
Materials



Metallics: Iron, 
copper, aluminum, 
magnesium, nickel, 
nickel alloys, titanium, 
lead, tin, zinc, 
tungsten, brass, bronze, 
and steels. 



Non-metalics: ceramics, 

composites, glass, and 

plastics.  



Physical Properties – properties 
that can be observed or measured 
without altering the composition of the 
material
 DENSITY

 TRANSPARENCY / COLOR

 SPECIFIC HEAT

 COEFFICIENT OF THERMAL EXPANSION

 BOILING POINT

 THERMAL CONDUCTIVITY 

 MAGNETIC PROPERTIES

 WELDABILITY / MACHINIBILITY



Mechanical Properties –
properties that involve how the 
material responds to an applied load or 
force (a test). 
 TENSILE STRENGTH

 ULTIMATE STRENGTH

 MODULUS OF ELASTICITY

 BRITTLENESS

 TOUGHNESS

 HARDNESS

 DUCTILITY

 CREEP



 Tensile strength- A measure of the ability of 
material to resist a force that tends to pull it 
apart. It is expressed as the minimum tensile 
stress (force per unit area) needed to split the 
material apart.

 Ultimate Strength- the maximum tensile stress 
that a material can withstand before rupture

 Proportional limit- The greatest stress which a 
material is capable of sustaining without 
deviation from proportionality of stress and 
strain (Hooke's Law) or the point on the stress-
strain curve at which stress ceases to be 
proportional to strain.

 Elastic region ends, Plastic region begins

http://www.youtube.com/watch?v=67fSwIjYJ-E


Stress= force or load being 

transmitted divided by the cross 

sectional area.(PSI)

Strain= the amount of elongation 

divided by the initial length. 

(unitless)



 Modulus of elasticity- The ratio of the stress 
applied to a body vs the strain that results in the 
body. The modulus of elasticity of a material is a 
measure of its stiffness and for most materials 
remains constant over a range of stress. 

 Elastic deformation- the temporary change in 
length, volume, or shape produced in an elastic 
substance by a stress that is less than the elastic 
limit of the substance. 

 Plastic deformation- the strain at which a solid 
can no longer regain its original shape.

 Yield Strength- The stress at which general 
plastic elongation of the test piece takes place.



Tensile Properties, www.ndt-ed.org



 Brittleness- A property of a material manifested by 
fracture without appreciable prior plastic deformation. 

 Toughness- A property of a material capable of absorbing 
energy by plastic deformation.

 Hardness- The ability of a material to resist permeate 
indentation.

 Damping Capacity- A material's capability in absorbing 
vibrations. 

 Endurance limit- In fatigue testing, the maximum stress 
which can be applied to a material for an infinite number 
of stress cycles without resulting in failure of the material. 

 Ductility- The ability of a material to be plastically 
deformed by elongation, without fracture. 

 Creep- Slow change in the dimensions of a material from 
prolonged stress.



 For aluminum, there are two major groups for 

designation; Wrought and Castings

 There are (4) numbers plus a letter-number suffix.

 First = Indicates main alloying element

 Second = Usually zero, if not it denotes a modification 

to of the original alloy

 Third and fourth = Indicate a particular alloy in the 

series

 Suffix = Indicates the heat treat or temper designation 

of the material

 Example: 2024-T0 aluminum: Aluminum with copper as main 

alloy, 24th alloy in the 2XXX series, that has been annealed 

(T0).

 Example: 6061-T6 aluminum: Aluminum with magnesium and 

silicon, 61st alloy in the 6XXX series, that has been solution 

heat treated and artificially aged (T6).(*bent tubes) 



Metal Properties and SAE Numbers of Metals, americanmachinetools.com

Understanding the Aluminum Alloy Designation System, alcotec.com



 American Iron and Steel Institue (AISI) and 

the Society of Automotive Engineers (SAE) 

are a different designation, but for steel 

they are nearly identical.

 There are (4) numbers. 

 First = Indicates main alloying element

 Second = Indicates secondary alloying elements

 Third and fourth = the carbon content in points. 

(hundredths of a percent)

 Example: 1018 steel is: carbon, no major alloying 

elements, and 0.18% carbon. (Low-carbon Steel)

 Example: 4130 steel is: Molybdenum, with chromium 

as secondary alloying element, and 0.30% carbon 

content. (Chromoly)



AISI-SAE Standard Steel Designations, Materials and Processes in Manufacturing, 9th ed., Degarmo, Black, Kohser, Wiley, 2003 



 Carbon has a major effect on steel properties.  Carbon is the 
primary hardening element in steel.  Hardness and tensile 
strength increases as carbon content increases up to about 0.85% 
C.  Ductility and weldability decrease with increasing carbon. 

 Manganese is generally beneficial to surface quality especially in 
resulfurized steels. Manganese contributes to strength and 
hardness, but less than carbon.  The increase in strength is 
dependent upon the carbon content.  Increasing the manganese 
content decreases ductility and weldability, but less than carbon. 
Manganese has a significant effect on the hardenability of steel.

 Phosphorus increases strength and hardness and decreases 
ductility and notch impact toughness of steel.  The adverse 
effects on ductility and toughness are greater in quenched and 
tempered higher-carbon steels.  Phosphorous levels are normally 
controlled to low levels.  Higher phosphorus is specified in low-
carbon free-machining steels to improve machinability.



 Sulfur decreases ductility and notch impact toughness especially 
in the transverse direction.  Weldability decreases with 
increasing sulfur content.  Sulfur is found primarily in the form of 
sulfide inclusions.  Sulfur levels are normally controlled to low 
levels. The only exception is free-machining steels, where sulfur 
is added to improve machinability.

 Silicon is one of the principal deoxidizers used in steelmaking.  
Silicon is less effective than manganese in increasing as-rolled 
strength and hardness. In low-carbon steels, silicon is generally 
detrimental to surface quality.

 Copper in significant amounts is detrimental to hot-working 
steels.  Copper negatively affects forge welding, but does not 
seriously affect arc or oxyacetylene welding. Copper can be 
detrimental to surface quality.  Copper is beneficial to 
atmospheric corrosion resistance when present in amounts 
exceeding 0.20%. Weathering steels are sold having greater than 
0.20% Copper. 



 Lead is virtually insoluble in liquid or solid steel.  However, lead 
is sometimes added to carbon and alloy steels by means of 
mechanical dispersion during pouring to improve the 
machinability.

 Aluminum is widely used as a deoxidizer.  Aluminum can control 
austenite grain growth in reheated steels and is therefore added 
to control grain size.  Aluminum is the most effective alloy in 
controlling grain growth prior to quenching. Titanium, zirconium, 
and vanadium are also valuable grain growth inhibitors, but there 
carbides are difficult to dissolve into solution in austenite.

 Boron is a potent alloying element in steel.  A very small amount 
of boron (about 0.001%) has a strong effect on hardenability.  
Boron steels are generally produced within a range of 0.0005 to 
0.003%.   Boron is most effective in lower carbon steels. 

 Zirconium can be added to killed high-strength low-alloy steels 
to achieve improvements in inclusion characteristics.  Zirconium 
causes sulfide inclusions to be globular rather than elongated 
thus improving toughness and ductility in transverse bending.



 Chromium is commonly added to steel to increase corrosion 
resistance and oxidation resistance, to increase hardenability, or 
to improve high-temperature strength.  As a hardening element, 
Chromium is frequently used with a toughening element such as 
nickel to produce superior mechanical properties. At higher 
temperatures, chromium contributes increased strength.  
Chromium is a strong carbide former. Complex chromium-iron 
carbides go into solution in austenite slowly; therefore, sufficient 
heating time must be allowed for prior to quenching.

 Nickel is a ferrite strengthener.  Nickel does not form carbides in 
steel.  It remains in solution in ferrite,  strengthening and 
toughening the ferrite phase.  Nickel increases the 
hardenability and impact strength of steels.  

 Molybdenum increases the hardenability of steel.  Molybdenum 
may produce secondary hardening during the tempering of 
quenched steels. It enhances the creep strength of low-alloy 
steels at elevated temperatures. 



 Titanium is used to retard grain growth and thus improve 
toughness. Titanium is also used to achieve improvements in 
inclusion characteristics.  Titanium causes sulfide inclusions to be 
globular rather than elongated thus improving toughness and 
ductility in transverse bending.

 Niobium (Columbium) increases the yield strength and, to a 
lesser degree, the tensile strength of carbon steel. The addition 
of small amounts of Niobium can significantly increase the yield 
strength of steels.  Niobium can also have a moderate 
precipitation strengthening effect. Its main contributions are to 
form precipitates above the transformation temperature, and to 
retard the recrystallization of austenite, thus promoting a fine-
grain microstructure having improved strength and toughness.

 Vanadium increases the yield strength and the tensile strength 
of carbon steel. The addition of small amounts of Vanadium can 
significantly increase the strength of steels.  Vanadium is one of 
the primary contributors to precipitation strengthening in 
microalloyed steels.   When thermo mechanical processing is 
properly controlled the ferrite grain size is refined and there is a 
corresponding increase in toughness.  The impact transition 
temperature also increases when vanadium is added.









 3 primary crystal structures you will see. 

 The first is: BCC- body centered cubic. 

Materials that fall into this arrangement are: 

Iron*, chromium, molybdenum and tungsten. 

 Notice most are hard and not very ductile.

 Packing efficiency 68%

Body-Centered Cubic Structure, NDT-ed.org



 The second crystal structure is: FCC – face 

centered cubic. Materials that fall into this 

arrangement are: Iron*, aluminum, copper, 

lead, gold. 

 Notice most are ductile metals.

 Packing efficiency is 74%

Face-Centered Cubic Structure, NDT-ed.org



 The last HCP crystal structure is HCP: HCP-

Hexagonal closed packed. Materials that fall 

into this category are: cadmium, magnesium, 

zinc, and titanium. 

 Notice all are elements.

HCP has a packing efficiency of 74%.

Hexagonal Close Packed Structure, NDT-ed.org



 The crystal arrangements effect many things 

for example: the ability to conduct current, 

or transfer heat. 

 By alloying with the materials in certain 

crystal structures you can alter specific 

properties in a predictable way. 

 Ex: by adding HCP structured materials as alloys 

the new material will have increased stiffness 

and become more brittle. 

http://www.youtube.com/watch?v=p3bkZBJV7X8


When a metallic material is a liquid and 
begins to cool and solidify, a particle of a 
solid forms. 

 This particle will have a crystal lattice 
structure and that resembles the material 
and the alloys present. This repeats until the 
material becomes a solid. 

 As a solid, the small arrangements are 
randomly arranged and have boundaries with 
one another called grain boundaries. 

 The size and number of gains in an area 
influence the properties of the material. 



 There are (3) ways to change grain structure. 

 1- cold working- this is physical manipulation of 

the material below the recrystallation 

temperature. It will increase strength, but 

decrease ductility. (physical change)

 Cold rolled steel vs. hot rolled steel

 2- Annealing – this is using heat to manipulate 

the grains in a material. (physical change)

 3- Alloying – this is done by adding different 

alloying elements to the mixture of the material. 

(this is a chemical change)

http://www.youtube.com/watch?v=8CvKjNUKG3E


Heat treating- hardening, normalizing, 

annealing.

 The available condition you can order 

material in. 

 The influence of welding.

 Solubility's, and weld abilities.

Material directional strength relationships.



 Heat treating - A group of industrial and metalworking 
processes used to alter the physical, and sometimes 
chemical, properties of a material, usually by heating or 
chilling the material, normally to extreme 
temperatures, to achieve a desired result such as 
hardening or softening of a material. 

 Heat treatment techniques - include annealing, case 
hardening, precipitation strengthening, tempering and 
quenching. 

 It is noteworthy that while the term heat treatment 
applies only to processes where the heating and cooling 
are done for the specific purpose of altering properties 
intentionally, heating and cooling often occur 
incidentally during other manufacturing processes such 
as machining, hot forming or welding.



Fe-Fe3C Phase Diagram, Materials Science and Metallurgy, 4th ed., Pollack, Prentice-Hall, 1988

FCC austenite 

(iron)

BCC ferrite (iron)

BCC dferrite

http://www.youtube.com/watch?v=cN5YH0iEvTo


When steel is heated up to the 

recrystallation temperature, a permanent 

change will occur in the grain structure. This 

is significant because it will alter the 

mechanical properties. Working the material 

above this temperature will not drastically 

alter the mechanical properties of the 

material. Working below this temperature 

will impart more strength for the trade off of 

ductility. 

 (cold rolled steel vs. hot rolled steel)



 Martensite- Martensite is a body-centered tetragonal 
form of iron in which some carbon is dissolved. 
Martensite forms during quenching, when the face 
centered cubic lattice of austenite is distorted into 
the body centered tetragonal structure without the 
loss of its contained carbon atoms into cementite and 
ferrite.

 What is it really- Martensite is formed in the surface 
or sub-surface of a material that possesses enough 
carbon to solidify when rapidly cooled down. This is 
an unusable engineering material, it is extremely 
hard material that is too brittle for any practical 
purposes. It usually occurs from welding arc strikes, 
or water quenching. It can be converted back out 
with annealing.



 Welding inputs a tremendous amount of heat 
into a material. This heat can change the 
materials properties. The welding arc 
temperature can be 10K degrees F. 

 This rapid heating and cooling of the material 
can causes unintentional heat treating, which 
can cause internal stresses and cause different 
lattice structures to form. 
 After welding, you might consider post processing the 

part to reduce stresses 

 TIG welding a 4130 chassis with different filler rod
 Filler rod 80S-D2, high strength, low fatigue strength
 Filler rod 70S-2, lower strength, higher fatigue strength
 Filler rod SiB, no strength, very good fatigue strength
 Filler rod 80S-D2 with post welding heat treat, highest 

strength, highest fatigue strength



 Example of 

heat 

affected 

zones when 

two steel 

plates are 

welded 

together

Metallurgy, 2nd ed., B.J. Moniz



Not all materials are weldable, and not all 

materials can be welded to each other. The 

alloying elements usually determines this. 

 Consultation with a certified & reputable welder 

is you best option for welding. 

Steel and Aluminum can NOT 

be welded together!



 A base material and an alloy can have 

solubility with one another up to a certain 

point. They can also be insoluble with one 

another (oil and water). This is alloy % and 

temperature dependent. What is important to 

consider is this;

 When specifying a material to make a component, 

if there is any welding on the component, make 

sure you research the solubility before purchase. 

 Example 1: 2024 and 7075 aluminum are not solidly 

soluble at room temperature with any aluminum filler 

rods. The weld can be made, but is weak and will crack.

 Example 2: Welding a material that is to be post heat 

treated, make sure base material and filler rod is also 

heat treatable.



 A material’s density is not an indicator of its 
strength. “Just because it’s lighter, doesn’t 
mean it’s stronger.”

 EX: Lead vs. Steel

 Strength Density (also known as specific strength 
or strength-to-weight ratio), is a way to define 
how strong a material is with respect to its 
density. 

𝜎𝑡𝑒𝑛𝑠𝑖𝑙𝑒

𝜌𝑑𝑒𝑛𝑠𝑖𝑡𝑦



Material Density 

(lb/in3)

Tensile 

Strength 

(ksi)

Modulus 

(ksi)

Specific 

Strength 

(in)

Cost ($ per 

12”x12”x0.125” 

piece)**

1018 Steel 0.284 63.8 29.7 2.2 x 105 $15

4130 Steel 0.284 97.2 29.7 3.4 x 105 $28

2024

Aluminum

0.100 69.0 105.0 6.9 x 105 $28

6061 

Aluminum

0.098 45.0 100.0 4.6 x 105 $15

7075 

Aluminum

0.102 83.0 104.0 8.1 x 105 $45

6Al-4V

Titanium

0.160 138 165.1 8.6 x 105 $215

Lead 0.410 2.6 2030 0.063 x 105 $50

*All properties taken from http://www.matweb.com

** Prices taken from Stock Car Steel and OnlineMetals.com

http://www.matweb.com/


 Fatigue – material failure while being 

subjected to repeated(cyclic) stress below 

the material’s ultimate tensile strength. Most 

common failure mode.

 Endurance Limit – the value of the stress 

below which the material will not fail, 

regardless of the number of load cycles

 Steel and titanium have an endurance limit.

 Aluminum does not have an endurance limit. 


