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Various types of carbon steel

Carbon steel is steel in which the main interstitial alloying constituent is carbon in the range of
0.12-2.0%. The American Iron and Steel Institute (AISI) defines carbon steel as the following:
"Steel is considered to be carbon steel when no minimum content is specified or required for
chromium, cobalt, molybdenum, nickel, niobium, 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.

Types:

Carbon steel is broken down into four classes based on carbon content:
Mild and low-carbon steel

Mild steel also known as plain-carbon 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,
more so than iron. Low-carbon steel contains approximately 0.05-0.320 % carbon making it
malleable and ductile. Mild steel has a relatively low tensile strength, but it is cheap and

malleable; surface hardness can be increased through carburizing.

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/cm’ (7850 kg/m® or 0.284 Ib/in’) and the Young's
modulus is 210 GPa (30,000,000 psi).

Low-carbon steels suffer from yield-point run out 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 low-carbon steel is only stressed to some point between the upper
and lower yield point then the surface may develop louder bands. Low-carbon steels contain less

carbon than other steels and are easier to cold-form, making them easier to handle.
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Higher carbon steels

Carbon steels which can successfully undergo heat-treatment have 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, that is, brittle and crumbly at working temperatures. Low-alloy carbon steel, such as A36
grade, contains about 0.05% sulfur and melts around 1,426—-1,53°C (2,599-2,800°F). Manganese
is often added to improve the harden ability of low-carbon steels. These additions turn the
material into low-alloy steel by some definitions, but AISI's definition of carbon steel allows up

to 1.65% manganese by weight.
Low carbon steel

Less than 0.3% carbon content
Medium carbon steel

Approximately 0.30-0.59% carbon content. Balances ductility and strength and has good wear

resistance; used for large parts, forging and automotive components.

High-carbon steel

Approximately 0.6-0.99% carbon content. Very strong, used for springs and high-strength wires.
Ultra-high-carbon steel

Approximately 1.0-2.0% carbon content. 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 carbon content

above 2.14% is considered cast iron.
Alloy steel

Alloy steel is steel that is alloyed with a variety of elements in total amounts between 1.0% and
50% by weight to improve its mechanical properties. Alloy steels are broken down into two

groups: low-alloy steels and high-alloy steels. The difference between the two is somewhat
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arbitrary: Smith and Has hemi define the difference at 4.0%, while Degarmo, et al., define it at

8.0%. Most commonly, the phrase "alloy steel" refers to low-alloy steels.

Types:
According to the World Steel Association, there are over 3,500 different grades of steel,

encompassing unique physical, chemical and environmental properties.

In essence, steel is composed of iron and carbon, although it is the amount of carbon, as well as
the level of impurities and additional alloying elements that determines the properties of each

steel grade.

The carbon content in steel can range from 0.1-1.5%, but the most widely used grades of steel
contain only 0.1-0.25% carbon. Elements such as manganese, phosphorus and sulphur are found
in all grades of steel, but, whereas manganese provides beneficial effects, phosphorus and

sulphur are deleterious to steel's strength and durability.

Different types of steel are produced according to the properties required for their application,
and various grading systems are used to distinguish steels based on these properties. According
to the American Iron and Steel Institute (AISI), steels can be broadly categorized into four

groups based on their chemical compositions:

1. Carbon Steels
2. Alloy Steels
3. Stainless Steels

4. Tool Steels

1) Carbon Steels:

Carbon steels contain trace amounts of alloying elements and account for 90% of total steel

production. Carbon steels can be further categorized into three groups depending on their carbon

content:
. Low Carbon Steels/Mild Steels contain up to 0.3% carbon
. Medium Carbon Steels contain 0.3 — 0.6% carbon
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. High Carbon Steels contain more than 0.6% carbon

2) Alloy Steels:

Alloy steels contain alloying elements (e.g. manganese, silicon, nickel, titanium, copper,
chromium and aluminum) in varying proportions in order to manipulate the steel's properties,
such as its hardenability, corrosion resistance, strength, formability, weldability or ductility.
Applications for alloys steel include pipelines, auto parts, transformers, power generators and

electric motors.
3) Stainless Steels:

Stainless steels generally contain between 10-20% chromium as the main alloying element and
are valued for high corrosion resistance. With over 11% chromium, steel is about 200 times more
resistant to corrosion than mild steel. These steels can be divided into three groups based on their

crystalline structure:

*  Austenitic: Austenitic steels are non-magnetic and non heat-treatable, and generally contain
18% chromium, 8% nickel and less than 0.8% carbon. Austenitic steels form the largest
portion of the global stainless steel market and are often used in food processing equipment,
kitchen utensils and piping.

*  Ferritic: Ferritic steels contain trace amounts of nickel, 12-17% chromium, less than 0.1%
carbon, along with other alloying elements, such as molybdenum, aluminum or titanium.
These magnetic steels cannot be hardened with heat treatment, but can be strengthened by
cold works.

*  Martensitic: Martensitic steels contain 11-17% chromium, less than 0.4% nickel and up to
1.2% carbon. These magnetic and heat-treatable steels are used in knives, cutting tools, as

well as dental and surgical equipment.
4) Tool Steels:

Tool steels contain tungsten, molybdenum, cobalt and vanadium in varying quantities to increase

heat resistance and durability, making them ideal for cutting and drilling equipment.
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Steel products can also be divided by their shapes and related applications:

. Long/Tubular Products include bars and rods, rails, wires, angles, pipes, and shapes and
sections. These products are commonly used in the automotive and construction sectors.

. Flat Products include plates, sheets, coils and strips. These materials are mainly used in
automotive parts, appliances, packaging, shipbuilding, and construction.

. Other Products include valves, fittings, and flanges and are mainly used as piping

materials.
Cast iron

Cast iron is iron or a ferrous alloy which has been heated until it liquefies, and is then poured
into a mould to solidify. It is usually made from pig iron. The alloy constituents affect its colour
when fractured: white cast iron has carbide impurities which allow cracks to pass straight
through. Grey cast iron has graphite flakes which deflect a passing crack and initiate countless

new cracks as the material breaks.

Carbon (C) and silicon (Si) are the main alloying elements, with the amount ranging from 2.1-4
wt% and 1-3 wt%, respectively. Iron alloys with less carbon content are known as steel. While
this technically makes these base alloys ternary Fe—C—Si alloys, the principle of cast iron
solidification is understood from the binary iron—carbon phase diagram. Since the compositions
of most cast irons are around the eutectic point of the iron—carbon system, the melting
temperatures closely correlate, usually ranging from 1,150 to 1,200 °C (2,100 to 2,190 °F),
which is about 300 °C (572 °F) lower than the melting point of pure iron.

Cast iron's properties are changed by adding various alloying elements, or alloyants. Next to
carbon, silicon is the most important alloying because it forces carbon out of solution. Instead the
carbon forms graphite which results in a softer iron, reduces shrinkage, lowers strength, and
decreases density. Sulfur, when present, forms iron sulfide, which prevents the formation of
graphite and increases hardness. The problem with sulfur is that it makes molten cast iron
sluggish, which causes short run defects. To counter the effects of sulfur, manganese is added
because the two form into manganese sulfide instead of iron sulfide. The manganese sulfide is
lighter than the melt so it tends to float out of the melt and into the slag. The amount of

manganese required to neutralize sulfur is 1.7 x sulfur content + 0.3%. If more than this amount
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of manganese is added, then manganese carbide forms, which increases hardness and chilling,

except in grey iron, where up to 1% of manganese increases strength and density.

Nickel is one of the most common alloying elements because it refines the pearlite and graphite
structure, improves toughness, and evens out hardness differences between section thicknesses.
Chromium is added in small amounts to the ladle to reduce free graphite, produce chill, and
because it is a powerful carbide stabilizer; nickel is often added in conjunction. A small amount
of tin can is added as a substitute for 0.5% chromium. Copper is added in the ladle or in the
furnace, on the order of 0.5-2.5%, to decrease chill, refine graphite, and increase fluidity.
Molybdenum is added on the order of 0.3—1% to increase chill and refine the graphite and
pearlite structure; it is often added in conjunction with nickel, copper, and chromium to form
high strength irons. Titanium is added as a degasser and deoxidizer, but it also increases fluidity.
0.15-0.5% vanadium is added to cast iron to stabilize cementite, increase hardness, and increase
resistance to wear and heat. 0.1-0.3% zirconium helps to form graphite, deoxidize, and increase

fluidity.

In malleable iron melts, bismuth is added, on the scale of 0.002-0.01%, to increase how much
silicon can be added. In white iron, boron is added to aid in the production of malleable iron; it

also reduces the coarsening effect of bismuth.
Grey cast iron

Grey cast iron is characterised by its graphitic microstructure, which causes fractures of the
material to have a grey appearance. It is the most commonly used cast iron and the most widely
used cast material based on weight. Most cast irons have a chemical composition of 2.5-4.0%
carbon, 1-3% silicon, and the remainder is iron. Grey cast iron has less tensile strength and
shock resistance than steel, but its compressive strength is comparable to low and medium

carbon steel.
White cast iron

It is the cast iron that displays white fractured surface due to the presence of cementite. With a
lower silicon content (graphitizing agent) and faster cooling rate, the carbon in white cast iron

precipitates out of the melt as the metastable phase cementite, Fe3C, rather than graphite. The
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cementite which precipitates from the melt forms as relatively large particles, usually in a
eutectic mixture, where the other phase is austenite (which on cooling might transform to
martensite). These eutectic carbides are much too large to provide precipitation hardening (as in
some steels, where cementite precipitates might inhibit plastic deformation by impeding the
movement of dislocations through the ferrite matrix). Rather, they increase the bulk hardness of
the cast iron simply by virtue of their own very high hardness and their substantial volume
fraction, such that the bulk hardness can be approximated by a rule of mixtures. In any case, they
offer hardness at the expense of toughness. Since carbide makes up a large fraction of the
material, white cast iron could reasonably be classified as a cermet. White iron is too brittle for
use in many structural components, but with good hardness and abrasion resistance and relatively
low cost, it finds use in such applications as the wear surfaces (impeller and volute) of slurry
pumps, shell liners and lifter bars in ball mills and autogenous grinding mills, balls and rings in
coal pulverisers, and the teeth of a backhoe's digging bucket (although cast medium-carbon

martensitic steel is more common for this application).

It is difficult to cool thick castings fast enough to solidify the melt as white cast iron all the way
through. However, rapid cooling can be used to solidify a shell of white cast iron, after which the
remainder cools more slowly to form a core of grey cast iron. The resulting casting, called a

chilled casting, has the benefits of a hard surface and a somewhat tougher interior.

High-chromium white iron alloys allow massive castings (for example, a 10-tonne impeller) to
be sand cast, i.e., a high cooling rate is not required, as well as providing impressive abrasion
resistance. These high-chromium alloys attribute their superior hardness to the presence of
chromium carbides. The main form of these carbides are the eutectic or primary M7C3 carbides,
where "M" represents iron or chromium and can vary depending on the alloy's composition. The
eutectic carbides form as bundles of hollow hexagonal rods and grow perpendicular to the to the

hexagonal basal plane. The hardness of these carbides are within the range of 1500-1800HV
Malleable cast iron

Malleable iron starts as a white iron casting that is then heat treated at about 900 °C (1,650 °F).
Graphite separates out much more slowly in this case, so that surface tension has time to form it

into spheroidal particles rather than flakes. Due to their lower aspect ratio, spheroids are
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relatively short and far from one another, and have a lower cross section vis-a-vis a propagating
crack or phonon. They also have blunt boundaries, as opposed to flakes, which alleviates the
stress concentration problems faced by grey cast iron. In general, the properties of malleable cast
iron are more like mild steel. There is a limit to how large a part can be cast in malleable iron,

since it is made from white cast iron.
Ductile cast iron

A more recent development is nodular or ductile cast iron. Tiny amounts of magnesium or
cerium added to these alloys slow down the growth of graphite precipitates by bonding to the
edges of the graphite planes. Along with careful control of other elements and timing, this allows
the carbon to separate as spheroidal particles as the material solidifies. The properties are similar

to malleable iron, but parts can be cast with larger sections.
TYPICAL USES

Cast iron is used in a wide variety of structural and decorative applications, because it is
relatively inexpensive, durable and easily cast into a variety of shapes. Most of the typical uses

include:

historic markers and plaques

hardware: hinges, latches

columns, balusters

stairs

structural connectors in buildings and monuments
decorative features

fences

tools and utensils

ordnance

stoves and firebacks

vV V V V V V V V V V V

piping.

The basic cast iron material in all of these applications may appear to be the same, or very

similar, however, the component size, composition, use, condition, relationship to adjacent
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materials, exposure and other factors may dictate that different treatments be used to correct
similar problems. Any material in question should be evaluated as a part of a larger system and

treatment plans should be based upon consideration of all relevant factors.
Heat Treatment

Heat Treatment is the controlled heating and cooling of metals to alter their physical and
mechanical properties without changing the product shape. Heat treatment is sometimes done
inadvertently due to manufacturing processes that either heat or cool the metal such as welding
or forming. Heat Treatment is often associated with increasing the strength of material, but it can
also be used to alter certain manufacturability objectives such as improve machining, improve
formability, restore ductility after a cold working operation. Thus it is a very enabling
manufacturing process that can not only help other manufacturing process, but can also improve

product performance by increasing strength or other desirable characteristics.

Steels are particularly suitable for heat treatment, since they respond well to heat treatment and
the commercial use of steels exceeds that of any other material. Steels are heat treated for one of

the following reasons:

1. Softening
2. Hardening

3. Material modification

Softening: Softening is done to reduce strength or hardness, remove residual stresses, improve
toughness, restore ductility, refine grain size or change the electromagnetic properties of the
steel. Restoring ductility or removing residual stresses is a necessary operation when a large
amount of cold working is to be performed, such as in a cold-rolling operation or wiredrawing.
Annealing — full Process, spheroidizing, normalizing and tempering  austempering,

martempering are the principal ways by which steel is softened.

Hardening: Hardening of steels is done to increase the strength and wear properties. One of the

pre-requisites for hardening is sufficient carbon and alloy content. If there is sufficient Carbon
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content then the steel can be directly hardened. Otherwise the surface of the part has to be

Carbon enriched using some diffusion treatment hardening techniques.

Material Modification: Heat treatment is used to modify properties of materials in addition to
hardening and softening. These processes modify the behavior of the steels in a beneficial
manner to maximize service life, e.g., stress relieving, or strength properties, e.g., cryogenic

treatment, or some other desirable properties
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HEAT TREATMENT PROCESS

Full annealing is the process of slowly raising the temperature about 50 °C (90 °F) above the
Austenitic temperature line Aj or line Acy in the case of Hypoeutectoid steels (steels with <
0.77% Carbon) and 50 °C (90 °F) into the Austenite-Cementite region in the case of
Hypereutectoid steels (steels with > 0.77% Carbon).

It is held at this temperature for sufficient time for all the material to transform into Austenite or
Austenite-Cementite as the case may be. It is then slowly cooled at the rate of about 20 °C/hr (36
°F/hr) in a furnace to about 50 °C (90 °F) into the Ferrite-Cementite range. At this point, it can be

cooled in room temperature air with natural convection. The grain structure has coarse Pearlite
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with ferrite or Cementite (depending on whether hypo or hyper eutectoid). The steel becomes

soft and ductile.

Normalizing is the process of raising the temperature to over 60 ° C (108 °F), above line A3 or
line Acwm fully into the Austenite range. It is held at this temperature to fully convert the structure
into Austenite, and then removed form the furnace and cooled at room temperature under natural
convection. This results in a grain structure of fine Pearlite with excess of Ferrite or Cementite.
The resulting material is soft; the degree of softness depends on the actual ambient conditions of
cooling. This process is considerably cheaper than full annealing since there is not the added cost

of controlled furnace cooling.

Process Annealing is used to treat work-hardened parts made out of low-Carbon steels (< 0.25%
Carbon). This allows the parts to be soft enough to undergo further cold working without
fracturing. Process annealing is done by raising the temperature to just below the Ferrite-
Austenite region, line Ajon the diagram. This temperature is about 727 °C (1341 °F) so heating it
to about 700 °C (1292 °F) should suffice. This is held long enough to allow recrystallization of
the ferrite phase, and then cooled in still air. Since the material stays in the same phase through
out the process, the only change that occurs is the size, shape and distribution of the grain
structure. This process is cheaper than either full annealing or normalizing since the material is

not heated to a very high temperature or cooled in a furnace.

Stress Relief Anneal is used to reduce residual stresses in large castings, welded parts and cold-
formed parts. Such parts tend to have stresses due to thermal cycling or work hardening. Parts
are heated to temperatures of up to 600 - 650 °C (1112 - 1202 °F), and held for an extended time

(about 1 hour or more) and then slowly cooled in still air.

Spheroidization is an annealing process used for high carbon steels (Carbon > 0.6%) that will

be machined or cold formed subsequently. This is done by one of the following ways:

Heat the part to a temperature just below the Ferrite-Austenite line, line A; or below the
Austenite-Cementite line, essentially below the 727 °C (1340 °F) line. Hold the temperature for a

prolonged time and follow by fairly slow cooling. Or
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Cycle multiple times between temperatures slightly above and slightly below the 727 °C (1340
°F) line, say for example between 700 and 750 °C (1292 - 1382 °F), and slow cool. Or

For tool and alloy steels heat to 750 to 800 °C (1382-1472 °F) and hold for several hours

followed by slow cooling.

All these methods result in a structure in which all the Cementite is in the form of small globules
(spheroids) dispersed throughout the ferrite matrix. This structure allows for improved
machining in continuous cutting operations such as lathes and screw machines. Spheroidization

also improves resistance to abrasion.

Tempering is a process done subsequent to quench hardening. Quench-hardened parts are often
too brittle. This brittleness is caused by a predominance of Martensite. This brittleness is
removed by tempering. Tempering results in a desired combination of hardness, ductility,
toughness, strength, and structural stability. Tempering is not to be confused with tempers on

rolled stock-these tempers are an indication of the degree of cold work performed.

The mechanism of tempering depends on the steel and the tempering temperature. The prevalent
Martensite is a somewhat unstable structure. When heated, the Carbon atoms diffuse from
Martensite to form a carbide precipitate and the concurrent formation of Ferrite and Cementite,
which is the stable form. Tool steels for example, lose about 2 to 4 points of hardness on the
Rockwell C scale. Even though a little strength is sacrificed, toughness (as measured by impact
strength) is increased substantially. Springs and such parts need to be much tougher — these are

tempered to a much lower hardness.

Tempering is done immediately after quench hardening. When the steel cools to about 40 °C
(104 °F) after quenching, it is ready to be tempered. The part is reheated to a temperature of 150
to 400 °C (302 to 752 °F). In this region a softer and tougher structure Troostite is formed.
Alternatively, the steel can be heated to a temperature of 400 to 700 °C (752 to 1292 °F) that
results in a softer structure known as Sorbite. This has less strength than Troostite but more

ductility and toughness.
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The heating for tempering is best done by immersing the parts in oil, for tempering upto 350 °C
(662 °F) and then heating the oil with the parts to the appropriate temperature. Heating in a bath
also ensures that the entire part has the same temperature and will undergo the same tempering.
For temperatures above 350 °C (662 °F) it is best to use a bath of nitrate salts. The salt baths can
be heated upto 625 °C (1157 °F). Regardless of the bath, gradual heating is important to avoid
cracking the steel. After reaching the desired temperature, the parts are held at that temperature

for about 2 hours, then removed from the bath and cooled in still air.

CEMENTITE FERRITE
Hardening

Hardness is a function of the Carbon content of the steel. Hardening of a steel requires a change
in structure from the body-centered cubic structure found at room temperature to the face-
centered cubic structure found in the Austenitic region. The steel is heated to Autenitic region.
When suddenly quenched, the Martensite is formed. This is a very strong and brittle structure.
When slowly quenched it would form Austenite and Pearlite which is a partly hard and partly
soft structure. When the cooling rate is extremely slow then it would be mostly Pearlite which is

extremely soft.

Usually when hot steel is quenched, most of the cooling happens at the surface, as does the
hardening. This propagates into the depth of the material. Alloying helps in the hardening and by

determining the right alloy one can achieve the desired properties for the particular application.
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AUSTENITE MARTEMNSITE CEMENTITE PEARLITE
COARSE

PEARLITE
FIMNE

Quench Media

Water: Quenching can be done by plunging the hot steel in water. The water adjacent to the hot
steel vaporizes, and there is no direct contact of the water with the steel. This slows down
cooling until the bubbles break and allow water contact with the hot steel. As the water contacts
and boils, a great amount of heat is removed from the steel. With good agitation, bubbles can be

prevented from sticking to the steel, and thereby prevent soft spots.

Water is a good rapid quenching medium, provided good agitation is done. However, water is

corrosive with steel, and the rapid cooling can sometimes cause distortion or cracking.

Salt Water: Salt water is a more rapid quench medium than plain water because the bubbles are
broken easily and allow for rapid cooling of the part. However, salt water is even more corrosive

than plain water, and hence must be rinsed off immediately.

Oil: Oil is used when a slower cooling rate is desired. Since oil has a very high boiling point, the
transition from start of Martensite formation to the finish is slow and this reduces the likelihood

of cracking. Oil quenching results in fumes, spills, and sometimes a fire hazard.

Precipitation hardening is achieved by:
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1. solution heat treatment where all the solute atoms are dissolved to form a single-phase
solution.

2. rapid cooling across the solvus line to exceed the solubility limit. This leads to a
supersaturated solid solution that remains stable (metastable) due to the low temperatures,
which prevent diffusion.

3. precipitation heat treatment where the supersaturated solution is heated to an intermediate
temperature to induce precipitation and kept there for some time (aging). If the process is

continued for a very long time, eventually the hardness decreases. This is called over aging.

The requirements for precipitation hardening are:
» appreciable maximum solubility
» solubility curve that falls fast with temperature

» composition of the alloy that is less than the maximum solubility

Precipitation Hardening
Hardening can be enhanced by extremely small precipitates that hinder dislocation motion. The
precipitates form when the solubility limit is exceeded. Precipitation hardening is also called age

hardening because it involves the hardening of the material over a prolonged time.

Case Hardening

Case hardening produces a hard, wear-resistant sur- face or case over a strong, tough core. The
principal forms of casehardening are carburizing, cyaniding, and nitriding. Only ferrous
metals are case-hardened. Case hardening is ideal for parts that require a wear-resistant surface
and must be tough enough interally to withstand heavy loading. The steels best suited for case
hardening are the low-carbon and low-alloy series. When high-carbon steels are case hardened,
the hardness penetrates the core and causes brittleness. In case hardening, you change the surface
of the metal chemically by introducing a high carbide or nitride content. The core remains
chemically unaffected. When heat-treated, the high-carbon surface responds to hardening, and

the core toughens.
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Carburizing

Carburizing is a case-harden- ing process by which carbon is added to the surface of low-carbon
steel. This results in a carburized steel that has a high-carbon surface and a low-carbon interior.
When the carburized steel is heat-treated, the case be- comes hardened and the core remains
soft and tough. Two methods are used for carburizing steel. One method consists of heating the
steel in a furnace containing a carbon monoxide atmosphere. The other method has the steel
placed in a container packed with charcoal or some other carbon-rich material and then heated
in a furnace. To cool the parts, you can leave the container in the furnace to cool or remove it and
let it air cool. In both cases, the parts become annealed during the slow cooling. The depth
of the carbon penetration depends on the length of the soaking period. With to- day’s

methods, carburizing is almost exclusively done by gas atmospheres.

Cyaniding

This process is a type of case hardening that is fast and efficient. Preheated steel is dipped into a
heated cyanide bath and allowed to soak. Upon removal, it is quenched and then rinsed to
remove any residual cyanide. This process produces a thin, hard shell that is harder than the one
produced by carburizing and can be completed in 20 to 30 minutes vice several hours. The major

drawback is that cyanide salts are a deadly poison.

Nitriding

This case-hardening method produces the hardest surface of any of the hardening processes. It
differs from the other methods in that the individual parts have been heat-treated and tempered
before nitriding. The parts are then heated in a furnace that has an ammonia gas atmosphere. No
quenching is required so there is no worry about warping or other types of distortion. This
process is used to case harden items, such as gears, cylinder sleeves, camshafts and other engine

parts, that need to be wear resistant and operate in high-heat areas.

Flame Hardening

Flame hardening is another procedure that is used to harden the surface of metal parts. When you
use an oxyacetylene flame, a thin layer at the surface of the part is rapidly heated to its critical
temperature and then immediately quenched by a combination of a water spray and the cold base

metal. This process produces a thin, hardened surface, and at the same time, the internal parts

79

17

Smartzworld.com jntuworldupdates.org



Smartworld.asia Specworld.in

retain their original properties. Whether the process is manual or mechanical, a close watch must
be maintained, since the torches heat the metal rapidly and the temperatures are usually
determined visually. Flame hardening may be either manual or automatic. Automatic equipment
produces uniform results and is more desirable. Most automatic machines have variable travel
speeds and can be adapted to parts of various sizes and shapes. The size and shape of the
torch depends on the part. The torch consists of a mixing head, straight extension tube, 90-degree
extension head, an adjustable yoke, and a water-cooled tip. Practically any shape or size flame-
hardening tip is available. Tips are produced that can be used for hardening flats, rounds, gears,
cams, cylinders, and other regular or irregular shapes. In hardening localized areas, you
should heat the metal with a standard hand-held welding torch. Adjust the torch flame to neutral
for normal heating; however, in corners and grooves, use a slightly oxidizing flame to keep the
torch from sputtering. You also should particularly guard against overheating in comers and
grooves. If dark streaks appear on the metal surface, this is a sign of overheating, and you need
to increase the distance between the flame and the metal. For the best heating results, hold the
torch with the tip of the inner cone about an eighth of an inch from the surface and direct the
flame at right angles to the metal. Sometimes it is necessary to change this angle to obtain better
results; however, you rarely find a deviation of more than 30 degrees. Regulate the speed of
torch travel according to the type of metal, the mass and shape of the part, and the depth of
hardness desired. In addition, you must select the steel according to the
properties desired. Select carbon steel when surface hardness is the primary factor and alloy
steel when the physical properties of the core are also factors. Plain carbon steels
should contain more than 0.35% carbon for good results inflame hardening. For water
quench- ing, the effective carbon range is from 0.40% to 0.70%. Parts with a carbon content of
more than 0.70% are likely to surface crack unless the heating and quenching rate
are carefully controlled. The surface hardness of a flame-hardened section is equal to a section
that was hardened by furnace heating and quenching. The decrease in hardness between the case
and the core is gradual. Since the core is not affected by flame hardening, there is little danger
of spalling or flaking while the part is in use. Thus flame hardening produces a hard case that is
highly resistant to wear and a core that retains its original properties.
Flame hardening can be divided into five general methods: stationary, circular band

progressive, straight- line progressive, spiral band progressive, and circular band spinning.
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Diffusion

Diffusion Mechanisms

Diffusion is the process of mass flow in which atoms change their positions relative to neighbors
in a given phase under the influence of thermal and a gradient. The gradient can be a
compositional gradient, an electric or magnetic gradient, or stress gradient. Many reactions in
solids and liquids are diffusion dependent. Diffusion is very important in many industrial and
domestic applications. E.g.: Carburizing the steel, annealing homogenization after solidification,
coffee mixing, etc. From an atomic perceptive, diffusion is a step wise migration of atoms from
one lattice position to another. Migration of atoms in metals/alloys can occur in many ways, and

thus corresponding diffusion mechanism is defined.
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Atom diffusion can occur by the motion of vacancies (vacancy diffusion) or impurities (impurity
diffusion). The energy barrier is that due to nearby atoms which need to move to let the atoms go
by. This is more easily achieved when the atoms vibrate strongly, that is, at high temperatures.
There is a difference between diffusion and net diffusion. In a homogeneous material, atoms also
diffuse but this motion is hard to detect. This is because atoms move randomly and there will be
an equal number of atoms moving in one direction than in another. In inhomogeneous materials,
the effect of diffusion is readily seen by a change in concentration with time. In this case there is
a net diffusion. Net diffusion occurs because, although all atoms are moving randomly, there are

more atoms moving in regions where their concentration is higher.
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Steady-State Diffusion

The flux of diffusing atoms, J, is expressed either in number of atoms per unit area and per unit
time (e.g., atoms/m2-second) or in terms of mass flux (e.g., kg/mz-second).Steady state diffusion
means that J does not depend on time. In this case, Fick’s first law holds that the flux along
direction x is:

J=-D dC/dx

Where dC/dx is the gradient of the concentration C, and D is the diffusion constant. The
concentration gradient is often called the driving force in diffusion (but it is not a force in the
mechanistic sense). The minus sign in the equation means that diffusion is down the

concentration gradient.

Nonsteady-State Diffusion
This is the case when the diffusion flux depends on time, which means that a type of atoms
accumulates in a region or that it is depleted from a region (which may cause them to accumulate

in another region).
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Factors that influence diffusion
As stated above, there is a barrier to diffusion created by neighboring atoms that need to move to
let the diffusing atom pass. Thus, atomic vibrations created by temperature assist diffusion. Also,

smaller atoms diffuse more readily than big ones, and diffusion is faster in open lattices or in
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open directions. Similar to the case of vacancy formation, the effect of temperature in diffusion

is given by a Boltzmann factor: D = Do X exp(—Qd/kT).

NON FERROUS METAL & ALLOYS

Copper

<> Copper is one of the earliest metals discovered by man.

o The boilers on early steamboats were made from copper.

X The copper tubing used in water plumbing in Pyramids was found in serviceable

condition after more than 5,000 years.

X Cu is a ductile metal. Pure Cu is soft and malleable, difficult to machine.
o> Very high electrical conductivity — second only to silver.

X Copper is refined to high purity for many electrical

Applications

e Excellent thermal conductivity — Copper cookware most highly regarded — fast and uniform
heating.

e FElectrical and construction industries are the largest users of Cu.
Copper Alloys

e Brasses and Bronzes are most commonly used alloys of Cu. Brass is an alloy with Zn.
Bronzes contain tin, aluminum, silicon or beryllium.
e Other copper alloy families include copper-nickels and nickel silvers. More than 400 copper-

base alloys are recognized.
Applications

Electrical wires,
roofing, nails, rivets

Automotive radiator

vV V V V

core, lamp fixture,
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clutch disk,

diaphragm, fuse clips,
springs

Furniture, radiator
fittings, battery clamps,
light fixtures

Bearings, bushings,
valve seats and guards
Electrical, valves,
pumps

Condenser, heat exchanger
piping,

valves

Tin bronze Sn,
Bearings, bushing,

piston rings, gears

Aluminum

and forged into many shapes.

surface finish, appearance.

Smartzworld.com

electrical and thermal conductivities; highly reflective to heat and light.

Aluminum can be riveted, welded, brazed, or resin bonded.

savings are needed for better fuel efficiency and performance.
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Aluminum is a light metal & easily machinable; has wide variety of surface finishes; good

Versatile metal - can be cast, rolled, stamped, drawn, spun, roll-formed, hammered, extruded

Corrosion resistant - no protective coating needed, however it is often anodized to improve

Al and its alloys - high strength-to-weight ratio (high specific strength) owing to low density.

Such materials are widely used in aerospace and automotive applications where weight
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e Al-Li alloys are lightest among all Al alloys and find wide applications in the aerospace

industry.

Application of some Al Alloys

YV Vv ¥V VvV V¥V ¥V VvV V ¥V V¥V ¥V ¥V V ¥V V VY V V VY

Food/chemical handling
equipment, heat exchangers
light reflectors

Utensils, pressure vessels and
piping

Strain-hardn.

Bellows, clutch disk,
diaphragm, fuse clips, springs
Heat treated

Aircraft structure, rivets, truck
wheels, screw

Trucks, canoes, railroad cars,
furniture, pipelines
Peak-aged

Aircraft structures and other
highly loaded applications
Aircraft pump parts,
automotive transmission

cases, cylinder blocks
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Zinc

Zinc (symbol Zn), in commerce also spelter, is a metallic chemical element. It has atomic
number 30. It is the first element of group 12 of the periodic table. In some respects zinc is
chemically similar to magnesium: its ion is of similar size and its only common oxidation state is
+2. Zinc is the 24th most abundant element in the Earth's crust and has five stable isotopes. The
most common zinc ore is sphalerite (zinc blende), a zinc sulfide mineral. The largest mineable
amounts are found in Australia, Asia, and the United States. Zinc production includes froth

flotation of the ore, roasting, and final extraction using electricity (electrowinning).

Brass, which is an alloy of copper and zinc, has been used since at least the 10th century BC in
Judea and by the 7th century BC in Ancient Greece. Zinc metal was not produced on a large
scale until the 12th century in India and was unknown to Europe until the end of the 16th
century. The mines of Rajasthan have given definite evidence of zinc production going back to
6th century BC. To date, the oldest evidence of pure zinc comes from Zawar, in Rajasthan, as
early as the 9th century AD when a distillation process was employed to make pure zinc.

Alchemists burned zinc in air to form what they called "philosopher's wool" or "white snow".
Applications
Major applications of zinc include

e Galvanizing (55%)
e Alloys (21%)
e Brass and bronze (16%)

e Miscellaneous (8%)

The metal is most commonly used as an anti-corrosion agent. Galvanization, which is the coating
of iron or steel to protect the metals against corrosion, is the most familiar form of using zinc in
this way. In 2009 in the United States, 55% or 893 thousand tonnes of the zinc metal was used

for galvanization.

Zinc is more reactive than iron or steel and thus will attract almost all local oxidation until it
completely corrodes away. A protective surface layer of oxide and carbonate forms as the zinc
corrodes. This protection lasts even after the zinc layer is scratched but degrades through time as
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the zinc corrodes away. The zinc is applied electrochemically or as molten zinc by hot-dip
galvanizing or spraying. Galvanization is used on chain-link fencing, guard rails, suspension

bridges, light posts, metal roofs, heat exchangers, and car bodies.

The relative reactivity of zinc and its ability to attract oxidation to itself makes it an efficient
sacrificial anode in catholic protection (CP). For example, cathodic protection of a buried
pipeline can be achieved by connecting anodes made from zinc to the pipe. Zinc acts as the
anode (negative terminus) by slowly corroding away as it passes electric current to the steel
pipeline. Zinc is also used to catholically protect metals that are exposed to sea water from
corrosion. A zinc disc attached to a ship's iron rudder will slowly corrode while the rudder stays
unattacked. Other similar uses include a plug of zinc attached to a propeller or the metal

protective guard for the keel of the ship.

With a standard electrode potential (SEP) of —0.76 volts, zinc is used as an anode material for
batteries. (More reactive lithium (SEP —3.04 V) is used for anodes in lithium batteries ).
Powdered zinc is used in this way in alkaline batteries and sheets of zinc metal form the cases for
and act as anodes in zinc—carbon batteries.[98][99] Zinc is used as the anode or fuel of the zinc-
air battery/fuel cell. The zinc-cerium redox flow battery also relies on a zinc-based negative half-

cell.
Alloys

A widely used alloy which contains zinc is brass, in which copper is alloyed with anywhere from
3% to 45% zinc, depending upon the type of brass. Brass is generally more ductile and stronger
than copper and has superior corrosion resistance.These properties make it useful in

communication equipment, hardware, musical instruments, and water valves.

Other widely used alloys that contain zinc include nickel silver, typewriter metal, soft and
aluminium solder, and commercial bronze. Zinc is also used in contemporary pipe organs as a
substitute for the traditional lead/tin alloy in pipes.[104] Alloys of 85-88% zinc, 4-10% copper,
and 2—8% aluminium find limited use in certain types of machine bearings. Zinc is the primary
metal used in making American one cent coins since 1982.The zinc core is coated with a thin
layer of copper to give the impression of a copper coin. In 1994, 33,200 tonnes (36,600 short

tons) of zinc were used to produce 13.6 billion pennies in the United States. Alloys of primarily
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zinc with small amounts of copper, aluminium, and magnesium are useful in die casting as well
as spin casting, especially in the automotive, electrical, and hardware industries. These alloys are
marketed under the name Zamak. An example of this is zinc aluminium. The low melting point
together with the low viscosity of the alloy makes the production of small and intricate shapes
possible. The low working temperature leads to rapid cooling of the cast products and therefore
fast assembly is possible. Another alloy, marketed under the brand name Prestal, contains 78%
zinc and 22% aluminium and is reported to be nearly as strong as steel but as malleable as
plastic. This superplasticity of the alloy allows it to be molded using die casts made of ceramics

and cement.

Similar alloys with the addition of a small amount of lead can be cold-rolled into sheets. An alloy
of 96% zinc and 4% aluminium is used to make stamping dies for low production run
applications for which ferrous metal dies would be too expensiveln building facades, roofs or
other applications in which zinc is used as sheet metal and for methods such as deep drawing,
roll forming or bending, zinc alloys with titanium and copper are usedUnalloyed zinc is too

brittle for these kinds of manufacturing processes.

As a dense, inexpensive, easily worked material, zinc is used as a lead replacement. In the wake
of lead concerns, zinc appears in weights for various applications ranging from fishing to tire

balances and flywheels.

Cadmium zinc telluride (CZT) is a semi conductive alloy that can be divided into an array of
small sensing devices. These devices are similar to an integrated circuit and can detect the energy
of incoming gamma ray photons. When placed behind an absorbing mask, the CZT sensor array

can also be used to determine the direction of the rays.
Other industrial uses

Zinc oxide is used as a white pigment in paints. Roughly one quarter of all zinc output in the
United States (2009), is consumed in the form of zinc compounds; a variety of which are used
industrially. Zinc oxide is widely used as a white pigment in paints, and as a catalyst in the
manufacture of rubber. It is also used as a heat disperser for the rubber and acts to protect its
polymers from ultraviolet radiation (the same UV protection is conferred to plastics containing

zinc oxide) The semiconductor properties of zinc oxide make it useful invaristors and
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photocopying products. The zinc zinc-oxide cycle is a two step thermochemical process based on

zinc and zinc oxide for hydrogen production.

Zinc chloride is often added to lumber as a fire retardant and can be used as a wood preservative.

It is also used to make other chemicals.

Crystals of ZnS are used in lasers that operate in the mid-infrared part of the spectrum. Zinc

sulfate is a chemical in dyes and pigments. Zinc pyrithione is used in antifouling paints.

Zinc powder is sometimes used as a propellant in model rockets. When a compressed mixture of
70% zinc and 30% sulfur powder is ignited there is a violent chemical reaction. This produces
zinc sulfide, together with large amounts of hot gas, heat, and light. Zinc sheet metal is used to

make zinc bars.

Zn, the most abundant isotope of zinc, is very susceptible to neutron activation, being transmuted

into the highly radioactive

Zn, which has a half-life of 244 days and produces intense gamma radiation. Because of this,

Zinc Oxide used in nuclear reactors as an anti-corrosion agent is depleted of

Zn before use, this is calleddepleted zinc oxide. For the same reason, zinc has been proposed as a
salting material for nuclear weapons (cobalt is another, better-known salting material). A jacket

of isotopically enriched

Zn would be irradiated by the intense high-energy neutron flux from an exploding thermonuclear

weapon, forming a large amount of

Zn significantly increasing the radioactivity of the weapon's fallout. Such a weapon is not known

to have ever been built, tested, or used.

Zn is also used as a tracer to study how alloys that contain zinc wear out, or the path and the role

of zinc in organisms.
Chromium

Chromium is a chemical element which has the symbol Cr and atomic number 24. It is the first
element in Group 6. It is a steely-gray, lustrous, hard and brittle metal which takes a high polish,
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resists tarnishing, and has a high melting point. Chromium oxide was used by the Chinese in the
Qin dynasty over 2,000 years ago to coat metal weapons found with the Terracotta Army.
Chromium was discovered as an element after it came to the attention of the western world in the
red crystalline mineral crocoite (lead(Il) chromate), discovered in 1761 and initially used as a
pigment. Louis Nicolas Vauquelin first isolated chromium metal from this mineral in 1797.
Since Vauquelin's first production of metallic chromium, small amounts of native (free)
chromium metal have been discovered in rare minerals, but these are not used commercially.
Instead, nearly all chromium is commercially extracted from the single commercially viable
orechromite, which is iron chromium oxide Chromite is also now the chief source of chromium

for chromium pigments.
Applications

The strengthening effect of forming stable metal carbides at the grain boundaries and the strong
increase in corrosion resistance made chromium an important alloying material for steel. The
high-speed tool steels contain between 3 and 5% chromium. Stainless steel, the main corrosion-
proof metal alloy, is formed when chromium is added to iron in sufficient concentrations, usually
above 11%. For its formation, ferrochromium is added to the molten iron. Also nickel-based
alloys increase in strength due to the formation of discrete, stable metal carbide particles at the
grain boundaries. For example, Inconel 718 contains 18.6% chromium. Because of the excellent
high-temperature properties of these nickel superalloys, they are used in jet engines and gas

turbines in lieu of common structural materials.

The relative high hardness and corrosion resistance of unalloyed chromium makes it a good
surface coating, being still the most "popular" metal coating with unparalleled combined
durability. A thin layer of chromium is deposited on pretreated metallic surfaces by
electroplating techniques. There are two deposition methods: Thin, below 1 pm thickness, layers
are deposited by chrome plating, and are used for decorative surfaces. If wear-resistant surfaces
are needed then thicker chromium layers are deposited. Both methods normally use acidic
chromate or dichromate solutions. To prevent the energy-consuming change in oxidation state,
the use of chromium(III) sulfate is under development, but for most applications, the established

process is used.
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In the chromate conversion coating process, the strong oxidative properties of chromates are
used to deposit a protective oxide layer on metals like aluminium, zinc and cadmium. This
passivation and the self-healing properties by the chromate stored in the chromate conversion
coating, which is able to migrate to local defects, are the benefits of this coating methodBecause
of environmental and health regulations on chromates, alternative coating method are under

development.

Anodizing of aluminium is another electrochemical process, which does not lead to the
deposition of chromium, but uses chromic acid as electrolyte in the solution. During anodization,
an oxide layer is formed on the aluminium. The use of chromic acid, instead of the normally
used sulfuric acid, leads to a slight difference of these oxide layers. The high toxicity of Cr(VI)
compounds, used in the established chromium electroplating process, and the strengthening of
safety and environmental regulations demand a search for substitutes for chromium or at least a

change to less toxic chromium(III) compounds.
Dye and pigment

The mineral crocoite (lead chromate PbCrO4) was used as a yellow pigment shortly after its
discovery. After a synthesis method became available starting from the more abundant chromite,
chrome yellow was, together with cadmium yellow, one of the most used yellow pigments.
Chromium oxides are also used as a green color in glassmaking and as a glaze in ceramics.
Green chromium oxide is extremely light-fast and as such is used in cladding coatings. It is also
the main ingredient in IR reflecting paints, used by the armed forces, to paint vehicles, to give

them the same IR reflectance as green leaves.
Synthetic ruby and the first laser

Natural rubies are corundum (aluminum oxide) crystals that are colored red (the rarest type) due
to chromium (III) ions (other colors of corundum gems are termedsapphires). A red-colored
artificial ruby may also be achieved by doping chromium(IIl) into artificial corundum crystals,

thus making chromium a requirement for making synthetic rubies
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Wood preservative

Because of their toxicity, chromium(VI) salts are used for the preservation of wood. For
example, chromated copper arsenate (CCA) is used in timber treatment to protect wood from

decay fungi, wood attacking insects, including termites, and marine borers
Refractory material

The high heat resistivity and high melting point makes chromite and chromium(IIl) oxide a
material for high temperature refractory applications, like blast furnaces, cement kilns, molds for
the firing of bricks and as foundry sands for the casting of metals. In these applications, the
refractory materials are made from mixtures of chromite and magnesite. The use is declining
because of the environmental regulations due to the possibility of the formation of

chromium(VI).
Brasses & Bronzes

Brass is an alloy made of copper and zinc; the proportions of zinc and copper can be varied to
create a range of brasses with varying properties. Bronze is an alloy consisting primarily of
copper, usually with tin as the main additive. It is hard and tough, and it was so significant in

antiquity that the Bronze Age was named after the metal.

Admiralty brass contains 30% zinc, with 1% tin to inhibit dezincification in many environments.
Alpha brasses with less than 35% zinc, are malleable, can be worked cold, and are used in
pressing, forging, or similar applications. They contain only one phase, with face-centered cubic
crystal structure. Alpha-beta brass (Muntz metal), also called duplex brass, is 35-45% zinc and is
suited for hot working. It contains both a and B' phase; the '-phase is body-centered cubic and is
harder and stronger than a. Alpha-beta brasses are usually worked hot. Aluminium brass contains
aluminium, which improves its corrosion resistance. Red brass is both an American term for the
copper-zinc-tin alloy known as gunmetal, and an alloy which is considered both a brass and a

bronze. It typically contains 85% copper, 5% tin, 5% lead, and 5% zinc.

Aluminium Bronze
A type of BRONZE in which aluminium is the main alloying metal added to copper. Small

amounts of other elements such as iron, manganese, nickel and silicon are added to impart

92

30

Smartzworld.com jntuworldupdates.org



Smartworld.asia Specworld.in

various properties such as corrosion resistance or malubility. It fairs well in the marine
enviroment.

Typical compostion:

Copper 80%

Aluminium 10%

Nickel 5%

Iron 5%

Silicon Bronze

Has small amounts of silicon to allow it to be wrought or cold worked into a stronger alloy such
as by rolling. It is also resistant to corrosion and therefore good for use in the marine enviroment.
Typical compostion:

Copper 96%

Silicon 3%

Manganase 1%

Phosphor bronze

Well this one is different! Rather than Phosphor being the main alloy metal, it is used during
manufacture to purify the melt and create a purer stronger type of bronze. Usually not more than
0.2% of the Phosphur is left in the metal. It is very corrosion resistant and therefore good in the
marine environment.

Typical compostion:

Copper 94.8%

Tin 5%

Phosphorus 0.2%

Leaded Bronze

Leaded Gunmetal (LG2) Is a type of copper alloy that has a small amount of lead, tin and zinc
added in similar quantities. It is not considered to be brass due to the amount of zinc being small.
It has widespread use as a valve and through hull fitting material due to it's good seawater
resistance. It does not de-zincify in seawater despite having a zinc content. It is good for use in

the marine environment.
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Typical composition:
Copper 85%

Lead 5%

Tin 5%

Zinc 5%

Bronze was especially suitable for use in boat and ship fittings prior to the wide employment of
stainless steel owing to its combination of toughness and resistance to salt water corrosion.

Bronze is still commonly used in ship propellers and submerged bearings.

In the 20th century, silicon was introduced as the primary alloying element, creating an alloy
with wide application in industry and the major form used in contemporary statuary. Sculptors
may prefer silicon bronze because of the ready availability of silicon bronze brazing rod, which
allows color-matched repair of defects in castings. Aluminium is also used for the structural

metal aluminium bronze.

It is also widely used for cast bronze sculpture. Many common bronze alloys have the unusual
and very desirable property of expanding slightly just before they set, thus filling in the finest
details of a mold. Bronze parts are tough and typically used forbearings, clips, electrical

connectors and springs.

Bronze also has very low metal-on-metal friction, which made it invaluable for the building of
cannon where iron cannonballs would otherwise stick in the barrel. It is still widely used today
for springs, bearings, bushings, automobile transmission pilot bearings, and similar fittings, and
is particularly common in the bearings of small electric motors. Phosphor bronze is particularly

suited to precision-grade bearings and springs. It is also used in guitar and piano strings.

Unlike steel, bronze struck against a hard surface will not generate sparks, so it (along with
beryllium copper) is used to make hammers, mallets, wrenches and other durable tools to be used

in explosive atmospheres or in the presence of flammable vapors.

Bronze is used to make bronze wool for woodworking applications where steel wool would

discolor oak.
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Bearing Materials - Ceramics, Chrome Steels, Stainless Steels, and Plastics

The bearing industry uses different materials for the production of the various bearing
components. The materials are processed to achieve desirable properties to maximize bearing
performance and life. The materials described here are the most commonly used. Additional

information can be found in the Technical Information Sheets for Balls, Closures, and Retainers.
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