Failure Modes of Aerospace Materials
Instructor Notes

Introduction
These instructor notes contain commentary for each of the accompanying slideshow presentation.  These notes are followed with related student activities and references.  Each presentation slide is numbered in the lower left-hand corner to facilitate matching the sequence with these notes.
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Aerospace Materials Failure Modes
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Questions

What types of materials are used in aircraft?

How do aircraft structural materials fail?

How do materials failure modes affect aircraft?

What do these material failure modes look like?

What are the root causes of these failures?
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But first, why are we focusing on failure?

Simply, this is what we are trying to prevent.


There are far greater consequences of failure for aircraft than for ground based 

equipment.


Aircraft must be light, so they cannot be made any heavier for strength than 

needed.

Aircraft must endure thousands of hours of turbulence that vibrates and flexes the 

structure.


Aircraft must endure thousands of landings which place high loads on the 

structure.


Because of these conditions and others, the materials are used to highest potential, 
but failure must be anticipated and minimized.
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What types of materials are used in aircraft?


Metals



Aluminum-

Very common, traditional aircraft material,






light, strong, good corrosion resistance



Steel/Stainless Steel-
Very high strength, for highly loaded components


Titanium-

Roughly the strength of steel but 2/3 the weight



Magnesium-

Similar to aluminum in properties but even lighter


Superalloys-

Nickel based high temperature resistant alloys for 






use in engines


Ceramics-


Combinations of metals and non-metals, strong but 

brittle, high temperature resistance

Plastics/Elastomers

Aircraft interiors, tires, sealants, adhesives

Composites


Rapid growth in use of complex engineered 

materials to replace much of the traditional 

materials

Each type of material has different failure characteristics that must be designed 

around.
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How do materials fail?
Fatigue

Abrasion/ Wear

Corrosion

Thermal Shock

Fracture

Melting

Impact

Buckling

Creep
Plastic Deformation/ Yielding
We’ll see that these are concepts that we are already familiar with, and that studying these failure modes means we can build safer, better aircraft.
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Plastic Deformation/Yielding

Everyday Example:



Deforming a metal paper clip.  If we only flex it a small amount- then it 

springs back to its original shape this is elastic deformation.  If we twist 

enough to deform it permanently, this is plastic deformation.  Elastic 

deformation is acceptable, plastic deformation is not.

Aircraft Examples:


Numerous airframes and propellers have been plastically deformed by 

hard landings.  This often results in the scrapping of the aircraft.


Image Shown:

Airbus A380 Wing Deflection Simulation show the predicted wing 
positions when the aircraft is at rest and flexed elastically- pushed up with 

lift.  If the wing were allowed to plastically deform upward, the lift would be reduced and the aircraft wouldn’t fly.
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Fatigue

Everyday Example:

Bending a paperclip back and forth, this isn’t truly fatigue, but it is close, 

and can be accomplished in a much shorter period of time.
Real fatigue involves very little motion, but many cycles- sometimes millions that add up to making the locally brittle.

Aircraft Examples:




One of the largest concerns for aircraft design and materials



Every main component of an aircraft must be designed for fatigue


Image Shown:



The de Havilland Comet was the first jet airliner ready for commercial 

service in 1952.  Unfortunately some of the aircraft suffered explosive 

decompression- catastrophic fuselage failure due to cracks that formed 

from the corners of the square windows.  The aluminum structure was being pushed beyond what the material could safely take.  Later designs changed to rounded windows.
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Abrasion/Wear

Everyday Example:



Sole of worn out sneaker

Aircraft Examples:

Abrasive wear due to dust dirt in engines, helicopter blades



Wear of rotating equipment, bearings, 

Sliding wear of hydraulic systems- controls, landing gear


Image Shown:

Alaska Airlines Flight 261 Horizontal Stabilizer Jackscrew.  This 

jackscrew controlled the horizontal stabilizer was not properly lubricated.  The abnormally high friction caused the threads to strip off and the unit to seize and fail.
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Corrosion


Electro-chemical attack of metals that is highly dependent on the environment 
that the material is exposed to.

Steels are susceptible to this a iron-oxide (rust) is formed on the surface of the 

material, this iron-oxide “grows” in its formation popping it off the surface and exposing fresh material to corrode.

Aluminum has better corrosion resistance in many environments because its 

aluminum oxide corrosion is harder than the parent aluminum and gas tight so it protects the material underneath.
Subsets

Stress Corrosion Cracking- localized corrosion that attacks the points of 

higher stress
Galvanic Corrosion- two metals in contact that have insufficient electrical 

compatibility.  A virtual battery is created that will corrode one of 

the metal from the other.
Crevice Corrosion- a small space that traps moisture and contaminants that 

corrode the structure. 
High Temperature Corrosion- the material is subjected to high 

temperatures that reduce the corrosion resistance 

Everyday Example:



Rusted out body panel of a car
Aircraft Examples:

Seaplanes must bathe is salt water.

Carrier based navy aircraft


Image Shown:

Aloha Airlines Flight 243.  This aircraft was continuously subjected to the 

salt air which promoted corrosion coupled with fatigue- leading to 

explosive decompression.
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Thermal Shock

Everyday Example:



Popping of ice cubes dropped in a warm drink

Not usually a problem with metals.


Image Shown:

Internal Combustion Engine Spark Plug.  Spark plugs like this are used in 

small piston/ prop driven aircraft.  Rapid heating and cooling and other 

factors caused by improper engine tuning can lead to thermal shock failure 

like this.
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Fracture

Everyday Example:



Cracking a tree branch is fracture.
Aircraft Examples:



Overload condition caused by overspeed, excessive maneuvers


Image Shown:

American Airlines Flight 587 Vertical Stabilizer.  This aircraft was 
traveling through the turbulent wake of another airliner when the pilot 
over steered the rudder.  The rapid turning of the rudder created more 
force on the vertical stabilizer than it was designed for, and it snapped off. 
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Melting/Flammability

Jet engine components must withstand high temperatures.


Plastics must be fire-retardant in event of a crash.


Everyday Example:



Melting a wax candle.  Unlit, wax is soft, but it can retain its shape and 

support itself.  Upon lighting the candle, the wax drips, falls and burns.

Aircraft Examples:



Hypersonic aircraft- air friction creating 3000°F at 20 times the 

speed of sound melted the Space Shuttle Columbia metal structure because thermal protection was damaged.
Melted insulation on wiring has caused numerous short circuits 

and fires on aircraft.


Image Shown:

Internal Combustion Engine Piston.  This piston is similar to those found 
in small aircraft.  It was likely that improper engine tuning created too 
much heat, force and friction which caused this piston to start melting.
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Impact

Everyday Example:



Dropping a drinking glass on a tile floor
Aircraft Examples:



Military aircraft are often designed for protection against ballistic 
impact for crew, critical system like hydraulics, engines.

Structure and materials must be designed for the crash landing 
impacts.



Design for debris, bird strikes.



Fan blade disintegration- the casing around the turbine fan blades 

must be constructed to contain any fan blades that might be shed.

Images Shown:

Space Shuttle Columbia Re-entry and Simulated Leading Edge.  The 
Space Shuttle Columbia was damaged by ceramic foam insulation falling 
off during launch.  This foam debris hit the leading edge of the orbiter at 
high speed breaking through the heat resistant shield.  This lack of 
protection allowed the inner aluminum structure to be exposed the high 

heat of hypersonic re-entry. 
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Buckling

Everyday Example:



Stepping on an empty soda can

Aircraft Examples:

Hard landing crushing landing gear struts


Image Shown:

A Large Test Cylinder Under Compressive Load.  This isn’t an aircraft 

structure, but many fuselages and landing gear have suffered buckling 

failure from hard landings.
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Creep

Creep is the effect of plastic deformation that occurs a long period of time.

Everyday Example:



Plastic paper clip, in use over time it will deform and keep its deformed 

shape



Aircraft Examples:



Stretching of engine fan disk



Jet engine temperatures can reach 2550°F


Image Shown:

Southwest Airlines Fan Disk Failure.  The fan disk of jet engines rotate at 

very high RPMs.  The high centrifugal force causes the disk to “grow” 

larger over time.  Eventually, the disk contacts the outer casing at high 

speed causing the blades of the disk to be ripped off and thrown outward 

in an explosive event.
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Percentage breakdown of types of failures.

Fatigue




55%

Corrosion



16%



Overload



14%

Stress Corrosion Cracking

7%

Wear/ Abrasion


6%

High Temperature Corrosion

2%
We can see that fatigue is the greatest concern for aircraft.
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What are the root causes of these failures?


Possible root causes:



Misuse or abuse



Assembly errors


Processing/Manufacturing errors

Improper material choice



Non-optimized geometry design



Improper maintenance



Unforeseen operating conditions



Inadequate quality control



Inadequate environmental protection
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Misuse or abuse

Damaged during handling, storage, use

Stressing parts by using them outside their designed envelope.
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Assembly errors



Incorrect torque

Incorrect sequence


Omitting or adding unspecified components
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Processing/Manufacturing errors

Improper heat treating

Incorrect surface finish

Processing could affect the strength and corrosion resistance
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Improper material choice
The chosen material can’t do the job!
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Non-optimized geometry design
The part is the wrong shape, stress risers are created
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Improper maintenance
Aircraft components must be cared for and have a finite life.
Fatigue is one of the largest concerns, parts must be replaced after a calculated 
safe period of use, other parts must be routinely inspected for cracks.


Eventually the entire aircraft must be scrapped after it has been used for its safe 
lifespan.


Other components must be lubricated to prevent accelerated wear.
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Unforeseen operating conditions

Changing the mission or environment of the aircraft and its components, 
modifications.
The materials were properly chosen and designed for, but the aircrafts use 
changes.
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Inadequate quality control


We need to control the quality of the materials.  There must be controlled 
environments for creating, storing, shipping, tracking, and ultimately using 
the parts.


Documentation must accompany these parts and materials every step of the way.
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Inadequate environmental protection


Improper paint, coatings, corrosion prevention maintenance 
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Summary- What materials are used for aerospace structures?

Metals



Aluminum-

Very common, traditional aircraft material,







light, strong, good corrosion resistance



Steel/Stainless Steel-
Very high strength, for highly loaded components



Titanium-

Roughly the strength of steel but 2/3 the weight



Magnesium-

Similar to aluminum in properties but even lighter



Superalloys-

Nickel based high temperature resistant alloys for 







use in engines


Ceramics-


Combinations of metals and non-metals, strong but 

brittle, high temperature resistance


Plastics/Elastomers

Aircraft interiors, tires, sealants, adhesives


Composites


Rapid growth in use of complex engineered 

materials to replace much of the traditional 

materials
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Summary- What are the failure modes of these materials?


What were the everyday examples that we’ve experienced?

Fatigue-


Abrasion/ Wear-
Corrosion-
Thermal Shock

Fracture

Melting

Impact

Buckling

Creep
Plastic Deformation/ Yielding
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Summary- What are the root causes of these failures?

Possible root causes:



Misuse or abuse



Assembly errors



Processing/Manufacturing errors

Improper material choice



Non-optimized geometry design



Improper maintenance



Unforeseen operating conditions



Inadequate quality control



Inadequate environmental protection
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Summary- Did We Answer the Questions?
What types of materials are used in aircraft?

How do aircraft structural materials fail?

How do materials failure modes affect aircraft?

What do these material failure modes look like?

What are the root causes of these failures?

Student Activities:


Group Activity:

Break into groups of three, and each group locate a different instance of aircraft loss due to materials failure not mentioned in the presentation.  Create a five minute presentation addressing the following points:

· The type of material that failed

· The type of failure mode

· The root cause of the failure
· How could the failure have been prevented?


Individual Activities:

1. Write a one page paper that explains how you have experienced one of these materials failure modes in your life.  What was the material?  What was the failure mode?  Was the product designed to fail in that manner?  How might you re-design the product?

2. List a number of the possible consequences that might result of materials failure in an aircraft.
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