understanding its fabrication limits. The ASM Specialty Handbook

identifies several core processes that dictate the final performance of the material.

Machining and Tooling



Aluminum alloys are generally easy to machine, but they have a high coefficient of friction against cutting tools.

High-speed steel (HSS) or carbide tools with polished flutes are recommended to prevent "built-up edge" (BUE),

where aluminum welds itself to the tool tip. High-volume coolant use is essential for chip evacuation and

temperature control.

Joining and Welding

Joining aluminum presents challenges due to the high thermal conductivity and the stable oxide layer. Gas 

Tungsten Arc Welding (GTAW/TIG) and Gas Metal Arc Welding (GMAW/MIG)are the industry standards. Key

considerations include:

•  Oxide Removal: The oxide layer melts at ~2000°C, while aluminum melts at ~660°C. It must be removed via 

wire brushing or chemical etching immediately before welding.

•  Filler Selection: Matching the filler alloy to the base metal is critical to prevent hot cracking, particularly in 2xxx 

and 6xxx series.

•  Post-Weld Heat Treatment (PWHT): In heat-treatable alloys, the Heat Affected Zone (HAZ) loses significant 

strength. PWHT may be required to restore T6 properties.

Emerging Technologies: Metal Matrix Composites (MMCs)

A significant frontier in aluminum research is the development of Aluminum Metal Matrix Composites (AMMCs).

These materials consist of an aluminum alloy matrix reinforced with high-modulus ceramic particles or fibers (e.g.,

Silicon Carbide - SiC, or Alumina - Al ‚O ƒ).

Advantages of AMMCs

•  Higher Specific Stiffness: Substantially higher than standard alloys.

•  Improved Wear Resistance: Ideal for brake rotors and cylinder liners.

•  Tailorable Thermal Expansion: Crucial for high-precision instruments and aerospace electronic packaging.

The manufacturing of AMMCs often involves stir casting, squeeze casting, or powder metallurgy. While more

expensive than traditional alloys, their weight-saving potential in rotating components makes them a primary focus

for next-generation automotive engineering.

Comparative Evaluation: Selecting the Right Alloy

The following table provides a comparative analysis of three common aluminum alloys frequently referenced in 

ASM materials data for structural applications.



Property / Metric Alloy 2024-T3 Alloy 6061-T6 Alloy 7075-T6

Principal Alloying Element Copper (Cu) Magnesium & Silicon (Mg-
Si)

Zinc (Zn)

Tensile Strength (MPa) 470 310 570

Yield Strength (MPa) 325 275 505

Corrosion Resistance Fair to Poor Excellent Fair

Weldability Poor (Riveting preferred) Excellent Poor

Primary Use Case Aircraft fuselage/wings Structural frames/piping High-stress aerospace 
parts

Case Studies and Troubleshooting

Case Study 1: Aerospace Component Fatigue

In a real-world scenario involving aircraft structural failure, the investigation often points to fatigue crack growth in 

2xxx series alloys. Because these alloys gain strength through copper precipitates, improper solution heat 

treatment can lead to "coarse precipitates" that act as stress concentrators. Solution: Implementing ASM-standard

non-destructive testing (NDT) such as Eddy Current or Ultrasonic inspection to detect micro-cracks before they

reach critical length.

Case Study 2: Marine Corrosion in 5xxx Series

A maritime vessel experienced severe exfoliation corrosion. Analysis showed the 5xxx magnesium-content alloy 

was exposed to sustained temperatures above 65°C, causing magnesium to migrate to grain boundaries 

(sensitization). Solution:Replacing sensitized material with "H116" or "H117" temper alloys, which are specifically

processed to be corrosion-resistant in marine environments.

Common Troubleshooting Checklist

•  Issue: Porosity in Castings - Solution: Check for hydrogen gas absorption; use vacuum degasification or 

fluxing.

•  Issue: Hot Cracking in Welds - Solution: Increase silicon content in filler wire (e.g., use 4043 instead of 5356 

for 6xxx series).

•  Issue: Dimensional Instability - Solution: Utilize stress-relief annealing or cryogenic treatment to stabilize the 

microstructure.

The technical depth provided by the ASM Specialty Handbook: Aluminum and Aluminum Alloys serves as the 

definitive foundation for modern metallurgy. By understanding the intricate balance between chemical composition, 

temper, and manufacturing process, engineers can exploit the full potential of aluminum. Whether it is the 

development of ultra-lightweight metal matrix composites for deep-space exploration or the optimization of 6061-T6 

for sustainable architectural structures, aluminum remains an indispensable pillar of material science. As emerging 

technologies in 3D printing (additive manufacturing) and green smelting (low-carbon aluminum) continue to evolve, 

the core principles of aluminum metallurgy established by J.R. Davis and ASM Internationalremain as relevant

today as they were at their inception.
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