
WWW.VIDYARTHIPLUS.COM  

WWW.VIDYARTHIPLUS.COM V+ TEAM 

 

 

UNIT I 

SOLID SOLUTION 

 

A solid solution is a solid-state solution of one or more solutes in a solvent. Such 

a mixture is considered a solution rather than a compound when the crystal 

structure of the solvent remains unchanged by addition of the solutes, and when 

the mixture remains in a single homogeneous phase. This often happens when the 

two elements (generally metals) involved are close together on the periodic table; 

conversely, a chemical compound is generally a result of the non proximity of the 

two metals involved on the periodic table.[1] 

Details 

The solute may incorporate into the solvent crystal lattice substitutionally, by 

replacing a solvent particle in the lattice, or interstitially, by fitting into the space 

between solvent particles. Both of these types of solid solution affect the 

properties of the material by distorting the crystal lattice and disrupting the 

physical and electrical homogeneity of the solvent material.[2] 

Some mixtures will readily form solid solutions over a range of concentrations, 

while other mixtures will not form solid solutions at all. The propensity for any 

two substances to form a solid solution is a complicated matter involving the 

chemical, crystallographic, and quantum properties of the substances in question. 

Solid solutions, in accordance with the Hume-Rothery rules, may form if the 

solute and solvent have: 

Similar atomic radii (15% or less difference) 

Same crystal structure 

Similar electronegativities 

Similar valency 

www.R
eji

np
au

l.c
om

http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Phase_%28matter%29
http://en.wikipedia.org/wiki/Solution
http://en.wikipedia.org/wiki/Solubility
http://en.wikipedia.org/wiki/Solvent
http://en.wikipedia.org/wiki/Mixture
http://en.wikipedia.org/wiki/Chemical_compound
http://en.wikipedia.org/wiki/Crystal_structure
http://en.wikipedia.org/wiki/Crystal_structure
http://en.wiktionary.org/wiki/Homogeneous
http://en.wikipedia.org/wiki/Phase_%28matter%29
http://en.wikipedia.org/wiki/Metal
http://en.wikipedia.org/wiki/Periodic_table
http://en.wikipedia.org/wiki/Solid_solution#cite_note-0
http://en.wikipedia.org/wiki/Crystal_lattice
http://en.wikipedia.org/wiki/Substitution
http://en.wikipedia.org/wiki/Interstitial_defect
http://en.wikipedia.org/wiki/Solid_solution#cite_note-1
http://en.wikipedia.org/wiki/Chemistry
http://en.wikipedia.org/wiki/Crystallography
http://en.wikipedia.org/wiki/Quantum_mechanics
http://en.wikipedia.org/wiki/Hume-Rothery_rules
http://en.wikipedia.org/wiki/Atomic_radius
http://en.wikipedia.org/wiki/Crystallite
http://en.wikipedia.org/wiki/Crystal_structure
http://en.wikipedia.org/wiki/Electronegativity
http://en.wikipedia.org/wiki/Valence_%28chemistry%29


WWW.VIDYARTHIPLUS.COM  

WWW.VIDYARTHIPLUS.COM V+ TEAM 

 

The phase diagram in Fig. 1 displays an alloy of two metals which forms a solid 

solution at all relative concentrations of the two species. In this case, the pure 

phase of each element is of the same crystal structure, and the similar properties 

of the two elements allow for unbiased substitution through the full range of 

relative concentrations. 

Solid solutions have important commercial and industrial applications, as such 

mixtures often have superior properties to pure materials. Many metal alloys are 

solid solutions. Even small amounts of solute can affect the electrical and 

physical properties of the solvent. 

 

 

Fig. 2 This binary phase diagram shows two solid solutions: α and β. 

The binary phase diagram in Fig. 2 at right shows the phases of a mixture of two 

substances in varying concentrations, α and β. The region labeled "α" is a solid 

solution, with β acting as the solute in a matrix of α. On the other end of the 

concentration scale, the region labeled "β" is also a solid solution, with α acting 

as the solute in a matrix of β. The large solid region in between the α and β solid 

solutions, labeled "α and β", is not a solid solution. Instead, an examination of the 

microstructure of a mixture in this range would reveal two phases — solid 

solution α-in-β and solid solution β-in-α would form separate phases, perhaps 

lamella or grains. 

Application 

In the phase diagram, the unalloyed extreme left and right concentrations, and the 

dip in the center, the material will be solid and become liquid as heat is added, 

where at other proportions the material will enter a mushy or pasty phase. The 

mixture at dip point of the diagram is called a eutectic alloy. Lead-tin mixtures 

formulated at that point (37/63 mixture) are useful when soldering electronic 

components, particularly if done manually, since the solid phase is quickly 

entered as the solder cools. In contrast, when lead-tin mixtures were used to 
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solder seams in automobile bodies a pasty state enabled a shape to be formed 

with a wooden paddle or tool, so a 70-30 lead to tin ratio was used. (Lead is 

being removed from such applications owing to its toxicity and consequent 

difficulty in recycling devices and components that include lead.) 

 

IRON- IRON CABON DIAGRAM 

 

A phase diagram in physical chemistry, engineering, mineralogy, and materials 

science is a type of chart used to show conditions at which thermodynamically 

distinct phases can occur at equilibrium. In mathematics and physics, "phase 

diagram" is used with a different meaning: a synonym for a phase space. 

 

Overview 

Common components of a phase diagram are lines of equilibrium or phase 

boundaries, which refer to lines that mark conditions under which multiple 

phases can coexist at equilibrium. Phase transitions occur along lines of 

equilibrium. 

Triple points are points on phase diagrams where lines of equilibrium intersect. 

Triple points mark conditions at which three different phases can coexist. For 

example, the water phase diagram has a triple point corresponding to the single 

temperature and pressure at which solid, liquid, and gaseous water can coexist in 

a stable equilibrium. 

The solidus is the temperature below which the substance is stable in the solid 

state. The liquidus is the temperature above which the substance is stable in a 

liquid state. There may be a gap between the solidus and liquidus; within the gap, 

the substance consists of a mixture of crystals and liquid (like a "slurry").[1] 

Types of phase diagrams 

2D phase diagrams 

The simplest phase diagrams are pressure-temperature diagrams of a single 

simple substance, such as water. The axes correspond to the pressure and 

temperature. The phase diagram shows, in pressure-temperature space, the lines 

of equilibrium or phase boundaries between the three phases of solid, liquid, and 

gas. www.R
eji

np
au

l.c
om

http://en.wikipedia.org/wiki/Physical_chemistry
http://en.wikipedia.org/wiki/Engineering
http://en.wikipedia.org/wiki/Mineralogy
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Chart
http://en.wikipedia.org/wiki/Phase_%28matter%29
http://en.wikipedia.org/wiki/Thermodynamic_equilibrium
http://en.wikipedia.org/wiki/Mathematics
http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Phase_space
http://en.wikipedia.org/wiki/Triple_point
http://en.wikipedia.org/wiki/Solidus_%28chemistry%29
http://en.wikipedia.org/wiki/Liquidus
http://en.wikipedia.org/wiki/Phase_diagram#cite_note-0
http://en.wikipedia.org/wiki/Water_%28molecule%29
http://en.wikipedia.org/wiki/Cartesian_coordinate_system
http://en.wikipedia.org/wiki/Pressure
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Gas


WWW.VIDYARTHIPLUS.COM  

WWW.VIDYARTHIPLUS.COM V+ TEAM 

 

 

 

A typical phase diagram. The dotted line gives the anomalous behavior of water. 

The green lines mark the freezing point and the blue line the boiling point, 

showing how they vary with pressure. 

The curves on the phase diagram show the points where the free energy (and 

other derived properties) becomes non-analytic: their derivatives with respect to 

the coordinates (temperature and pressure in this example) change 

discontinuously (abruptly). For example, the heat capacity of a container filled 

with ice will change abruptly as the container is heated past the melting point. 

The open spaces, where the free energy is analytic, correspond to single phase 

regions. Single phase regions are separated by lines of non-analytical, where 

phase transitions occur, which are called phase boundaries. 

In the diagram on the left, the phase boundary between liquid and gas does not 

continue indefinitely. Instead, it terminates at a point on the phase diagram called 

the critical point. This reflects the fact that, at extremely high temperatures and 

pressures, the liquid and gaseous phases become indistinguishable,[2] in what is 

known as a supercritical fluid. In water, the critical point occurs at around 

Tc=647.096 K (1,164.773 °R), pc=22.064 MPa (3,200.1 psi) and 

ρc=356 kg/m³.[3] 
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The existence of the liquid-gas critical point reveals a slight ambiguity in 

labelling the single phase regions. When going from the liquid to the gaseous 

phase, one usually crosses the phase boundary, but it is possible to choose a path 

that never crosses the boundary by going to the right of the critical point. Thus, 

the liquid and gaseous phases can blend continuously into each other. The solid-

liquid phase boundary can only end in a critical point if the solid and liquid 

phases have the same symmetry group[citation needed]. 

The solid-liquid phase boundary in the phase diagram of most substances has a 

positive slope; the greater the pressure on a given substance, the closer together 

the molecules of the substance are brought to each other, which increases the 

effect of the substance's intermolecular forces. Thus, the substance requires a 

higher temperature for its molecules to have enough energy to break out the fixed 

pattern of the solid phase and enter the liquid phase. A similar concept applies to 

liquid-gas phase changes.[4] Water, because of its particular properties, is one of 

the several exceptions to the rule. 

Other thermodynamic properties 

In addition to just temperature or pressure, other thermodynamic properties may 

be graphed in phase diagrams. Examples of such thermodynamic properties 

include specific volume, specific enthalpy, or specific entropy. For example, 

single-component graphs of Temperature vs. specific entropy (T vs. s) for 

water/steam or for a refrigerant are commonly used to illustrate thermodynamic 

cycles such as a Carnot cycle, Rankine cycle, or vapor-compression refrigeration 

cycle. 

In a two-dimensional graph, two of the thermodynamic quantities may be shown 

on the horizontal and vertical axes. Additional thermodymic quantities may each 

be illustrated in increments as a series of lines - curved, straight, or a combination 

of curved and straight. Each of these iso-lines represents the thermodynamic 

quantity at a certain constant value. 
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Temperature vs. specific entropy phase diagram for water/steam. In the area 

under the red dome, liquid water and steam coexist in equilibrium. The critical 

point is at the top of the dome. Liquid water is to the left of the dome. Steam is to 

the right of the dome. The blue lines/curves are isobars showing constant 

pressure. The green lines/curves are isochors showing constant specific volume. 

The red curves show constant quality. 
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enthalpy-entropy (h-s) 

diagram for steam 

pressure-enthalpy (p-h) 

diagram for steam 

temperature-entropy (T-s) 

diagram for steam 

[edit] 3D phase diagrams 

 

 

p-V-T 3D diagram for fixed amount of pure material 

It is possible to envision three-dimensional (3D) graphs showing three 

thermodynamic quantities.[5][6][7] For example for a single component, a 3D 

Cartesian coordinate type graph can show temperature (T) on one axis, pressure 

(P) on a second axis, and specific volume (v) on a third. Such a 3D graph is 

sometimes called a P-v-T diagram. The equilibrium conditions would be shown 

as a 3D curved surface with areas for solid, liquid, and vapor phases and areas 

where solid and liquid, solid and vapor, or liquid and vapor coexist in 

equilibrium. A line on the surface called a triple line is where solid, liquid and 

vapor can all coexist in equilibrium. The critical point remains a point on the 

surface even on a 3D phase diagram. An orthographic projection of the 3D P-v-T 

graph showing pressure and temperature as the vertical and horizontal axes 

effectively collapses the 3D plot into a 2D pressure-temperature diagram. When 

this is done, the solid-vapor, solid-liquid, and liquid-vapor surfaces collapse into 

three corresponding curved lines meeting at the triple point, which is the 

collapsed orthographic projection of the triple line. 

Binary phase diagrams 

Other much more complex types of phase diagrams can be constructed, 

particularly when more than one pure component is present. In that case 

concentration becomes an important variable. Phase diagrams with more than 

two dimensions can be constructed that show the effect of more than two 

variables on the phase of a substance. Phase diagrams can use other variables in 
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addition to or in place of temperature, pressure and composition, for example the 

strength of an applied electrical or magnetic field and they can also involve 

substances that take on more than just three states of matter. 

                

 

The iron–iron carbide (Fe–Fe3C) phase diagram. The percentage of carbon 

present and the temperature define the phase of the iron carbon alloy and 

therefore its physical characteristics and mechanical properties. The percentage 

of carbon determines the type of the ferrous alloy: iron, steel or cast iron 

 

 

A phase diagram for a binary system displaying a eutectic point. 

One type of phase diagram plots temperature against the relative concentrations 

of two substances in a binary mixture called a binary phase diagram, as shown at 

right. Such a mixture can be either a solid solution, eutectic or peritectic, among 

others. These two types of mixtures result in very different graphs. Another type 

of binary phase diagram is a boiling point diagram for a mixture of two 

components, i. e. chemical compounds. For two particular volatile components at 

a certain pressure such as atmospheric pressure, a boiling point diagram shows 

what vapor (gas) compositions are in equilibrium with given liquid compositions 

depending on temperature. In a typical binary boiling point diagram, temperature 

is plotted on a vertical axis and mixture composition on a horizontal axis. www.R
eji
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Boiling point diagram 

A simple example diagram with hypothetical components 1 and 2 in a non-

azeotropic mixture is shown at right. The fact that there are two separate curved 

lines joining the boiling points of the pure components means that the vapor 

composition is usually not the same as the liquid composition the vapor is in 

equilibrium with. See Vapor-Liquid Equilibrium for a fuller discussion. 

In addition to the above mentioned types of phase diagrams, there are thousands 

of other possible combinations. Some of the major features of phase diagrams 

include congruent points, where a solid phase transforms directly into a liquid. 

There is also the peritectoid, a point where two solid phases combine into one 

solid phase during cooling. The inverse of this, when one solid phase transforms 

into two solid phases during heating, is called the eutectoid. 

A complex phase diagram of great technological importance is that of the iron-

carbon system for less than 7% carbon (see steel). 

The x-axis of such a diagram represents the concentration variable of the mixture. 

As the mixtures are typically far from dilute and their density as a function of 

temperature is usually unknown, the preferred concentration measure is mole 

fraction. A volume based measure like molarity would be unadvisable. 

[edit] Crystal phase diagrams 

Polymorphic and polyamorphic substances have multiple crystal or amorphous 

phases, which can be graphed in a similar fashion to solid, liquid, and gas phases. www.R
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Log-lin Pressure-temperature phase diagram of water. The Roman numerals 

indicate various ice phases. 

 

 

Pressure-temperature phase diagram of water. The Roman numerals indicate 

various ice phases as described at Ice#Phases. 

[edit] Mesophase diagrams 

Some organic materials pass through intermediate states between solid and 

liquid; these states are called mesophases. Attention has been directed to 
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mesophases because they enable display devices and have become commercially 

important through the so-called liquid crystal technology. Phase diagrams are 

used to describe the occurance of mesophases.[8] 

 

Carbon steel, also called plain-carbon steel, is steel where the main alloying 

constituent is carbon. The American Iron and Steel Institute (AISI) defines 

carbon steel as: "Steel is considered to be carbon steel when no minimum content 

is specified or required for chromium, cobalt, niobium, molybdenum, nickel, 

titanium, tungsten, vanadium or zirconium, or any other element to be added to 

obtain a desired alloying effect; when the specified minimum for copper does not 

exceed 0.40 percent; or when the maximum content specified for any of the 

following elements does not exceed the percentages noted: manganese 1.65, 

silicon 0.60, copper 0.60."[1] 

The term "carbon steel" may also be used in reference to steel which is not 

stainless steel; in this use carbon steel may include alloy steels. 

As the carbon content rises, steel has the ability to become harder and stronger 

through heat treating, but this also makes it less ductile. Regardless of the heat 

treatment, a higher carbon content reduces weldability. In carbon steels, the 

higher carbon content lowers the melting point.[2] 

Eighty-five percent of all steel used in the United States is carbon steel.[1] 

Types 

See also: SAE steel grades 

Carbon steel is broken down in to four classes based on carbon content: 

Mild and low carbon steel 

Mild steel is the most common form of steel because its price is relatively low 

while it provides material properties that are acceptable for many applications. 

Low carbon steel contains approximately 0.05–0.15% carbon[1] and mild steel 

contains 0.16–0.29%[1] carbon, therefore it is neither brittle nor ductile. Mild 

steel has a relatively low tensile strength, but it is cheap and malleable; surface 

hardness can be increased through carburizing.[3] 

It is often used when large quantities of steel are needed, for example as 

structural steel. The density of mild steel is approximately 7.85 g/cm3 

(0.284 lb/in3)[4] and the Young's modulus is 210,000 MPa (30,000,000 psi).[5] 

Low carbon steels suffer from yield-point runout where the material has two 

yield points. The first yield point (or upper yield point) is higher than the second 

and the yield drops dramatically after the upper yield point. If a low carbon steel 

is only stressed to some point between the upper and lower yield point then the 

surface may develop Lüder bands.[6] 

Higher carbon steels 
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Carbon steels which can successfully undergo heat-treatment have a carbon 

content in the range of 0.30–1.70% by weight. Trace impurities of various other 

elements can have a significant effect on the quality of the resulting steel. Trace 

amounts of sulfur in particular make the steel red-short. Low alloy carbon steel, 

such as A36 grade, contains about 0.05% sulfur and melts around 1,426–1,538 °C 

(2,599–2,800 °F).[7] Manganese is often added to improve the hardenability of 

low carbon steels. These additions turn the material into a low alloy steel by 

some definitions, but AISI's definition of carbon steel allows up to 1.65% 

manganese by weight. 

Medium carbon steel 

Approximately 0.30–0.59% carbon content.[1] Balances ductility and strength 

and has good wear resistance; used for large parts, forging and automotive 

components.[8] 

High carbon steel 

Approximately 0.6–0.99% carbon content.[1] Very strong, used for springs and 

high-strength wires.[9] 

Ultra-high carbon steel 

Approximately 1.0–2.0% carbon content.[1] Steels that can be tempered to great 

hardness. Used for special purposes like (non-industrial-purpose) knives, axles or 

punches. Most steels with more than 1.2% carbon content are made using powder 

metallurgy. Note that steel with a carbon content above 2.0% is considered cast 

iron. 

Heat treatment 

 

 

Iron-carbon phase diagram, showing the temperature and carbon ranges for 

certain types of heat treatments. 

 

 

UNIT II 

Main article: Heat treatment 
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The purpose of heat treating carbon steel is to change the mechanical properties 

of steel, usually ductility, hardness, yield strength, or impact resistance. Note that 

the electrical and thermal conductivity are slightly altered. As with most 

strengthening techniques for steel, Young's modulus is unaffected. Steel has a 

higher solid solubility for carbon in the austenite phase; therefore all heat 

treatments, except spheroidizing and process annealing, start by heating to an 

austenitic phase. The rate at which the steel is cooled through the eutectoid 

reaction affects the rate at which carbon diffuses out of austenite. Generally 

speaking, cooling swiftly will give a finer pearlite (until the martensite critical 

temperature is reached) and cooling slowly will give a coarser pearlite. Cooling a 

hypoeutectoid (less than 0.77 wt% C) steel results in a pearlitic structure with α-

ferrite at the grain boundaries. If it is hypereutectoid (more than 0.77 wt% C) 

steel then the structure is full pearlite with small grains of cementite scattered 

throughout. The relative amounts of constituents are found using the lever rule. 

Here is a list of the types of heat treatments possible: 

Spheroidizing: Spheroidite forms when carbon steel is heated to approximately 

700 °C for over 30 hours. Spheroidite can form at lower temperatures but the 

time needed drastically increases, as this is a diffusion-controlled process. The 

result is a structure of rods or spheres of cementite within primary structure 

(ferrite or pearlite, depending on which side of the eutectoid you are on). The 

purpose is to soften higher carbon steels and allow more formability. This is the 

softest and most ductile form of steel. The image to the right shows where 

spheroidizing usually occurs.[10] 

Full annealing: Carbon steel is heated to approximately 40 °C above Ac3 or Ac1 

for 1 hour; this assures all the ferrite transforms into austenite (although 

cementite might still exist if the carbon content is greater than the eutectoid). The 

steel must then be cooled slowly, in the realm of 38 °C (100 °F) per hour. 

Usually it is just furnace cooled, where the furnace is turned off with the steel 

still inside. This results in a coarse pearlitic structure, which means the "bands" of 

pearlite are thick. Fully-annealed steel is soft and ductile, with no internal 

stresses, which is often necessary for cost-effective forming. Only spheroidized 

steel is softer and more ductile.[11] 

Process annealing: A process used to relieve stress in a cold-worked carbon steel 

with less than 0.3 wt% C. The steel is usually heated up to 550–650 °C for 1 

hour, but sometimes temperatures as high as 700 °C. The image rightward shows 

the area where process annealing occurs. 

Isothermal annealing: It is a process in which hypoeutectoid steel is heated above 

the upper critical temperature and this temperature is maintained for a time and 
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then the temperature is brought down below lower critical temperature and is 

again maintained. Then finally it is cooled at room temperature. This method rids 

any temperature gradient. 

Normalizing: Carbon steel is heated to approximately 55 °C above Ac3 or Acm 

for 1 hour; this assures the steel completely transforms to austenite. The steel is 

then air-cooled, which is a cooling rate of approximately 38 °C (68 °F) per 

minute. This results in a fine pearlitic structure, and a more-uniform structure. 

Normalized steel has a higher strength than annealed steel; it has a relatively high 

strength and ductility.[12] 

Quenching: Carbon steel with at least 0.4 wt% C is heated to normalizing 

temperatures and then rapidly cooled (quenched) in water, brine, or oil to the 

critical temperature. The critical temperature is dependent on the carbon content, 

but as a general rule is lower as the carbon content increases. This results in a 

martensitic structure; a form of steel that possesses a super-saturated carbon 

content in a deformed body-centered cubic (BCC) crystalline structure, properly 

termed body-centered tetragonal (BCT), with much internal stress. Thus 

quenched steel is extremely hard but brittle, usually too brittle for practical 

purposes. These internal stresses cause stress cracks on the surface. Quenched 

steel is approximately three to four (with more carbon) fold harder than 

normalized steel.[13] 

Martempering (Marquenching): Martempering is not actually a tempering 

procedure, hence the term "marquenching". It is a form of isothermal heat 

treatment applied after an initial quench of typically in a molten salt bath at a 

temperature right above the "martensite start temperature". At this temperature, 

residual stresses within the material are relieved and some bainite may be formed 

from the retained austenite which did not have time to transform into anything 

else. In industry, this is a process used to control the ductility and hardness of a 

material. With longer marquenching, the ductility increases with a minimal loss 

in strength; the steel is held in this solution until the inner and outer temperatures 

equalize. Then the steel is cooled at a moderate speed to keep the temperature 

gradient minimal. Not only does this process reduce internal stresses and stress 

cracks, but it also increases the impact resistance.[14] 

Quench and tempering: This is the most common heat treatment encountered, 

because the final properties can be precisely determined by the temperature and 

time of the tempering. Tempering involves reheating quenched steel to a 

temperature below the eutectoid temperature then cooling. The elevated 

temperature allows very small amounts of spheroidite to form, which restores 

ductility, but reduces hardness. Actual temperatures and times are carefully 

chosen for each composition.[15] 
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Austempering: The austempering process is the same as martempering, except 

the steel is held in the molten salt bath through the bainite transformation 

temperatures, and then moderately cooled. The resulting bainite steel has a 

greater ductility, higher impact resistance, and less distortion. The disadvantage 

of austempering is it can only be used on a few steels, and it requires a special 

salt bath.[16] 

Case hardening 

Main article: Case hardening 

Case hardening processes harden only the exterior of the steel part, creating a 

hard, wear resistant skin (the "case") but preserving a tough and ductile interior. 

Carbon steels are not very hardenable; therefore wide pieces cannot be thru-

hardened. Alloy steels have a better hardenability, so they can through-harden 

and do not require case hardening. This property of carbon steel can be 

beneficial, because it gives the surface good wear characteristics but leaves the 

core tough. 
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The Brinell Hardness Test 

The Brinell hardness test method consists of indenting the test material with a 10 

mm diameter hardened steel or carbide ball subjected to a load of 3000 kg. For 

softer materials the load can be reduced to 1500 kg or 500 kg to avoid excessive 

indentation. The full load is normally applied for 10 to 15 seconds in the case of 

iron and steel and for at least 30 seconds in the case of other metals. The diameter 

of the indentation left in the test material is measured with a low powered 

microscope. The Brinell harness number is calculated by dividing the load 

applied by the surface area of the indentation. 

 
 

 

The diameter of the impression is the average of two readings at right angles and 

the use of a Brinell hardness number table can simplify the determination of the 

Brinell hardness. A well structured Brinell hardness number reveals the test 

conditions, and looks like this, "75 HB 10/500/30" which means that a Brinell 

Hardness of 75 was obtained using a 10mm diameter hardened steel with a 500 

kilogram load applied for a period of 30 seconds. On tests of extremely hard 

metals a tungsten carbide ball is substituted for the steel ball. Compared to the 

other hardness test methods, the Brinell ball makes the deepest and widest 

indentation, so the test averages the hardness over a wider amount of material, 

which will more accurately account for multiple grain structures and any 

irregularities in the uniformity of the material. This method is the best for 

achieving the bulk or macro-hardness of a material, particularly those materials 

with heterogeneous structures. 

 

 

 

VICKERS HARDNESS TEST 

The Vickers hardness test was developed in 1924 by Smith and Sandland at 

Vickers Ltd as an alternative to the Brinell method to measure the hardness of 

materials.[1] The Vickers test is often easier to use than other hardness tests since 

www.R
eji

np
au

l.c
om

http://en.wikipedia.org/wiki/Vickers_Ltd
http://en.wikipedia.org/wiki/Brinell_scale
http://en.wikipedia.org/wiki/Hardness
http://en.wikipedia.org/wiki/Vickers_hardness_test#cite_note-0


WWW.VIDYARTHIPLUS.COM  

WWW.VIDYARTHIPLUS.COM V+ TEAM 

 

the required calculations are independent of the size of the indenter, and the 

indenter can be used for all materials irrespective of hardness. The basic 

principle, as with all common measures of hardness, is to observe the questioned 

material's ability to resist plastic deformation from a standard source. The 

Vickers test can be used for all metals and has one of the widest scales among 

hardness tests. The unit of hardness given by the test is known as the Vickers 

Pyramid Number (HV) or Diamond Pyramid Hardness (DPH). The hardness 

number can be converted into units of pascals, but should not be confused with a 

pressure, which also has units of pascals. The hardness number is determined by 

the load over the surface area of the indentation and not the area normal to the 

force, and is therefore not a pressure. 

The hardness number is not really a true property of the material and is an 

empirical value that should be seen in conjunction with the experimental methods 

and hardness scale used. When doing the hardness tests the distance between 

indentations must be more than 2.5 indentation diameters apart to avoid 

interaction between the work-hardened regions. 

If HV is expressed in SI units the yield strength of the material can be 

approximated as: 

 
where c is a constant determined by geometrical factors usually ranging between 

2 and 4. 

 

[edit] Implementation 

                              

 

Vickers test scheme 
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An indentation left in case-hardened steel after a Vickers hardness test. 

It was decided that the indenter shape should be capable of producing 

geometrically similar impressions, irrespective of size; the impression should 

have well-defined points of measurement; and the indenter should have high 

resistance to self-deformation. A diamond in the form of a square-based pyramid 

satisfied these conditions. It had been established that the ideal size of a Brinell 

impression was 3/8 of the ball diameter. As two tangents to the circle at the ends 

of a chord 3d/8 long intersect at 136°, it was decided to use this as the included 

angle of the indenter. The angle was varied experimentally and it was found that 

the hardness value obtained on a homogeneous piece of material remained 

constant, irrespective of load.[2] Accordingly, loads of various magnitudes are 

applied to a flat surface, depending on the hardness of the material to be 

measured. The HV number is then determined by the ratio F/A where F is the 

force applied to the diamond in kilograms-force and A is the surface area of the 

resulting indentation in square millimetres. A can be determined by the formula 

 
which can be approximated by evaluating the sine term to give 

 
where d is the average length of the diagonal left by the indenter. Hence,[3] 

 
where F is kgf and d is millimetres. 

The corresponding units of HV are then kilograms-force per square millimetre 

(kgf/mm²). To calculate Vickers hardness number using SI units one needs to 

convert the force applied from kilogram-force to newtons by multiplying by 

9.806 65 (standard gravity) and convert mm to m. To do the calculation directly, 

the following equation can be used:[4] 

 
where F is newtons and d is millimetres. 

Vickers hardness numbers are reported as xxxHVyy, e.g. 440HV30, or 

xxxHVyy/zz if duration of force differs from 10 s to 15 s, e.g. 440Hv30/20, 

where: 

440 is the hardness number, 

HV gives the hardness scale (Vickers), 

30 indicates the load used in kg. 

20 indicates the loading time if it differs from 10 s to 15 s 
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Vickers values are generally independent of the test force: they will come out the 

same for 500 gf and 50 kgf, as long as the force is at least 200 gf.[5] 

Examples of HV values for various materials[6] 

Material Value 

316L stainless steel 140HV30 

347L stainless steel 180HV30 

Carbon steel 55–120HV5 

Iron 30–80HV5 

 

ROCKWELL HARDNESS TEST 

 

The differential depth hardness measurement was conceived in 1908 by a 

Viennese professor Paul Ludwik in his book Die Kegelprobe (crudely, "the cone 

trial").[3] The differential-depth method subtracted out the errors associated with 

the mechanical imperfections of the system, such as backlash and surface 

imperfections. The Brinell hardness test, invented in Sweden, was developed 

earlier—in 1900—but it was slow, not useful on fully hardened steel, and left too 

large an impression to be considered nondestructive. 

The Rockwell hardness tester, a differential-depth machine, was co-invented by 

Connecticut natives Hugh M. Rockwell (1890–1957) and Stanley P. Rockwell 

(1886–1940). A patent was applied for on July 15, 1914.[4] The requirement for 

this tester was to quickly determine the effects of heat treatment on steel bearing 

races. The application was subsequently approved on February 11, 1919, and 

holds patent number #1,294,171. At the time of invention, both Hugh and Stanley 

Rockwell (not direct relations) worked for the New Departure Manufacturing Co. 

of Bristol, CT. New Departure was a major ball bearing manufacturer that, in 

1916, became part of United Motors and, shortly thereafter, General Motors 

Corp. After leaving the Connecticut company, Stanley Rockwell, then in 

Syracuse, NY, applied for an improvement to the original invention on 

September 11, 1919, which was approved on November 18, 1924. The new tester 

holds patent #1,516,207.[5][6] Rockwell moved to West Hartford, CT, and made 

an additional improvement in 1921.[6] Stanley collaborated with instrument 

manufacturer Charles H. Wilson of the Wilson-Mauelen Company in 1920 to 

commercialize his invention and develop standardized testing machines.[7] 

Stanley started a heat-treating firm circa 1923, the Stanley P. Rockwell 

Company, which still exists in Hartford, CT. The later-named Wilson Mechanical 

Instrument Company has changed ownership over the years, and was most 

recently acquired by Instron Corp. in 1993.[8] 
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[edit] Operation 

The determination of the Rockwell hardness of a material involves the 

application of a minor load followed by a major load, and then noting the depth 

of penetration, vis a vis, hardness value directly from a dial, in which a harder 

material gives a higher number. The chief advantage of Rockwell hardness is its 

ability to display hardness values directly, thus obviating tedious calculations 

involved in other hardness measurement techniques. 

It is typically used in engineering and metallurgy. Its commercial popularity 

arises from its speed, reliability, robustness, resolution and small area of 

indentation. 

In order to get a reliable reading the thickness of the test-piece should be at least 

10 times the depth of the indentation.[9] Also, readings should be taken from a 

flat perpendicular surface, because round surfaces give lower readings. A 

correction factor can be used if the hardness must be measured on a round 

surface. 

 

Stanley P. Rockwell invented the Rockwell hardness test. He was a metallurgist 

for a large ball bearing company and he wanted a fast non-destructive way to 

determine if the heat treatment process they were doing on the bearing races was 

successful. The only hardness tests he had available at time were Vickers, Brinell 

and Scleroscope. The Vickers test was too time consuming, Brinell indents were 

too big for his parts and the Scleroscope was difficult to use, especially on his 

small parts.  

To satisfy his needs he invented the Rockwell test method. This simple sequence 

of test force application proved to be a major advance in the world of hardness 

testing. It enabled the user to perform an accurate hardness test on a variety of 

sized parts in just a few seconds.  

Rockwell test methods are defined in the following standards: 

ASTM E18 Metals 

ISO 6508 Metals 

ASTM D785 Plastics 

Types of the Rockwell Test 

There are two types of Rockwell tests: 

Rockwell: the minor load is 10 kgf, the major load is 60, 100, or 150 kgf. 

Superficial Rockwell: the minor load is 3 kgf and major loads are 15, 30, or 45 

kgf. 

In both tests, the indenter may be either a diamond cone or steel ball, depending 

upon the characteristics of the material being tested. 

Rockwell Scales 
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Rockwell hardness values are expressed as a combination of a hardness number 

and a scale symbol representing the indenter and the minor and major loads. The 

hardness number is expressed by the symbol HR and the scale designation. 

There are 30 different scales. The majority of applications are covered by the 

Rockwell C and B scales for testing steel, brass, and other metals. However, the 

increasing use of materials other than steel and brass as well as thin materials 

necessitates a basic knowledge of the factors that must be considered in choosing 

the correct scale to ensure an accurate Rockwell test. The choice is not only 

between the regular hardness test and superficial hardness test, with three 

different major loads for each, but also between the diamond indenter and the 

1/16, 1/8, 1/4 and 1/2 in. diameter steel ball indenters. 

If no specification exists or there is doubt about the suitability of the specified 

scale, an analysis should be made of the following factors that control scale 

selection:  

Type of material 

Specimen thickness 

Test location 

Scale limitations 

Principal of the Rockwell Test 

Select image to enlarge The indenter moves down into position on 

the part surface 

A minor load is applied and a zero reference position is established 

The major load is applied for a specified time period (dwell time) beyond zero 

The major load is released leaving the minor load applied 

The resulting Rockwell number represents the difference in depth from the zero 

reference position as a result of the application of the major load. 

 

 

 

CREEP TEST 

 
Method for determining creep or stress relaxation behavior. To determine creep 

properties, material is subjected to prolonged constant tension or compression 

loading at constant temperature. Deformation is recorded at specified time 

intervals and a creep vs. time diagram is plotted. Slope of curve at any point is 

creep rate. If failure occurs, it terminates test and time for rupture is recorded. If 
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specimen does not fracture within test period, creep recovery may be measured. 

To determine stress relaxation of material, specimen is deformed a given amount 

and decrease in stress over prolonged period of exposure at constant temperature 

is recorded 

Viscoplasticity is a theory in continuum mechanics that describes the rate-

dependent inelastic behavior of solids. Rate-dependence in this context means 

that the deformation of the material depends on the rate at which loads are 

applied[1]. The inelastic behavior that is the subject of viscoplasticity is plastic 

deformation which means that the material undergoes unrecoverable 

deformations when a load level is reached. Rate-dependent plasticity is important 

for transient plasticity calculations. The main difference between rate-

independent plastic and viscoplastic material models is that the latter exhibit not 

only permanent deformations after the application of loads but continue to 

undergo a creep flow as a function of time under the influence of the applied 

load. 

The elastic response of viscoplastic materials can be represented in one-

dimension by Hookean spring elements. Rate-dependence can be represented by 

nonlinear dashpot elements in a manner similar to viscoelasticity. Plasticity can 

be accounted for by adding sliding frictional elements as shown in Figure 1.[2] In 

the figure E is the modulus of elasticity, λ is the viscosity parameter and N is a 

power-law type parameter that represents non-linear dashpot [σ(dε/dt)= σ = 

λ(dε/dt)(1/N)]. The sliding element can have a yield stress (σy) that is strain rate 

dependent, or even constant, as shown in Figure 1c. 

Viscoplasticity is usually modeled in three-dimensions using overstress models 

of the Perzyna or Duvaut-Lions types[3]. In these models, the stress is allowed to 

increase beyond the rate-independent yield surface upon application of a load and 

then allowed to relax back to the yield surface over time. The yield surface is 

usually assumed not to be rate-dependent in such models. An alternative 

approach is to add a strain rate dependence to the yield stress and use the 

techniques of rate independent plasticity to calculate the response of a material[4] 

For metals and alloys, viscoplasticity is the macroscopic behavior caused by a 

mechanism linked to the movement of dislocations in grains, with superposed 

effects of inter-crystalline gliding. The mechanism usually becomes dominant at 

temperatures greater than approximately one third of the absolute melting 

temperature. However, certain alloys exhibit viscoplasticity at room temperature 

(300K). For polymers, wood, and bitumen, the theory of viscoplasticity is 

required to describe behavior beyond the limit of elasticity or viscoelasticity. 

In general, viscoplasticity theories are useful in areas such as 

the calculation of permanent deformations, 

the prediction of the plastic collapse of structures, 
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the investigation of stability, 

crash simulations, 

systems exposed to high temperatures such as turbines in engines, e.g. a power 

plant, 

dynamic problems and systems exposed to high strain rates. 

dels of rate-independent plasticity that have a rate-dependent yield stress. 

 

[edit] Creep test 

Creep is the tendency of a solid material to slowly move or deform permanently 

under constant stresses. Creep tests measure the strain response due to a constant 

stress as shown in Figure 3. The classical creep curve represents the evolution of 

strain as a function of time in a material subjected to uniaxial stress at a constant 

temperature. The creep test, for instance, is performed by applying a constant 

force/stress and analyzing the strain response of the system. In general, as shown 

in Figure 3b this curve usually shows three phases or periods of behavior[9] 

A primary creep stage, also known as transient creep, is the starting stage during 

which hardening of the material leads to a decrease in the rate of flow which is 

initially very high. . 

The secondary creep stage, also known as the steady state, is where the strain rate 

is constant. . 

A tertiary creep phase in which there is an increase in the strain rate up to the 

fracture strain. . 

[edit] Relaxation test 

 

 

Figure 3a. Creep test 

 

 

Figure 3b. Strain as a function of time in 

a creep test. 

www.R
eji

np
au

l.c
om

http://en.wikipedia.org/w/index.php?title=Viscoplasticity&action=edit&section=4
http://en.wikipedia.org/wiki/Creep_%28deformation%29
http://en.wikipedia.org/wiki/Viscoplasticity#cite_note-Betten-8
http://en.wikipedia.org/w/index.php?title=Viscoplasticity&action=edit&section=5
http://en.wikipedia.org/wiki/File:Creep_test.JPG
http://en.wikipedia.org/wiki/File:Creep_test.JPG
http://en.wikipedia.org/wiki/File:3StageCreep.svg
http://en.wikipedia.org/wiki/File:3StageCreep.svg


WWW.VIDYARTHIPLUS.COM  

WWW.VIDYARTHIPLUS.COM V+ TEAM 

 

 

 

Figure 4. a) Applied strain in a relaxation test and b) induced stress as functions 

of time over a short period for a viscoplastic material. 

As shown in Figure 4, the relaxation test[19] is defined as the stress response due 

to a constant strain for a period of time. In viscoplastic materials, relaxation tests 

demonstrate the stress relaxation in uniaxial loading at a constant strain. In fact, 

these tests characterize the viscosity and can be used to determine the relation 

which exists between the stress and the rate of viscoplastic strain. The 

decompositon of strain rate is 

 
The elastic part of the strain rate is given by 

 
For the flat region of the strain-time curve, the total strain rate is zero. Hence we 

have, 

 
Therefore the relaxation curve can be used to determine rate of viscoplastic strain 

and hence the viscosity of the dashpot in a one-dimensional viscoplastic material 

model. The residual value that is reached when the stress has plateaued at the end 

of a relaxation test corresponds to the upper limit of elasticity. For some materials 

such as rock salt such an upper limit of elasticity occurs at a very small value of 

stress and relaxation tests can be continued for more than a year without any 

observable plateau in the stress. 
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It is important to note that relaxation tests are extremely difficult to perform 

because maintaining the condition in a test requires considerable delicacy 

 

 

Tensile testing, also known as tension testing,[1] is a fundamental materials 

science test in which a sample is subjected to uniaxial tension until failure. The 

results from the test are commonly used to select a material for an application, for 

quality control, and to predict how a material will react under other types of 

forces. Properties that are directly measured via a tensile test are ultimate tensile 

strength, maximum elongation and reduction in area.[2] From these 

measurements the following properties can also be determined: Young's modulus, 

Poisson's ratio, yield strength, and strain-hardening characteristics.[3] 

[edit] Tensile specimen 

 

 

Tensile specimens made from an aluminum alloy. The left two specimens have a 

round cross-section and threaded shoulders. The right two are flat specimen 

designed to be used with serrated grips. 

A tensile specimen is a standardized sample cross-section. It has two shoulders 

and a gage section in between. The shoulders are large so they can be readily 

gripped, where as the gage section has a smaller cross-section so that the 

deformation and failure can occur in this area.[2][4] 

The shoulders of the test specimen can be manufactured in various ways to mate 

to various grips in the testing machine (see the image below). Each system has 

advantages and disadvantages; for example, shoulders designed for serrated grips 

are easy and cheap to manufacture, but the alignment of the specimen is 

dependent on the skill of the technician. On the other hand, a pinned grip assures 

good alignment. Threaded shoulders and grips also assure good alignment, but 

the technician must know to thread each shoulder into the grip at least one 

diameter's length, otherwise the threads can strip before the specimen 

fractures.[5] 

www.R
eji

np
au

l.c
om

http://en.wikipedia.org/wiki/Tensile_testing#cite_note-0
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Tension
http://en.wikipedia.org/wiki/Quality_control
http://en.wikipedia.org/wiki/Force
http://en.wikipedia.org/wiki/Ultimate_tensile_strength
http://en.wikipedia.org/wiki/Ultimate_tensile_strength
http://en.wikipedia.org/wiki/Elongation_%28materials_science%29
http://en.wikipedia.org/wiki/Tensile_testing#cite_note-davis1-1
http://en.wikipedia.org/wiki/Young%27s_modulus
http://en.wikipedia.org/wiki/Poisson%27s_ratio
http://en.wikipedia.org/wiki/Yield_strength
http://en.wikipedia.org/wiki/Strain-hardening
http://en.wikipedia.org/wiki/Tensile_testing#cite_note-2
http://en.wikipedia.org/w/index.php?title=Tensile_testing&action=edit&section=1
http://en.wikipedia.org/wiki/File:Tensile_specimen-round_and_flat.jpg
http://en.wikipedia.org/wiki/File:Tensile_specimen-round_and_flat.jpg
http://en.wikipedia.org/wiki/Tensile_testing#cite_note-davis1-1
http://en.wikipedia.org/wiki/Tensile_testing#cite_note-davis1-1
http://en.wikipedia.org/wiki/Tensile_testing#cite_note-davis9-4


WWW.VIDYARTHIPLUS.COM  

WWW.VIDYARTHIPLUS.COM V+ TEAM 

 

In large castings and forgings it is common to add extra material, which is 

designed to be removed from the casting so that test specimens can be made from 

it. These specimen not be exact representation of the whole workpiece because 

the grain structure may be different throughout. In smaller workpieces or when 

critical parts of the casting must be tested, a workpiece may be sacrificed to make 

the test specimens.[6] For workpieces that are machined from bar stock, the test 

specimen can be made from the same piece as the bar stock. 

The repeatability of a testing machine can be found by using special test 

specimens meticulously made to be as similar as possible.[6] 

The following tables give the test specimen dimensions and tolerances per 

standard ASTM E8. 

Flat test specimen[7] 

All values in inches 
Plate type (1.5 

in. wide) 

Sheet type (0.5 in. 

wide) 

Sub-size specimen 

(0.25 in. wide) 

Gage length 8.00±0.01 2.00±0.005 8.000±0.003 

Width 1.5 +0.125 -0.25 0.500±0.010 0.250±0.005 

Thickness 0.25 < T < 3⁄16 0.005 ≤ T ≤ 0.25 0.005 ≤ T ≤ 0.25 

Fillet radius (min.) 1 0.25 0.25 

Overall length (min.) 18 8 4 

Length of reduced 

section (min.) 
9 2.25 1.25 

Length of grip 

section (min.) 
3 2 1.25 

Width of grip section 

(approx.) 
2 0.75 3⁄8 

 

Round test specimen[7] 

All values in 

inches 

Standard specimen at 

nominal diameter: 
Small specimen at nominal diameter: 

0.500 0.350 0.25 0.160 0.113 

Gage length 2.00±0.005 1.400±0.005 1.000±0.005 0.640±0.005 0.450±0.005 

Diameter 

tolerance 
±0.010 ±0.007 ±0.005 ±0.003 ±0.002 

Fillet radius 

(min.) 
3⁄8 0.25 5⁄16 5⁄32 3⁄32 

Length of 2.5 1.75 1.25 0.75 5⁄8 
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reduced 

section (min.) 

[edit] Equipment 

 

 

A universal testing machine 

The most common testing machine used in tensile testing is the universal testing 

machine. This type of machine has two crossheads; one is adjusted for the length 

of the specimen and the other is driven to apply tension to the test specimen. 

There are two types: hydraulic powered and electromagnetically powered 

machines.[4] 

The machine must have the proper capabilities for the test specimen being tested. 

There are three main parameters: force capacity, speed, and precision and 

accuracy. Force capacity refers to the fact that the machine must be able to 

generate enough force to fracture the specimen. The machine must be able to 

apply the force quickly or slowly enough to properly mimic the actual 

application. Finally, the machine must be able to accurately and precisely 

measure the gage length and forces applied; for instance, a large machine that is 

designed to measure long elongations may not work with a brittle material that 

experiences short elongations prior to fracturing.[5] 

Alignment of the test specimen in the testing machine is critical, because if the 

specimen is misaligned, either at an angle or offset to one side, the machine will 

exert a bending force on the specimen. This is especially bad for brittle materials, 

because it will dramatically skew the results. This situation can be minimized by 

using spherical seats or U-joints between the grips and the test machine.[5] A 
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misalignment is indicated when running the test if the initial portion of the stress-

strain curve is curved and not linear.[8] 

The strain measurements are most commonly measured with an extensometer, 

but strain gauges are also frequently used on small test specimen or when 

Poisson's ratio is being measured.[5] Newer test machines have digital time, 

force, and elongation measurement systems consisting of electronic sensors 

connected to a data collection device (often a computer) and software to 

manipulate and output the data. However, analog machines continue to meet and 

exceed ASTM, NIST, and ASM metal tensile testing accuracy requirements, 

continuing to be used today.[citation needed] 

[edit] Process 

The test process involves placing the test specimen in the testing machine and 

applying tension to it until it fractures. During the application of tension, the 

elongation of the gage section is recorded against the applied force. The data is 

manipulated so that it is not specific to the geometry of the test sample. The 

elongation measurement is used to calculate the engineering strain, ε, using the 

following equation:[4] 

 
where ΔL is the change in gage length, L0 is the initial gage length, and L is the 

final length. The force measurement is used to calculate the engineering stress, σ, 

using the following equation:[4] 

 
where F is the force and A is the cross-section of the gage section. The machine 

does these calculations as the force is increase so that the data points can be 

graphed into a stress-strain curve.[4] 

[edit] Standards 

Metals 

ASTM E8 Standard Test Methods for Tension Testing of Metallic Materials 

ISO 6892 Metallic materials—Tensile testing at ambient temperature 

JIS Z2241 Method of tensile test for metallic materials 

 

COMPRESSION TEST 

 

he box compression test (bct) measures the compressive strength of boxes made 

of corrugated fiberboard as well as wooden boxes and crates. It provides a plot of 

deformation vs compressive force. Containers other than boxes can also be 

subjected to compression testing: drum, pail, etc. 
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Compression tester for shipping containers 

A BCT plot is a measure of the strength of a shipping container and is measured 

in kN Kilonewton or pounds of force: deflection or deformation is measured in 

mm or inches. 

[edit] Test Procedures 

A common method of conducting the test, as described in several published 

standard test methods, is to compress a box at a constant rate of 1/2 inch (12.5 

mm) per minute between two rigid platens. The platens can be fixed so that they 

remain parallel or one can be pivoted or "floating". The test can be conducted on 

empty or filled boxes, with or without a box closure. Conditioning to standard 

temperature and humidity is important. 

 

The results of the constant rate of compression test can be: 

The peak load 

The deformation at peak load 

The load at a critical deformation (head space, etc) 

The ability of a box to protect the contents from compression damage 

etc 

The dynamic loads have some relationship with expected field loads.[1]: often 

factors of 4 or 5 are used to estimate the allowable working load on boxes. 

A test can also be conducted with platens that are not mechanically driven but are 

free to move with a fixed mass (or fixed force) loaded upon them. The results of 

static load testing can be: 

The time to failure 

The time to a critical deformation 

The ability of a box to protect the contents from compression damage 

etc 

As with any laboratory testing field validation is necessary to determine 

suitability. 
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[edit] Factors potentially affecting test results 

Size and construction of the specific shipping container under test 

Grade and flute structure of corrugated fiberboard 

moisture content of the corrugated board (based on relative humidity)[2] 

Orientation of the box during the test 

Inner supports, if used during testing (wood, corrugated board, cushioning) 

Contents (when box is tested with contents) 

Box closure[3] 

Whether the compression machine has "fixed" or "floating" (swiveled) platens. 

Previous handling or testing of box[4] 

etc 

[edit] Estimations 

Corrugated fiberboard can be evaluated by many material test methods including 

an Edge Crush Test (ECT). There have been efforts to estimate the peak 

compression strength of a box (usually empty, regular singelwall slotted 

containers, top-to-bottom) based on various board properties. Some have 

involved finite element analysis.[5] One of the commonly referenced empirical 

estimations was puplished by McKee in 1963.[6] This used the board ECT, the 

MD and CD flexural stiffness, the box perimeter, and the box depth. 

Simplifications have used a formula involving the board ECT, the board 

thickness, and the box perimeter. Most estimations do not relate well to other box 

orientations, box styles, or to filled boxes. Physical testing of filled and closed 

boxes remains necessary. 

[edit] Relevant Standards 

ASTM Standard D642 Test Method for Determining Compressive Resistance of 

Shipping Containers, Components, and Unit Loads. 

ASTM Standard D4577 Test Method for Compression Resistance of a Container 

Under Constant Load 

ASTM Standard D7030 Test Method for Short Term Creep Performance of 

Corrrugated Fiberboard Containers Under Constant Load Using a Compression 

Test Machine 

German Standard DIN 55440-1 Packaging Test; compression test; test with a 

constant conveyance-speed 

ISO 12048 Packaging -- Complete, filled transport packages -- Compression and 

stacking tests using a compression tester 

 

 

 

UNIT IV 
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Aluminum 
Though light in weight, commercially pure aluminum has a tensile strength of 

about 13,000 psi. Cold working the metal approximately doubles its strength. In 

other attempts to increase strength, aluminum is alloyed with elements such as 

manganese, silicon, copper, magnesium, or zinc. The alloys can also be 

strengthened by cold working. Some alloys are further strengthened and hardened 

by heat treatments. At subzero temperatures, aluminum is stronger than at room 

temperature and is no less ductile. Most aluminum alloys lose strength at elevated 

temperatures, although some retain significant strength to 500°F. Besides a high 

strength-to-weight ratio and good formability, aluminum also possesses its own 

anticorrosion mechanism. When exposed to air, aluminum does not oxidize 

progressively because a hard, microscopic oxide coating forms on the surface and 

seals the metal from the environment. The tight chemical oxide bond is the 

reason that aluminum is not found in nature; it exists only as a compound. 

Aluminum and its alloys, numbering in the hundreds, are available in all common 

commercial forms. Aluminum-alloy sheet can be formed, drawn, stamped, or 

spun. Many wrought or cast aluminum alloys can be welded, brazed, or soldered, 

and aluminum surfaces readily accept a wide variety of finishes, both mechanical 

and chemical. Because of their high electrical conductivity, aluminum alloys are 

used as electrical conductors. Aluminum reflects radiant energy throughout the 

entire spectrum, is nonsparking, and nonmagnetic. 

Wrought aluminum: A four-digit number that corresponds to a specific alloying 

element combination usually designates wrought aluminum alloys. This number 

is followed by a temper designation that identifies thermal and mechanical 

treatments. 

To develop strength, heat-treatable wrought alloys are solution heat treated, then 

quenched and precipitation hardened. Solution heat treatment consists of heating 

the metal, holding at temperature to bring the hardening constituents into 

solution, then cooling to retain those constituents in solution. Precipitation 

hardening after solution heat treatment increases strength and hardness of these 

alloys. 

While some alloys age at room temperature, others require precipitation heat 

treatment at an elevated temperature (artificial aging) for optimum properties. 

However, distortion and dimensional changes during natural or artificial aging 

can be significant. In addition, distortion and residual stresses can be introduced 

during quenching from the solution heat-treatment cycle. These induced changes 

can be removed by deforming the metal (for example, stretching). 

Wrought aluminum alloys are also strengthened by cold working. The high-

strength alloys -- either heat treatable or not -- work harden more rapidly than the 
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lower-strength, softer alloys and so may require annealing after cold working. 

Because hot forming does not always work harden aluminum alloys, this method 

is used to avoid annealing and straightening operations; however, hot forming 

fully heat-treated materials is difficult. Generally, aluminum formability 

increases with temperature. 

Recently developed aluminum alloys can provide nearly custom-engineered 

strength, fracture toughness, fatigue resistance, and corrosion resistance for 

aircraft forgings and other critical components. The rapid-solidification process is 

the basis for these new alloy systems, called wrought P/M alloys. The term 

wrought P/M is used to distinguish this technology from conventional press-and-

sinter P/M technology. Grades 7090 and 7091 are the first commercially 

available wrought P/M aluminum alloys. These alloys can be handled like 

conventional aluminum alloys on existing aluminum-fabrication facilities. 

Other significant new materials are the aluminum-lithium alloys. These 

lightweight metals are as strong as alloys now in use and can be fabricated on 

existing metalworking equipment. Although impressive structural weight 

reductions (from 7 to 10%) are possible through direct substitution, even greater 

reduction (up to 15%) can be realized by developing fully optimized alloys for 

new designs. Such alloys would be specifically tailored to provide property 

combinations not presently available. Producing an alloy that will provide these 

combinations is the object of second and third-generation low-density alloy 

development efforts. 

Operating economy is still an important consideration in vehicle design despite 

fluctuating fuel prices. Downsizing to save fuel has reached its practical limits; 

now, reducing the weight of individual components is taking over. One 

significant change being implemented by designers of automobiles and military 

vehicles today is converting driveshafts, radiators, cylinder heads, suspension 

members, and other structural components to aluminum. 

Cast aluminum: Aluminum can be cast by all common casting processes. 

Aluminum casting alloys are identified with a unified, four-digit (xxx.x) system. 

The first digit indicates the major alloying element. For instance, 100 series is 

reserved for 99% pure aluminum with no major alloying element used. The 

second and third digits in the 100 series indicate the precise minimum aluminum 

content. For example, 165.0 has a 99.65% minimum aluminum content. The 200-

900 series designate various aluminum alloys, with the second two digits 

assigned to new alloys as they are registered. The fourth digit indicates the 

product form. Castings are designated 0; ingots are designed 1 or 2. 

Letter prefixes before the numerical designation indicate special control of one or 

more elements or a modification of the original alloy. Prefix X designates an 

experimental composition. The material may retain the experimental designation 
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up to five years. Limits for the experimental alloy may be changed by the 

registrant. 

Commercial casting alloys include heat-treatable and nonheat-treatable 

compositions. Alloys that are heat treated carry the temper designations 0, T4, 

T5, T6, and T7. Die castings are not usually solution heat treated because the 

temperature can cause blistering. 

Permanent-mold casting technology involves several variations having to do with 

how the metal gets into the mold cavity. Initially, molds were simply gravity 

filled from ladles, in the same manner as sand molds. Subsequently, low pressure 

on the liquid-metal surface of a crucible was used to force the metal up, through a 

vertical tube, into the mold cavity. This refinement produces castings with higher 

mechanical properties and is more economical than gravity filling because 

extensive gates and risers are unnecessary. 

More recently, the process was modified to use a low level of vacuum drawn on 

the mold cavity, causing atmospheric pressure to force the molten metal up into 

the mold. This process variation, together with controlled and rapid solidification, 

increases properties further because it produces castings that are almost entirely 

free of porosity. 

Although both variations improve properties and speed casting cycles, the added 

equipment complexities limit the casting size that can be handled. Consequently, 

all three permanent-mold processes are in use today, turning out aluminum 

castings weighing from less than one pound to several hundred pounds. 

Aluminum matrix composites: Metal matrix composites (MMCs) consist of metal 

alloys reinforced with fibers, whiskers, particulates, or wires. Alloys of numerous 

metals (aluminum, titanium, magnesium and copper) have been used as matrices 

to date. 

Recent MMC developments, however, seem to thrust aluminum into the 

spotlight. In the NASA space shuttle, for example, 240 struts are made from 

aluminum reinforced with boron fibers. Also, aluminum diesel-engine pistons 

that have been locally reinforced with ceramic fibers are eliminating the need for 

wear-resistant nickel-cast iron inserts in the automotive environment. 

Fabrication methods differ for both products. Monolayer tapes in the space 

shuttle struts are wrapped around a mandrel and hot isostatically pressed to 

diffusion bond the layers. For the pistons, a squeeze-casting process infiltrates 

liquid metal into a fiber preform under pressure. Other fabrication methods for 

MMCs include: hot pressing a layer of parallel fibers between foils to create a 

monolayer tape; creep and superplastic forming in a die; and spraying metal 

plasmas on collimated fibers followed by hot pressing. 

Superplastic aluminum: Superplastic forming of metal, a process similar to 

vacuum forming of plastic sheet, has been used to form low-strength aluminum 
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into nonstructural parts such as cash-register housings, luggage compartments for 

passenger trains, and nonload-bearing aircraft components. New in this area of 

technology is a superplastic-formable high-strength aluminum alloy, now 

available for structural applications and designated 7475-02. Strength of alloy 

7475 is in the range of aerospace alloy 7075, which requires conventional 

forming operations. Although initial cost of 7475 is higher, finished part cost is 

usually lower than that of 7075 because of the savings involved in the simplified 

design/assembly. 

Copper 

Copper conducts electricity at a rate 97% that of silver, and is the standard for 

electrical conductivity. Copper provides a diverse range of properties: good 

thermal and electrical conductivity, corrosion resistance, ease of forming, ease of 

joining, and color. In addition, however, copper and its alloys have relatively low 

strength-to-weight ratios and low strengths at elevated temperatures. Some 

copper alloys are also susceptible to stress-corrosion cracking unless they are 

stress relieved. 

Copper and its alloys -- the brasses and bronzes -- are available in rod, plate, 

strip, sheet, tube shapes, forgings, wire, and castings. These metals are grouped 

according to composition into several general categories: coppers, high-copper 

alloys, brasses, leaded brasses, bronzes, aluminum bronzes, silicon bronzes, 

copper nickels, and nickel silvers. 

Copper-based alloys form adherent films that are relatively impervious to 

corrosion and that protect the base metal from further attack. Certain alloy 

systems darken rapidly from brown to black in air. Under most outdoor 

conditions, however, copper surfaces develop a blue-green patina. Lacquer 

coatings can be applied to retain the original alloy color. An acrylic coating with 

benzotriazole as an additive lasts several years under most outdoor, abrasion-free 

conditions. 

Although they work harden, copper and its alloys can be hot or cold worked. 

Ductility can be restored by annealing or heating incident to welding or brazing 

operations. For applications requiring maximum electrical conductivity, the most 

widely used copper is C11000, "tough pitch," which contains approximately 

0.03% oxygen and a minimum of 99.0% copper. In addition to high electrical 

conductivity, oxygen-free grades C10100 and C10200 provide immunity to 
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embrittlement at high temperature. The addition of phosphorus produces grade 

C12200 -- the standard water-tube copper. 

High-copper alloys contain small amounts of alloying elements that improve 

strength with some loss in electrical conductivity. In amounts of 1%, for 

example, cadmium increases strength by 50%, with a loss in conductivity to 85%. 

Small amounts of cadmium raise the softening temperature in alloy C11600, 

which is used widely for printed circuits. Tellurium or sulfur, present in small 

amounts in Grades C14500 and C14700, has been shown to increase 

machinability. 

Copper alloys do not have a sharply defined yield point, so yield strength is 

reported either as 0.5% extension under load, or as 0.2% offset. On the most 

common basis (0.5% extension), yield strength of annealed material is 

approximately one-third the tensile strength. As the material is cold worked or 

hardened, it becomes less ductile, and yield strength approaches tensile strength. 

Copper is specified according to temper, which is established by cold working or 

annealing. Typical levels are: soft, half-hard, hard, spring, and extra-spring. Yield 

strength of a hard-temper copper is approximately two-thirds of tensile strength. 

For brasses, phosphor bronzes, or other commonly cold-worked grades, the 

hardest available tempers are also the strongest and represent approximately 70% 

reduction in area. Ductility is sacrificed, of course, to gain strength. Copper-

beryllium alloys can be precipitation hardened to the highest strength levels 

attainable in copper-base alloys. 

The ASME Boiler and Pressure Vessel Code should be used for designing critical 

copper-alloy parts for service at elevated temperatures. The code recommends 

that, for a specific service temperature, the maximum allowable design stress 

should be the lowest of these values as tabulated by the code: one-fourth of the 

ultimate tensile strength, two-thirds of the yield strength, and two-thirds of the 

average creep strength or stress-rupture strength under specified conditions. 

Silicon bronzes, aluminum brasses, and copper nickels are widely used for 

elevated-temperature applications. 

All copper alloys resist corrosion by fresh water and steam. Copper nickels, 

aluminum brass, and aluminum bronzes provide superior resistance to saltwater 

corrosion. Copper alloys have high resistance to alkalies and organic acids, but 

have poor resistance to inorganic acids. One corrosive situation encountered, 

particularly in the high-zinc alloy, is dezincification. The brass dissolves as an 
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alloy, but the copper constituent redeposits as a porous, spongy metal. 

Meanwhile, the zinc component is carried away by the atmosphere or deposited 

on the surface as an insoluble compound. 

Designating alloys: Originally developed as a three-digit system by the 

U.S. copper and brass industry, the designation system for copper-based alloys 

has been expanded to five digits preceded by the letter C as part of the Unified 

Numbering System for Metals and Alloys (UNS). The UNS designations are 

simply an expansion of the former designation numbers. For example, Copper 

Alloy No. 377 (forging brass) becomes C37700. Numbers C10000 through 

C79900 are assigned to wrought compositions, and numbers C80000 through 

C99900 to casting alloys. 

The designation system is not a specification; rather, it is a method for identifying 

and defining the chemical composition of mill and foundry products. The precise 

requirements to be satisfied by a material and the temper nomenclature that 

applies are defined by the relevant standard specifications (ASTM, Federal, and 

Military) for each composition. 

There are approximately 370 commercial copper and copper-alloy compositions. 

Brass mills make wrought compositions in the form of rod, plate, sheet, strip, 

tube, pipe, extrusions, foil, forgings, and wire. Foundries supply castings. The 

following general categories apply to both wrought and cast compositions. 

Coppers, high-copper alloys: Both wrought and cast compositions have a 

designated minimum copper content and may include other elements or additions 

for special properties. 

Brasses: These alloys contain zinc as the principal alloying element and may 

have other designated elements. The wrought alloys are comprised of copper-zinc 

alloys, copper-zinc-lead alloys (leaded brasses), and copper-zinc-tin alloys (tin 

brasses). The cast alloys are comprised of copper-zinc-tin alloys (red, semired 

and yellow brasses), manganese bronze alloys (high-strength yellow brasses), 

leaded manganese bronze alloys (leaded high-strength yellow brasses), and 

copper-zinc-silicon alloys (silicon brasses and bronzes). 

Bronzes: Wrought bronze alloys comprise four main groups: copper-tin-

phosphorus alloys (phosphor bronzes), copper-tin-lead-phosphorus alloys (leaded 

phosphor bronzes), and copper-silicon alloys (silicon bronzes). Cast alloys also 

have four main families: copper-tin alloys (tin bronzes), copper-tin-lead alloys 
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(leaded and high-leaded tin bronzes), copper-tin-nickel alloys (nickel-tin 

bronzes), and copper-aluminum alloys (aluminum bronzes). 

Copper-nickels: These are either wrought or cast alloys containing nickel as 

the principal alloying element. 

Copper-nickel-zinc alloys: These are known as nickel silvers, from their 

color. 

Leaded coppers: These are cast alloys containing 20% lead or more. 

 

Magnesium 

As the lightest structural metal available, magnesium's combination of low 

density and good mechanical strength results in a high strength-to-weight ratio. 

Because of their low modulus of elasticity, magnesium alloys can absorb energy 

elastically. Combined with moderate strength, this provides excellent dent 

resistance and high damping capacity. Magnesium has good fatigue resistance 

and performs particularly well in applications involving a large number of cycles 

at relatively low stress. The metal is sensitive to stress concentration, however, so 

notches, sharp corners, and abrupt section changes should be avoided. 

Magnesium parts are generally used from room temperature to about 200°F or, in 

some cases, to 350°F. Some alloys can be used in service environments to 700°F 

for brief exposures. 

Magnesium is widely recognized for its favorable strength-to-weight ratio and 

excellent castability, but deeply ingrained misconceptions often prevent designers 

from specifying it as a die-cast material. However, what is true of magnesium as 

a generic material is not true of today's die-casting alloy. The new high-purity 

alloy, combined with advances in fluxless, hot-chamber die-casting processing, 

has altered the traditional guidelines for evaluating the cost and performance of 

magnesium die castings. 

Fabrication: Magnesium alloys are the easiest of the structural metals to machine. 

They can be shaped and fabricated by most metalworking processes, and they are 

easily welded. At room temperature, magnesium work hardens rapidly, reducing 
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cold formability; thus, cold forming is limited to mild deformation or roll 

bending around large radii. Pure magnesium is usually alloyed with other 

elements to develop sufficient strength for structural purposes. Some alloys are 

heat treated to further improve properties. 

Cast magnesium alloys are dimensionally stable to about 200°F. Some cast 

magnesium-aluminum-zinc alloys may undergo permanent growth if used above 

that temperature for long periods. Permanent-mold castings are as strong as sand 

castings, and they generally provide closer dimensional tolerances and better 

surface finish. Typical applications of magnesium gravity castings are aircraft 

engine components and wheels for race and sports cars. 

Design of die-cast magnesium parts follows the same principles established for 

other die-casting metals. Maximum mechanical properties in a typical alloy are 

developed in wall thicknesses ranging from 0.078 to 0.150 in. Chain-saw and 

power-tool housings, archery-bow handles, and attache-case frames are typical 

die-cast applications. 

Magnesium is easy to hot work, so fewer forging steps are usually required than 

for other metals. Bending, blocking, and finishing are usually the only operations 

needed. Typical magnesium forgings are missile fuselage connector rings. 

Standard extruded shapes include round, square, rectangular, and hexagonal bars; 

angles, beams, and channels; and a variety of tubes. Luggage frames and support 

frames for military shelters are examples of magnesium extrusions. 

Methods used for joining magnesium are gas tungsten-arc (TIG) and gas metal-

arc (MIG) welding, spotwelding, riveting, and adhesive bonding. Mechanical 

fasteners can be used on magnesium, provided that stress concentrations are held 

to a safe minimum. Only ductile aluminum rivets should be used, preferably alloy 

5056-H32, to minimize galvanic-corrosion failure at riveted joints. 

Specification: Magnesium alloys are designated by a system established by the 

ASTM that covers both chemical compositions and tempers. 

The first two letters of the designation identifies the two alloying elements 

specified in the greatest amount. The letters are arranged in order of decreasing 

percentages or alphabetically if the elements are present in equal amounts. The 

letters are followed by respective percentages rounded off to whole numbers, 

followed by a final serial letter. The serial letter indicates some variation in 

composition of minor alloying constituents or impurities. 
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The letters that designate the more common magnesium alloying elements are 

A -- Aluminum 

E -- Rare earths 

H -- Thorium 

K -- Zirconium 

L -- Lithium 

M -- Manganese 

Q -- Silver 

S -- Silicon 

Z -- Zinc 

 

For example, magnesium alloy AZ31B contains 3% aluminum (code letter A) 

and 1% zinc (code letter Z). 

Resisting corrosion: A problem with magnesium has been its lack of sufficient 

corrosion resistance for many applications, particularly in the alloys used for die 

and sand casting. The problem has been solved by the two major supplies, Dow 

and AMAX; both have developed corrosion-resistant, high-purity AZ91 alloys 

for die casting, and both also offer a sand-casting grade. 

The die-casting grade is now designated by ASTM as AZ91D and will, for all 

practical purposes, replace AZ91B. The sand-casting grade received the 

designation AZ91E from ASTM. The high-purity alloys are said to be as much as 

100 times more corrosion resistant than standard magnesium alloys, and more 

resistant to saltwater than die-cast 380 aluminum alloy or cold-rolled steel, tested 

according to ASTM B117. Research in magnesium metallurgy has shown that the 

ability of magnesium to resist corrosion in a service environment of salt-laden air 

or spray depends heavily on keeping contaminants (iron, nickel, copper) below 

their maximum tolerance limits during all production operations. 

The high-purity magnesium die-casting alloy has already replaced other metals as 

well as a number of plastics in a variety of U.S. passenger-car and lightweight-

truck components. Examples include valve and timing-gear covers, brackets, 

clutch and transfer-case housings, grille panels, headlamp doors, windshield-

wiper motor housings, and various interior trim parts.  

Nickel 
Structural applications that require specific corrosion resistance or elevated 

temperature strength receive the necessary properties from nickel and its alloys. 

Some nickel alloys are among the toughest structural materials known. When 
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compared to steel, other nickel alloys have ultrahigh strength, high proportional 

limits, and high moduli of elasticity. Commercially pure nickel has good 

electrical, magnetic, and magnetostrictive properties. 

Common nickel alloy families include: commercially pure nickel; binary 

systems, such as Ni-Cu, Ni-Si, and Ni-Mo; ternary systems, such as Ni-Cr-Fe and 

Ni-Cr-Mo; more complex systems, such as Ni-Cr-Fe-Mo-Cu (with other possible 

additions); and superalloys. Nickel content throughout the alloy families ranges 

from 32.5 to 99.5%. 

At cryogenic temperatures, nickel alloys are strong and ductile. Several nickel-

base superalloys are specified for high-strength applications at temperatures to 

2,000°F. High-carbon nickel-base casting alloys are commonly used at moderate 

stresses above 2,200°F. 

Alloy characteristics: Commercial nickel and nickel alloys are available in a wide 

range of wrought and cast grades; however, considerably fewer casting grades are 

available. Wrought alloys tend to be better known by tradenames such as Monel, 

Hastelloy, Inconel, Incoloy, etc. Casting alloys are identified by Alloy Casting 

Institute and ASTM designations. Wrought and cast nickel alloys are often used 

together in systems built up from wrought and cast components. The casting 

alloys contain additional elements, such as silicon and manganese, to improve 

castability and pressure tightness. 

Commercially pure nickels and extrahigh nickel alloys: Primary wrought 

materials in this group are Nickel 200 and 201, both of which contain 99.5% Ni. 

The cast grade, designated CZ-100, is recommended for use at temperatures 

above 600°F because its lower carbon content prevents graphitization and 

attendant ductility loss. Both wrought grades are particularly resistant to caustics, 

high-temperature halogens and hydrogen halides, and salts other than oxidizing 

halides. These alloys are particularly well suited for food-contact applications. 

Duranickel 301, a precipitation-hardened, 94% nickel alloy, has excellent spring 

properties to 600°F. During thermal treatment, Ni3AlTi particles precipitate 

throughout the matrix. This action enhances alloy strength. Corrosion resistance 

is similar to that of commercially pure wrought nickel. 

Binary nickel alloys: The primary wrought alloys in this category are the Ni-Cu 

grades known as Monel alloy 400 (Ni-31.SCu) and K-500 (Ni-29.SCu), which 

also contain small amounts of Al, Fe, and Ti. The Ni-Cu alloys differ from 

Nickel 200 and 201 because their strength and hardness can be increased by age 

hardening. Although the Ni-Cu alloys share many of the corrosion characteristics 

of commercially pure nickel, their resistance to sulfuric and hydrofluoric acids 

and brine is better. Handling of waters, including seawater and brackish water, is 

a major application. Monel alloys 400 and K-500 are immune to chloride-ion 

stress-corrosion cracking, which is often considered in their selection. 
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Other commercially important binary nickel compositions are Ni-Mo and Ni-Si. 

One binary type, Hastelloy alloy B-2 (Ni-28Mo), offers superior resistance to 

hydrochloric acid, aluminum-chloride catalysts, and other strongly reducing 

chemicals. It also has excellent high-temperature strength in inert atmospheres 

and vacuum. 

Cast nickel-copper alloys comprise a low and high silicon grade. M-35-1 and 

QQ-N-288, Grades A and E (1.5% Si), are commonly used in conjunction with 

wrought nickel-copper in pumps, valves, and fittings. A higher silicon grade, 

QQ-N-288, Grade B (3.5% Si), is used for rotating parts and wear rings because 

it combines corrosion resistance with high strength and wear resistance. Grade D 

(4.0% Si) offers exceptional galling resistance. 

Two other binary cast alloys are ACI N-12M-1 and N-12M-2. These Ni-Mo 

alloys are commonly used for handling hydrochloric acid in all concentrations at 

temperatures up to the boiling point. These alloys are produced commercially 

under the tradenames Hastelloy alloy B and Chlorimet 2. 

Ternary nickel alloys: Two primary wrought and cast compositions are Ni-Cr-Fe 

and Ni-Cr-Mo. Ni-Cr-Fe is known commercially as Haynes alloys 214 and 556, 

Inconel alloy 600, and Incoloy alloy 800. Haynes new alloy No. 214 (Ni-16Cr-

2.5Fe-4.5Al-Y) has excellent resistance to oxidation to 2,200°F, and resists 

carburizing and chlorine-contaminated atmospheres. Haynes patented alloy No. 

556 (Fe-20Ni-22Cr-18Co) combines effective resistance to sulfidizing, 

carburizing, and chlorine-bearing environments with good oxidation resistance, 

fabricability and high-temperature strength. Inconel alloy 600 (Ni-15.5Cr-8Fe) 

has good resistance to oxidizing and reducing environments. Intended for 

severely corrosive conditions at elevated temperatures, Incoloy 800 (Ni-46Fe-

21Cr) has good resistance to oxidation and carburization at elevated 

temperatures, and it resists sulfur attack, internal oxidation, scaling, and corrosion 

in many atmospheres. 

A cast Ni-Cr-Fe alloy CY-40, known as Inconel, has higher carbon, Mn, and Si 

contents than the corresponding wrought grade. In the as-cast condition, the alloy 

is insensitive to the type of intergranular attack encountered in as-cast or 

sensitized stainless steels. 

Significant additions of molybdenum make Ni-Cr-Mo alloys highly resistant to 

pitting. They retain high strength and oxidation resistance at elevated 

temperatures, but they are used in the chemical industry primarily for their 

resistance to a wide variety of aqueous corrosives. In many applications, these 

alloys are considered the only materials capable of withstanding the severe 

corrosion conditions encountered. 

In this group, the primary commercial materials are C-276, Hastelloy alloy C-22, 

and Inconel alloy 625. Hastelloy alloy C-22 (Ni-22Cr-13Mo-3W-3Fe) has better 
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overall corrosion resistance and versatility than any other Ni-Cr-Mo alloy. Alloy 

C-276 (57Ni-15.5Cr-16Mo) has excellent resistance to strong oxidizing and 

reducing corrosives, acids, and chlorine-contaminated hydrocarbons. Alloy C-

276 is also one of the few materials that withstands the corrosive effects of wet 

chlorine gas, hypochlorite, and chlorine dioxide. Hastelloy alloy C-22, the newest 

alloy in this group, has outstanding resistance to pitting, crevice corrosion, and 

stress-corrosion cracking. Present applications include the pulp and paper 

industry, various pickling acid processes, and production of pesticides and 

various agrichemicals. 

Two grades of cast Ni-Cr-Mo alloys, ACI CW-12M-1 and CW-12M-2, are used 

in severe corrosion service, often involving combinations of acids at elevated 

temperatures. The two versions of CW-12M are also produced as Hastelloy C 

and Chlorimet. 

Complex alloys: Ni-Cr-Fe-Mo-Cu is the basic composition in this category of 

nickel alloys. They offer good resistance to pitting, intergranular corrosion, 

chloride-ion stress-corrosion cracking, and general corrosion in a wide range of 

oxidizing and reducing environments. These alloys are frequently used in 

applications involving sulfuric and phosphoric acids. 

Important commercial grades include Hastelloy alloys G-30 and H, Haynes alloy 

No. 230, Inconel alloys 617, 625, and 718, and Incoloy alloy 825. 

Haynes alloy No. 230 (Ni-22Cr-14W-2Mo) has excellent high-temperature 

strength, oxidation resistance, and thermal stability, making it suitable for various 

applications in the aerospace, airframe, nuclear, and chemical-process industries. 

Hastelloy alloy G-30 (Ni-30Cr-6Mo-2.5W-15Fe) has many advantages over 

other metallic and nonmetallic materials in handling phosphoric acid, sulfuric 

acid, and oxidizing acid mixtures. Hastelloy alloy H (Ni-22Cr-9Mo-2W-18Fe) is 

a patented alloy with localized corrosion resistance equivalent or better to alloy 

625. Alloy H also has good resistance to hot acids and excellent resistance to 

stress-corrosion cracking. It is often used in flue gas desulfurization equipment. 

Inconel alloy 617 (Ni-22Cr-12.5Co-9Mo-1.5Fe-1.2Al) resists cyclic oxidation at 

2,000°F, and has good stress-rupture properties above 1,800°F. 

Inconel alloy 625 (Ni-21.5Cr-2.5Fe-9Mo-3.6Nb+Ta) has high strength and 

toughness from cryogenic temperatures to 1,800°F, good oxidation resistance, 

exceptional fatigue strength, and good resistance to many corrosives. Furnace 

mufflers, electronic parts, chemical and food-processing equipment, and heat-

treating equipment are among a few of the many applications for alloy 615. 

Inconel alloy 718 (Ni-18.5Fe-19Cr-3Mo-5Nb+Ta) has excellent strength from -

423 to 1,300°F. The alloy is age hardenable, can be welded in the fully aged 

condition, and has excellent oxidation resistance up to 1,800°F. 
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Incoloy 825 (42Ni-30Fe-21.5Cr-3Mo-2.25Cu) offers excellent resistance to a 

wide variety of corrosives. It resists pitting and intergranular corrosion, reducing 

acids, and oxidizing chemicals. Applications include pickling-tank heaters and 

hooks, spent nuclear-fuel-element recovery, chemical-tank trailers, evaporators, 

food-processing equipment, sour-well tubing, hydrofluoric-acid production, 

pollution-control equipment, and radioactive-waste systems. 

Superalloys: One class of Ni-based superalloys is strengthened by intermetallic 

compound precipitation in a face-centered cubic matrix. The strengthening 

precipitate is gamma prime, typified by Waspaloy (Ni-19.5Cr-13.5Co-4.3Mo-

3.0Ti-1.4Al-2.0Fe), Udimet 700 (Ni-15Cr-18.5Co-5Mo-3.4Ti-4.3Al-<1fe), and 

the modern but complex Rene 95 (Ni-14Cr-8Co-3.5Mo-3.5W-3.5Nb-2.5Ti-

3.5Al). 

Another type of Ni-based superalloy is represented by Hastelloy alloy X (Ni-

22Fe-9Mo-22Cr-1.5Co). This alloy is essentially solid-solution strengthened, but 

probably also derives some strengthening from carbide precipitation through a 

working-plus-aging schedule. 

A third class includes oxide-dispersion-strengthened (ODS) alloys such as IN 

MA-754 (Ni-20Cr-0.6yttria) and IN MA-6000 (Ni-15Cr-2Mo-4W-2.5Ti-4.5Al), 

which are strengthened by dispersions such as yttria coupled (in some cases) with 

gamma prime precipitation (MA-6000). 

Nickel-based superalloys are used in cast and wrought forms, although special 

processing (powder metallurgy/isothermal forging) often is used to produce 

wrought versions of the more highly alloyed compositions (U-700, Astroloy, IN-

100). 

An additional dimension of Ni-based superalloys has been the introduction of 

grain-aspect ratio and orientation as a means of controlling properties. In some 

instances, grain boundaries have been removed. Wrought powder-metallurgy 

alloys of the ODS class and cast alloys such as MAR M-247 have demonstrated 

property improvements due to grain morphology control by directional 

crystallization or solidification. Virtually all uses of the cast and wrought nickel-

base superalloys are for gas-turbine components. 

Fabrication: Most wrought-nickel alloys can be hot and cold worked, machined, 

and welded successfully. The casting alloys can be machined or ground, and 

many can be welded and brazed. 

Nearly any shape that can be forged in steel can also be forged in nickel and 

nickel alloys. However, because nickel work hardens easily, severe cold-forming 

operations require frequent intermediate annealing to restore soft temper. 

Annealed cold-rolled sheet, not stretcher leveled, is best for spinning and other 

manual work. In general, cold-drawn rods machine much more cleanly and 

readily than hot-rolled or annealed material. 
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Nickel alloys can be joined by shielded metal-arc, gas tungsten-arc, gas metal-

arc, plasma-arc, electron-beam, oxyacetylene, and resistance welding; silver and 

bronze brazing; and soft soldering. Resistance welding methods include spot, 

seam, projection, and flash welding. 

Special nickel alloys, including superalloys, are best worked at about 1,800 to 

2,200°F. In the annealed condition, these alloys can be cold worked by all 

standard methods. Required forces and rate of work hardening are intermediate 

between those of mild steel and Type 304 stainless steel. These alloys work 

harden to a greater extent than the austenitic stainless steels, so they require more 

intermediate annealing steps. 

Both cold-worked and hot-worked Ni-Cu require thermal treatment to develop 

optimum ductility and to minimize distortion during subsequent machining. 

Stress relieving before machining is recommended to minimize distortion after 

metal removal. Stress equalizing of cold-worked Cu-Ni increases yield strength 

without marked effects on other properties. 

Many Hastelloy alloys can be upset forged if the length of the piece is no greater 

than twice its diameter. However, upsetting should never be attempted on a cast 

ingot. Cast ingots must be reduced at least 75% before hot upsetting. 

Most wrought nickel-based alloys can be formed from sheet into complex shapes 

involving considerable plastic flow. These alloys are processed in the annealed 

condition. 

Titanium 

Depending on the predominant phase or phases in their microstructure, titanium 

alloys are categorized as alpha, alpha-beta, and beta. This natural grouping not 

only reflects basic titanium production metallurgy, but it also indicates general 

properties peculiar to each type. The alpha phase in pure titanium is characterized 

by a hexagonal close-packed crystalline structure that remains stable from room 

temperature to approximately 1,620°F. The beta phase in pure titanium has a 

body-centered cubic structure, and is stable from approximately 1,620°F to the 

melting point of about 3,040°F. 

Adding alloying elements to titanium provides a wide range of physical and 

mechanical properties. Certain alloying additions, notably aluminum, tend to 

stabilize the alpha phase; that is, they raise the temperature at which the alloy will 

be transformed completely to the beta phase. This temperature is known as the 

beta-transus temperature. 
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Alloying additions such as chromium, columbium, copper, iron, manganese, 

molybdenum, tantalum, and vanadium stabilize the beta phase by lowering the 

temperature of transformation from alpha to beta. Some elements, notably tin and 

zirconium, behave as neutral solutes in titanium and have little effect on the 

transformation temperature, acting instead as strengtheners of the alpha phase. 

Alpha alloys: The single-phase and near-single-phase alpha alloys of titanium 

have good weldability. The generally high aluminum content of this group of 

alloys ensures good strength characteristics and oxidation resistance at elevated 

temperatures (in the range of 600 to 1,100°F). Alpha alloys cannot be heat treated 

to develop higher mechanical properties because they are single-phase alloys. 

Alpha-beta alloys: The addition of controlled amounts of beta-stabilizing 

alloying elements causes the beta phase to persist below the beta transus 

temperature, down to room temperature, resulting in a two-phase system. These 

two-phase titanium alloys can be strengthened significantly by heat treatment 

consisting of a quench from some temperature in the alpha-beta range, followed 

by an aging cycle at a somewhat lower temperature. Beta-phase transformation, 

which would normally occur on slow cooling, is suppressed by the quenching. 

The aging cycle causes the precipitation of some fine alpha particles from the 

metastable beta, imparting a structure that is stronger than the annealed alpha-

beta structure. Although heat-treated alpha-beta alloys are stronger than the alpha 

alloys, their ductility is proportionally lower. 

Beta alloys: The high percentage of beta-stabilizing elements in these alloys 

results in a microstructure that is substantially beta. The metastable beta can be 

strengthened considerably by heat treatment. 

Titanium is used in corrosive environments or in applications that require light 

weight, high strength-to-weight ratio, and nonmagnetic properties. While 

commercially available in many alloys, most requirements can be met by a grade 

of commercially pure titanium, titanium-0.2% palladium alloy, or by the high-

strength Ti-Al-V-Cr (beta type) alloys. These grades, which are available in most 

common wrought mill forms, are covered by ASTM-AMS specifications and, in 

most cases, by a similar ASME specification. 

Beta-21S is a new beta alloy developed as an oxidation-resistant aerospace 

material and as a matrix for metal-matrix composites. Composition is Ti-15Mo-

2.7Nb-3Al-0.2Si, with molybdenum and niobium working synergistically to raise 

corrosion resistance to very high levels. It also offers one of the lowest hydrogen 
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uptake efficiency levels of any titanium alloy. The combination of high strength 

and high corrosion resistance make it an ideal candidate for orthopedic implants, 

deep sour oil wells, and geothermal brine wells. 

Like stainless steel, titanium sheet and plate work harden significantly during 

forming. Minimum bend-radius rules are nearly the same for both, although 

springback is greater for titanium. Commercially pure grades of heavy plate are 

cold formed or, for more severe shapes, warm formed at temperatures to about 

800°F. Alloy grades can be formed at temperatures as high as 1,400°F in inert-

gas atmospheres. Tube can be cold bent to radii three times the tube OD, 

provided that both inside and outside surfaces of the bend are in tension at the 

point of bending. In some cases, tighter bends can be made. 

Despite their high strength, some alloys of titanium have superplastic 

characteristics in the range of 1,500 to 1,700°F. The alloy used for most 

superplastically formed parts is the standard Ti-6Al-4V alloy. Several aircraft 

manufacturers are producing components formed by this method. Some 

applications involve assembly by diffusion bonding. 

Titanium plates or sheets can be sheared, punched, or perforated on standard 

equipment. Titanium and Ti-Pd alloy plates can be sheared subject to equipment 

limitations similar to those for stainless steel. The harder alloys are more difficult 

to shear, so thickness limitations are generally about two-third those for stainless 

steel. 

Titanium and its alloys can be machined and abrasive ground; however, sharp 

tools and continuous feed are required to prevent work hardening. Tapping is 

difficult because the metal galls. Coarse threads should be used where possible. 

Titanium castings can be produced by investment or graphite-mold methods. 

Casting must be done in a vacuum furnace, however, because of the highly 

reactive nature of titanium in the presence of oxygen. Typical applications for 

titanium castings are surgical implants and hardware for marine and chemical 

equipment such as compressors and valve bodies. 

Generally, titanium is welded by gas-tungsten arc (GTA) or plasma-arc 

techniques. Metal inert-gas processes can be used under special conditions. 

Thorough cleaning and shielding are essential because molten titanium reacts 

with nitrogen, oxygen, and hydrogen, and will dissolve large quantities of these 

gases, which embrittles the metal. In all other respects, GTA welding of titanium 
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is similar to that of stainless steel. Normally, a sound weld appears bright silver 

with no discoloration on the surface or along the heat-affected zone. 

Refractory Metals 
Refractory metals are characterized by their extremely high melting points, which 

range well above those of iron, cobalt, and nickel. They are used in demanding 

applications requiring high-temperature strength and corrosion resistance. The 

most extensively used of these metals are tungsten, tantalum, molybdenum, and 

columbium (niobium). They are mutually soluble and form solid-solution alloys 

with each other in any proportion. These four refractory metals and their alloys 

are available in mill forms as well as products such as screws, bolts, studs, and 

tubing. 

Although the melting points of these metals are all well above 4,000°F, they 

oxidize at much lower temperatures. Accelerated oxidation in air occurs at 190°C 

for tungsten, 395°C for molybdenum, and 425°C for tantalum and columbium. 

Therefore, protective coatings must be applied to these metals if they are to be 

used at higher temperatures. Tensile and yield strengths of the refractory metals 

are substantially retained at high temperature. 

Columbium and tantalum: These metals are usually considered together because 

most of their working characteristics are similar. They can be fabricated by most 

conventional methods at room temperature. Heavy sections for forging can be 

heated, without protection, to approximately 425°C. 

Out of several commercial-grade tantalum alloys, those containing tungsten, 

columbium, and molybdenum generally retain the corrosion resistance of 

tantalum and provide higher mechanical properties. Columbium is also available 

in alloys containing tantalum, tungsten, molybdenum, vanadium, hafnium, 

zirconium, or carbon. Alloys provide improved tensile, yield, and creep 

properties, particularly in the 1,100 to 1,650°C range. 

Most sheet-metal fabrication of columbium and tantalum is done in the thickness 

range of 0.004 to 0.060 in. Columbium, like tantalum, can be welded to itself and 

to certain other metals by resistance welding, tungsten inert-gas (TIG) welding, 

and to itself by inert-gas arc welding. Electron-beam welding can also be used, 

particularly for joining to other metals. However, surfaces that are heated above 

315°C during welding must be protected with an inert gas to prevent 

embrittlement. 

Principal applications for tantalum are in capacitor anodes, filaments, gettering 

devices, chemical-process equipment, and high-temperature aerospace engine 

components. Columbium is used in superconducting materials, thin-film 

substrates, electrical contacts, heat sinks, and as an alloying addition in steels and 

superalloys. 
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Molybdenum: Probably the most versatile of the refractory metals, molybdenum 

is also a natural resource of the United States. It is an excellent structural material 

for applications requiring high strength and rigidity at temperatures to 3,000°F 

where it can operate in vacuum or under inert or reducing atmospheres. 

Unalloyed molybdenum and its principal alloy, TZM, are produced by powder-

metallurgy methods and by vacuum-arc melting. Both are commercially available 

in ordinary mill product forms: forging billets, bars, rods, wire, seamless tubing, 

plate, strip, and thin foil. Compared to unalloyed molybdenum, the TZM alloy 

(Mo-0.5%Ti-0.1%Zr) develops higher strength at room temperature and much 

higher stress-rupture and creep properties at all elevated temperatures. At 1,800 

to 2,000°F, TZM can sustain a 30,000-psi stress for over 100 hr, three times that 

for unalloyed molybdenum. 

Molybdenum and TZM are readily machined with conventional tools. Sheet can 

be processed by punching, stamping, spinning, and deep drawing. Some parts can 

be forged to shape. Molybdenum wire and powder can be flame sprayed onto 

steel substrates to salvage worn parts or to produce long-wearing, low-friction 

surfaces for tools. 

In nonoxidizing environments, the metal resists attack by hydrochloric, 

hydrofluoric, sulfuric, and phosphoric acids. Molybdenum oxidizes at high 

temperatures to produce volatile, nontoxic, molybdenum trioxide; however, parts 

such as gimbled nozzles have been used successfully in rocket and missile-

guidance systems when exposure time to the very-high temperatures of ballistic 

gases was brief. 

Molybdenum parts can be welded by inertia, resistance, and spot methods in air; 

by TIG and MIG welding under inert atmospheres; and by electron-beam 

welding in vacuum. The best welds are produced by inertia (friction) welding and 

electron-beam welding; welds produced by the other techniques are less ductile. 

Generally, arc-cast metal develops better welds than do powder-metallurgy 

products. Heavy sections of molybdenum should be preheated and postheated 

when they are welded to reduce thermal stresses. 

Because molybdenum has a modulus of elasticity of 47 × 106 psi at room 

temperature, it is used for boring bars and the quills for high-speed internal 

grinders to avoid vibration and chatter. Its relatively high electrical conductivity 

makes unalloyed molybdenum useful for electrical and electronic applications. It 

is used in the manufacture of incandescent lamps, as substrates in solid-state 

electronic devices, as electrodes for EDM equipment and for melting glass, and 

as heating elements and reflectors or radiation shields for high-temperature 

vacuum furnaces. 

Because it retains usable strength at elevated temperatures, has a low coefficient 

of thermal expansion, and resists erosion by molten metals, the TZM alloy is 
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used for cores in die casting of aluminum, and for die cavities in casting of brass, 

bronze, and even stainless steel. Dies of the TZM alloy weighing several 

thousand pounds are used for isothermal forging of superalloy components for 

aircraft gas turbines, and die inserts made of TZM have been used for extruding 

steel shapes. Piercer points of TZM are used to produce stainless-steel seamless 

tubing. 

Tungsten: In many respects, tungsten is similar to molybdenum. The two metals 

have about the same electrical conductivity and resistivity, coefficient of thermal 

expansion, and about the same resistance to corrosion by mineral acids. Both 

have high strength at temperatures above 2,000°F, but because the melting point 

of tungsten is higher, it retains significant strength at higher temperatures than 

molybdenum does. The elastic modulus for tungsten is about 25% higher than 

that of molybdenum, and its density is almost twice that of molybdenum. All 

commercial unalloyed tungsten is produced by powder-metallurgy methods; it is 

available as rod, wire, plate, sheet, and some forged shapes. For some special 

applications, vacuum-arc-melted tungsten can be produced, but it is expensive 

and limited to relatively small sections. 

Several tungsten alloys are produced by liquid-phase sintering of compacts of 

tungsten powder with binders of nickel-copper, iron-nickel, iron-copper, or 

nickel-cobalt-molybdenum combinations; tungsten usually comprises 85 to 95% 

of the alloy by weight. These alloys are often identified as heavy metals or 

machinable tungsten alloys. In compact forms, the alloys can be machined by 

turning, drilling, boring, milling, and shaping; they are not available in mill 

product forms because they are unable to be wrought at any temperature. 

The heavy-metal alloys are especially useful for aircraft counterbalances and as 

weights in gyratory compasses. Heavy-metal inserts are used as the cores of high-

mass military projectiles. Tungsten alloys are widely used for counterbalances in 

sports equipment such as golf clubs and tennis racquets. X-ray shielding is 

another important application of the tungsten alloys. 

Filaments for incandescent lamps are usually coils of very fine unalloyed 

tungsten wire. Electronic tubes are often constructed with tungsten as the heaters; 

some advanced tubes use heaters made from a tungsten alloy containing 3% 

rhenium. A thermocouple rated to 4,350°F consists of one tungsten wire alloyed 

with 25% rhenium and another wire alloyed with 5% rhenium. 

Nozzle throats of forged and machined unalloyed tungsten have been used in 

solid-fuel rocket engines; at one time, throats were machined from porous 

consolidations of tungsten powder that were infiltrated with silver for exposure to 

gases at temperatures near 3,500°C. Unalloyed tungsten is used for X-ray targets, 

for filaments in vacuum-metallizing furnaces, and for electrical contacts such as 

the distributor points in automotive ignition systems. Tungsten electrodes form 
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the basis for TIG welding. Water-cooled tungsten tips are used for 

nonconsumable electrode vacuum-arc melting of alloys. 

Cutting tools and parts that must resist severe abrasion are often made of tungsten 

carbide. Tungsten-carbide chips or inserts, with the cutting edges ground, are 

attached to the bodies of steel tools by brazing or by screws. The higher cutting 

speeds and longer tool life made feasible by the use of tungsten-carbide tools are 

such that the inserts are discarded after one use. Tungsten-carbide dies have been 

used for many years for drawing wire. Inserts of tungsten carbide are used in 

rotary bits for drilling oil and gas wells and in mining operations. Fused tungsten 

carbide is applied to the surfaces of mining machinery that is subjected to severe 

wear. 

 

 

 

UNIT V 

Properties of Plastics 

  Polystyrene Polypropylene Polyethylene Polycarbonate 

Abbreviation PS PP 
HD-PE High Density 

LD-PE Low Density 
PC 

Optical 

Features  

transparent, bright 

surface 90 % light 

permeability 

(with 400-800nm)  

translucent, bright 

surface  

translucent to opaque, 

wax-like surface  

transparent, 88% light 

transmission (at 400 - 

800nm)  

General 

Mechanical 

Properties  

low elongation at 

break and heat 

resistance, excellent 

electrical insulating 

features, not suitable 

for high centrifigal 

forces  

high tensile strength at 

break, insensitive to 

tension cracks, high 

rigidity  

relatively low tensile 

strength at yield and 

surface hardness, high 

viscosity, soft to rigid, 

sensitive to tension 

cracks, water repellent  

displays high levels of 

mechanical optical, 

electrical, and 

thermalproperties, 

autoclavable and gamma 

capable  

Autoclaving  not suitable  

products made from PP 

can be autoclaved up to 

121°C without 

not suitable  

products made from PC 

can be autoclaved up to 

121°C without 
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significantly impairing 

their mechanical 

properties. Users are to 

test for themselves if 

autoclaving may have 

any effect on other 

characteristic product 

features so as to 

influence the individual 

application concerned.  

significantly impairing 

their mechanical 

properties. Users are to 

test for themselves if 

autoclaving may have any 

effect on other 

characteristic product 

features so as to influence 

the individual application 

concerned.  

Max usage 

temperature1 
60 - 70°C 100 - 110°C 

HD-PE 70 - 80°C 

LD-PE 60 - 75°C 
115 - 125°C 

Short term 

max usage 

temperature2 

75 - 80°C 120 - 140°C 
HD-PE 90 - 120°C 

LD-PE 80 - 90°C 
125 - 140°C 

Suitable for 

application in 

temperature 

ranges below 

zero2  

not suitable  
suitable for limited 

applications1  

suitable for limited 

applications1  
down to -80°C  

Density g/cm³ 1.05 0.90 
HD-PE 0.95 

LD-PE 0.92 
1.19 

Flammability inflammable inflammable inflammable inflammable 

Ignition 

temperature1 
300 - 400°C 300 - 360°C 350 - 360°C 380 - 450°C 

Humidity 

absorption 
<0.1% <0.1% <0.1% 0.1 - 0.3% 

General 

chemical 

resistance  

PS is resistant to salt 

solutions, laching 

solutions, non-

oxidising acids as 

well as alkalis and 

alcohol. Fuel, etheric 

oils, strong oxidising 

agents and aromatic 

substances lead to 

PP is resistant to 

aqueous solutions of 

inorganic salts, acids, 

organic solvents up to 

60°C. Alcohols, esters, 

and ketones do not 

'attack PP either. 

Aromatic and 

halogenised carbon 

PE is highly resistant to 

chemicals. The 

chemical resistance of 

HD-PE is generally 

higher than that of LD-

PE. Aqueous solutions, 

leaching solutions, 

alcohol, oil as well as 

water and salt solutions 

PC is resistant to higher 

concentrations of mineral 

acids, many organic acids 

(e.g. carbonic, oelic and 

citric acid) oxidation and 

reduction agents, neutral 

and acidic saline 

solutions, a number of 

fats and oils, saturated 
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the formation of 

cracks in PS.  

dioxides, oxididising 

substances such as 

concentrated nitric acid 

and with higher 

temperature fat, oil and 

wax make PP swell.  

do not 'attack' PE. 

Concentrated, oxidising 

acids such as nitric acid 

and halogens have a 

decomposing effect.  

aliphatic and 

cycloaliphatic 

hydrocarbons and 

alcohols, except for 

methanol. PC is destroyed 

by lyes, ammonia gas, its 

solution and amines. PC 

is soluable in a number of 

industrial solvents, Other 

organic compounds such 

as benzene, acetone and 

carbon tetrachloride tend 

to make it expand or 

swell.  

Disposal  

PS is a pure 

hydrocarbon 

compound and thus 

environmentally 

neutral during 

disposal. 

Incineration does not 

yield any harmful 

substances.  

PP is a pure 

hydrocarbon compound 

and thus 

environmentally neutral 

during disposal. 

Incineration does not 

yield any harmful 

substances.  

PE is a pure 

hydrocarbon compound 

and thus 

environmentally neutral 

during disposal. 

Incineration does not 

yield any harmful 

substances.  

PC is a pure hydrocarbon 

compound and thus 

environmentally neutral 

during disposal. 

Incineration does not 

yield any harmful 

substances.  

 

 

 

 

 

 

 

Polymerization Process  

1 - Suitability depending on the plastic material and the nature of load applied. 

2 - Caution:  

Plastics start to become brittle at temperatures below zero. The 

suitability of products intended for use in these temperature ranges 

should be tested prior to application. These notes serve as a guideline 

only and do not constitute any confirmation of warranted quality.  
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Plastics are produced either by addition or condensation reactions.  Both 

processes involve the combination of two or more molecules to produce a 

polymer chain.  A table outlining the differences between these two processes is 

shown below.    

Plastics' Polymerization Processes  

 Addition Reactions Condensation Reactions 

By-Products None 
Water, Ammonia, 

Glycol 

Polymer Chain Length Specific Varying 

Molecular Weight of 

Products 
Larger Smaller 

Examples 
Polyolefins, Vinyls, 

Styrenes 

Polyurethanes, 

Polyesters 

 
Processibility  

The processibility of a plastic is classified as either 'thermoplastic' or 

'thermosetting'.  

Thermoplastic  

Thermoplastics generally have a linear or branched macromolecular structure.  A 

thermoplastic may be repeatedly heated and cooled.  Upon heating, the plastic 

softens.  Upon cooling, the plastic hardens.  It is the non-cross-linked molecular 

structure of these plastics which gives them their fusible properties.  Examples of 

thermoplastics include:  

Acrylics  

Cellulosics  

Polyamides  

Polyolefins  

Styrenes  

Vinyls  

Thermosets  

After these plastics have been formed, thermosets undergo a chemical reaction 

(by heat, catalyst, ultraviolet light) that results in a final cross-linking within the 

plastic.  As a result of this cross-linking, thermosets harden when they are heated; 

they cannot easily be molded after their initial formation.  Most phenolics are 

thermosets.  

 

Types of plastics  
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Plastics are natural/synthetic materials. They are produced by chemically 

modifying natural substances or are synthesized from inorganic and organic raw 

materials. On the basis of their physical characteristics, plastics are usually 

divided into thermosets, elastomers and thermoplastics. These groups differ 

primarily with regard to molecular structure, which is what determines their 

differing thermal behavior. The following Table lists the characteristics of the 

various types of plastics. 

 

 

 

 

 

 

 

 

Type of plastic Molecular structure Characteristics and applications 

Thermosets 

 

Thermosets are hard and have a very tight-

meshed, branched molecular structure. Curing 

proceeds during shaping, after which it is no 

longer possible to shape the material by heating. 

Further shaping may then only be performed by 

machining. Thermosets are used, for example, to 

make light switches.  

Elastomers 

 

While elastomers also have a crosslinked 

structure, they have a looser mesh than 

thermosets, giving rise to a degree of elasticity. 

Once shaped, elastomers also cannot be reshaped 

by heating. Elastomers are used, for example, to 

produce automobile tires. 

Thermoplastics 

 

Thermoplastics have a linear or branched 

molecular structure which determines their 

strength and thermal behavior; they are flexible 

at ordinary temperatures. At approx. 120 - 180°C, 

thermoplastics become a pasty/liquid mass. The 

service temperature range for thermoplastics is 

considerably lower than that for thermosets. The 

thermoplastics polyethylene (PE), polyvinyl 
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chloride (PVC) and polystyrene (PS) are used, 

for example, in packaging applications.  

 

There exist about 50 different types of plastics. Broadly plastics can be classified 

into two types namely Thermosetting and Thermoplastic. The Thermosetting 

Plastics are those that cannot be soften again, after being exposed to heat and 

pressure. On the action of heat and pressure, the molecular chain of thermosetting 

plastics become cross-linked, due to what it forbids the slippage when pressure& 

heat are reapplied. 

 

The thermoplastic are those that can be soften again and again & remade by the 

action of heat and pressure. On the action of heat and pressure, the molecular 

chain of thermoplastics undergoes change and the polymers slide past each other, 

that results in the property of plasticity. Some of the different thermoplastic and 

thermosetting plastics are mentioned below. 

 

Vinyl Plastics :- Vinyl plastics belong to the thermoplastic group. Vinyl plastics 

are the sub-polymers of vinyl derivatives. These are used in laminated safety 

glasses, flexible tubing, molded products etc.  

 

Polyurethane Plastics :- Polyurethane plastics belong to the group that can be 

thermosetting or thermoplastic. Polyurethane is the only plastic which can be 

made in both rigid and flexible foams. The flexible polyurethane foam is used in 

mattresses, carpets, furniture etc. The rigid polyurethane foam is used in chair 

shells, mirror frames and many more. Due to the property of high elasticity, some 

polyurethane plastics are used in decorative and protective coatings. The high 

elasticity makes these polyurethane plastics resistant to a chemical attack. 

 

Polyacrylics Plastics :- Polyacrylics belong to the group of thermoplastics. 

Polyacrylics are transparent and decorative. Polyacrylics plastics can be shaped 

in any form like the windshields for airplane.  

 

Apart from these, plastics have been also divided into seven different types by the 

plastic industry. These seven types of plastics are :- 
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Polyethylene Terephthalate (PETE) :- PETE is one the most recycled plastic. It 

finds usage in various bottles like that of soda and cooking oil, etc. 

 

High Density Polyethylene (HDPE) :- HDPE is generally used in detergent 

bottles and in milk jugs. 

 

Polyvinyl Chloride (PVC) :- PVC is commonly used in plastic pipes, furniture, 

water bottles, liquid detergent jars etc. 

 

Low Density Polyethylene (LDPE) :- LDPE finds its usage in dry cleaning bags, 

food storage containers etc.  

 

Polypropylene (PP) :- PP is commonly used in bottle caps and drinking straws. 

 

Polystyrene (PS) :- PS is used in cups, plastic tableware etc. 

 

Other :- This category of plastics include those plastics which are different from 

the six aforesaid types of plastic. These plastics are usually used in food 

containers and in Tupperware. 

 

 

CERAMICS 

Ceramics are inorganic non-metallic materials. Metal oxides (Al2O3, FeO, etc.) 

are common examples of ceramics, but other compounds such as carbides and 

nitrides are also included. Porcelain, glass, bricks and refractory materials are 

some examples of traditional ceramics. In the last 30 years, advances in material 

science have transformed formerly brittle ceramics into materials tough enough 

to withstand engine environments. Ceramics are used in a variety of applications 

including window glass, implantable components, cutting tools, valves, bearings, 

brake disks and chemical-processing equipment. 

The properties for which ceramics are most often selected include: 

High temperature resistance (High melting temperatures) 

High electrical resistivity (Although some ceramics are superconductors) 

Broad range of thermal conductivity (Some ceramics are good insulators) 

High hardness (Many ceramics are brittle) 

Good chemical and corrosion resistance 

Low cost of raw materials and fabrication for some ceramics 

Good appearance control through surface treatments, colorization etc. 

Ceramics are generally more brittle than metals and can have similar stiffness 

(modulus of elasticity) and similar strength, particularly in compression. But in a 
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tensile test they are likely to fail at a much lower applied stress. This is because 

the surfaces of ceramics nearly always minute cracks (Griffith cracks), which 

magnify the applied stress. Since ceramics often have high wear-resistance and 

hardness, most ceramic parts are formed as near net shape as possible. Ceramics 

are most often produced by compacting powders into a body which is then 

sintered at high temperatures. During sintering the body shrinks, the grains bond 

together and a solid material is produced. Other ceramic forming processes 

include: Dry pressing, Isostatic Pressing, Roll Compaction, Continuous Tape 

Casting, Slip Casting, Extrusion, Injection Moulding, Pre-Sinter Machining, Hot-

Pressing, Hot-Isostatic Pressing, Grinding, Lapping and Polishing. Ceramics are 

generally separated into the following categories: Metallic Oxides, Glass 

Ceramics, Nitrides and Carbides, Glass, Carbon and Graphite, Porcelain and 

Ceramic Fibres. 

 

A ceramic is an inorganic, nonmetallic solid prepared by the action of heat and 

subsequent cooling.[1] Ceramic materials may have a crystalline or partly 

crystalline structure, or may be amorphous (e.g., a glass). Because most common 

ceramics are crystalline, the definition of ceramic is often restricted to inorganic 

crystalline materials, as opposed to the noncrystalline glasses. 

The earliest ceramics were pottery objects made from clay, either by itself or 

mixed with other materials, hardened in fire. Later ceramics were glazed and 

fired to create a colored, smooth surface. Ceramics now include domestic, 

industrial and building products and art objects. In the 20th century, new ceramic 

materials were developed for use in advanced ceramic engineering; for example, 

in semiconductors. 

The word "ceramic" comes from the Greek word κεραμικός (keramikos), "of 

pottery" or "for pottery",[2] from κέραμος (keramos), "potter's clay, tile, 

pottery".[3] The earliest mention on the root "ceram-" is the Mycenaean Greek 

ke-ra-me-we, "workers of ceramics", written in Linear b syllabic script.[4] 

"Ceramic" may be used as an adjective describing a material, product or process; 

or as a singular noun, or, more commonly, as a plural noun, "ceramics".[5] 

 

Types of ceramic products 
For convenience, ceramic products are usually divided into four sectors; these are 

shown below with some examples: 

Structural, including bricks, pipes, floor and roof tiles 

Refractories, such as kiln linings, gas fire radiants, steel and glass making 

crucibles 

Whitewares, including tableware, wall tiles, pottery products and sanitary ware 
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Technical, is also known as engineering, advanced, special, and in Japan, fine 

ceramics. Such items include tiles used in the Space Shuttle program, gas burner 

nozzles, ballistic protection, nuclear fuel uranium oxide pellets, biomedical 

implants, jet engine turbine blades and missile nose cones. Frequently, the raw 

materials do not include clays.[6] 

[edit] Examples of whiteware ceramics 

Earthenware, which is often made from clay, quartz and feldspar. 

Stoneware 

Porcelain, which is often made from kaolin 

Bone china 

[edit] Classification of technical ceramics 

Technical ceramics can also be classified into three distinct material categories: 

Oxides: alumina, beryllia, ceria, zirconia 

Nonoxides: carbide, boride, nitride, silicide 

Composites: particulate reinforced, combinations of oxides and nonoxides. 

Each one of these classes can develop unique material properties because 

ceramics tend to be crystalline. 

Other applications of ceramics 

Knife blades: the blade of a ceramic knife will stay sharp for much longer than 

that of a steel knife, although it is more brittle and can be snapped by dropping it 

on a hard surface. 

Vehicle ceramic brake discs due to high temperature abrasion resistance 

Advanced composite ceramic and metal matrices have been designed for most 

modern armoured fighting vehicles because they offer superior penetrating 

resistance against shaped charges such as high explosive antitank (HEAT) rounds 

and kinetic energy penetrators. 

Ceramics such as alumina and boron carbide have been used in ballistic armored 

vests to repel large-calibre rifle fire. Such plates are known commonly as small 

arms protective inserts (SAPIs). Similar material is used to protect cockpits of 

some military airplanes, because of the low weight of the material. 

Ceramic balls can be used to replace steel in ball bearings. Their higher hardness 

means they are much less susceptible to wear and can offer more than triple 

lifetimes. They also deform less under load, meaning they have less contact with 

the bearing retainer walls and can roll faster. In very high speed applications, heat 

from friction during rolling can cause problems for metal bearings, which are 

reduced by the use of ceramics. Ceramics are also more chemically resistant and 

can be used in wet environments where steel bearings would rust. In some cases, 

their electricity-insulating properties may also be valuable in bearings. The two 

major drawbacks to using ceramics are a significantly higher cost and 

susceptibility to damage under shock loads. 
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In the early 1980s, Toyota researched production of an adiabatic ceramic engine 

which can run at a temperature of over 6000°F (3300°C). Ceramic engines are 

made of lighter materials and do not require a cooling system and hence allow a 

major weight reduction. Fuel efficiency of the engine is also higher at high 

temperature, as shown by Carnot's theorem. In a conventional metallic engine, 

much of the energy released from the fuel must be dissipated as waste heat to 

prevent a meltdown of the metallic parts. Despite all of these desirable properties, 

such engines are not in production because the manufacturing of ceramic parts in 

the requisite precision and durability is difficult. Imperfection in the ceramic 

leads to cracks, which can lead to potentially dangerous equipment failure. Such 

engines are possible in laboratory settings, but mass production is not feasible 

with current technology 

Work is being done in developing ceramic parts for gas turbine engines. 

Currently, even blades made of advanced metal alloys used in the engines' hot 

section require cooling and careful limiting of operating temperatures. Turbine 

engines made with ceramics could operate more efficiently, giving aircraft 

greater range and payload for a set amount of fuel. 

Recent advances have been made in ceramics which include bioceramics, such as 

dental implants and synthetic bones. Hydroxyapatite, the natural mineral 

component of bone, has been made synthetically from a number of biological and 

chemical sources and can be formed into ceramic materials. Orthopedic implants 

coated with these materials bond readily to bone and other tissues in the body 

without rejection or inflammatory reactions so are of great interest for gene 

delivery and tissue engineering scaffolds. Most hydroxyapatite ceramics are very 

porous and lack mechanical strength, and are used to coat metal orthopedic 

devices to aid in forming a bond to bone or as bone fillers. They are also used as 

fillers for orthopedic plastic screws to aid in reducing the inflammation and 

increase absorption of these plastic materials. Work is being done to make strong, 

fully dense nano crystalline hydroxyapatite ceramic materials for orthopedic 

weight bearing devices, replacing foreign metal and plastic orthopedic materials 

with a synthetic, but naturally occurring, bone mineral. Ultimately, these ceramic 

materials may be used as bone replacements or with the incorporation of protein 

collagens, synthetic bones. 

High-tech ceramic is used in watchmaking for producing watch cases. The 

material is valued by watchmakers for its light weight, scratch resistance, 

durability and smooth touch. IWC is one of the brands that initiated the use of 

ceramic in watchmaking. The case of the IWC 2007 Top Gun edition of the 

Pilot's Watch double chronograph is crafted in black ceramic.[7] 

[edit] Types of ceramic materials 
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A low magnification SEM micrograph of an advanced ceramic material, the 

properties of ceramics make fracturing an important inspection method. 

A ceramic material is often understood as restricted to inorganic "crystalline" 

oxide material. It is solid and inert. Ceramic materials are brittle, hard, strong in 

compression, weak in shearing and tension. They withstand chemical erosion that 

occurs in other materials subjected to acidic or caustic environments. Ceramics 

generally can withstand very high temperatures, such as temperatures that range 

from 1,000°C to 1,600°C (1,800°F to 3,000°F). Exceptions include inorganic 

materials that do not include oxygen, such as silicon carbide or silicon nitride. A 

glass is often not understood as a ceramic because of its amorphous 

(noncrystalline) character. However, glass making involves several steps of the 

ceramic process and its mechanical properties are similar to ceramic materials. 

Traditional ceramic raw materials include clay minerals such as kaolinite, 

whereas more recent materials include aluminium oxide, more commonly known 

as alumina. The modern ceramic materials, which are classified as advanced 

ceramics, include silicon carbide and tungsten carbide. Both are valued for their 

abrasion resistance, and hence find use in applications such as the wear plates of 

crushing equipment in mining operations. Advanced ceramics are also used in the 

medicine, electrical and electronics industries. 

[edit] Crystalline ceramics 

 

Crystalline ceramic materials are not amenable to a great range of processing. 

Methods for dealing with them tend to fall into one of two categories – either 

make the ceramic in the desired shape, by reaction in situ, or by "forming" 

powders into the desired shape, and then sintering to form a solid body. Ceramic 

forming techniques include shaping by hand (sometimes including a rotation 

process called "throwing"), slip casting, tape casting (used for making very thin 

ceramic capacitors, e.g.), injection molding, dry pressing, and other variations. 

Details of these processes are described in the two books listed below. A few 

methods use a hybrid between the two approaches. 

Noncrystalline ceramics 
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Noncrystalline ceramics, being glasses, tend to be formed from melts. The glass 

is shaped when either fully molten, by casting, or when in a state of toffee-like 

viscosity, by methods such as blowing to a mold. If later heat treatments cause 

this glass to become partly crystalline, the resulting material is known as a glass-

ceramic. 
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