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Engineering Materials
Week Syllabus ( Theoretical Syllabus )

1.week, (Crystalline and non-crystalline materials).

2..week, (The crystal structure of metals: FCC, BCC, CPH).

3.week, (Crystalline planes and directions. Atomic packing factor).
4+week, (Atom binding: lonic bond, covalent bond, metallic bond, Van der
Waals forces.

5« Crystalline defects: dislocations, types of dislocations).

6-7wweek, (Solidification: different crystals form in an ingot, castings defects).
8«xweek, (Mechanical properties: hardness (Brinell, Rockwell, Vickers)).
9«week, (Tensile test, stress-strain diagram).

10w week, ( Impact test).

11 Creep test.



12.week, (Fatigue test).

13.week, (Cooling curves for metals and alloys).

14.week, (Construction of thermal equilibrium diagram).

15.week, (Thermal equilibrium diagram for two metals completely soluble in
each other in solid state).

16.week, (Thermal equilibrium diagram for two metals completely insoluble in
each other in solid state).

17.week, ( Thermal equilibrium diagram for two metals partially soluble in each
other in solid state).

18.week, (Iron-making).

19.week, (Steel-making).

20-21.week, ( Thermal equilibrium diagram for Iron-iron carbide).

22..week, (Types of steels: carbon steel, alloy steel).



23-24..week, (Metals utilized in air conditioning and refrigeration equipment’s).
25-26uweek, (Copper and its alloys).

27-28sweek, ( Aluminum and its alloys).

29-30.week, (Corrosion and its prevention).

Practical experiments

1- Brinell hardness test.

2- Rockwell hardness test.

3- Vickers hardness test.

4- Tensile test.

5- Impact test.

6- Preparation specimen for microstructure test.

7- Study the microstructure of steel specimen with different carbon content.
8- Study the microstructure of aluminum specimen.
9- Study the microstructure of copper specimen.
10- Study welding defects in air conditioning pipes.
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1. Crystalline and non crystalline materials

Structure of materials:- materials can be classified into two types of structure :

Crystalline structure:-consists of atoms or ions, arranged according to some
regular geometrical pattern. This pattern varies from one substance to another. All
metals are crystalline in nature.

2. Amorphous structure: -is typical of all liquids in that the atoms or molecules
of which they are composed can be moved easily with respect to each other, since
they do not conform to any fixed pattern. Some materials, like glasses, plastics,
amorphous silicon and tar are called amorphous because the atoms exist in a
random pattern just as in liquid.



2.The crystal structure of metals

Crystalline structure of metals:-there are several types of pattern or space
lattice in which metallic atoms can arrange themselves on solidification, but the
three most common are :-

1. The body-centered cubic lattice :-has eight atoms at the corners of a cube
and one atom at the center. Iron (alpha) at room temperature, chromium,
vanadium and tungsten are a few of the more important metals with this lattice
structure.

Figure 1.1 Body centered cubic lattice structure



2. The face-centered cubic lattice: - has eight atoms at the commers of a cube and
an atom 1n the center of each face. Iron (gamma) at elevated temperature,
aluminium, silver, copper and gold are examples of this lattice structure.
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Figure 1.2 Face-centered cubic lattice structure



3. The hexagonal close-packed lattice:- this space lattice structure 1is
geometrically described by the figure shown below. This type of structure has 17
atoms. The metals cadmmum, magnesium and titantum have the hexagonal
structure.

Figure 1.3 The hexagonal closed-packed lattice structure

The unit cell is building block for crystal. Repetition of unit cell generates
entire crystal.




3. Crystalline planes and directions. Atomic packing factor.

Crystallographic planes and direction:

1. The unit cell is building block for crystal. Repetition of unit cell generates entire
crystal.

2. Crystallographic planes:- the layers of atoms or the planes along which atoms
are arranged are known as atomic or crystallographic planes.

3. Miller indices:- the relation of a set of planes to the axes of the unit cell is
designated by Miller indices.

One corner of the unit cell is assumed to be the origin of the space coordinates,
and any set of planes is identified by the reciprocals of its intersections with these
coordinates. If a plane is parallel to an axis, it intersects it at infinity.
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3. Crystalline planes and directions. Atomic packing factor.

The plane (010) intersects the y-axis at one unit from the origin and is parallel to
the x and z axes or intersects them at infinity. Therefore,

L

(010)




Process X A\ Z
Intersection v 1 v'e
Reciprocal 1/ 11 1/0
Miller indices 0 1 0

The illustrated plane has Miller indices of (010).



3. Crystalline planes and directions. Atomic packing factor.

The plane (010) intersects the y-axis at one unit from the origin and is parallel to
the x and z axes or intersects them at infinity. Therefore,

Z

(010)




Process X i zZ
Intersection o0 1 o0
Reciprocal 1/ 11 1/0
Miller indices 0 1 0

The illustrated plane has Miller indices of (010).



3. Crystalline planes and directions. Atomic packing factor.

As another illustration, the Miller indices of the plane (112) may be determined as

follows:-
z
(112)
IR RN
wersecior IR
Reciprocal 171 171 1/1/2
> Y Miller indices 1 1 2
y

This plane has Miller indices of (112).



EXAMPLE :
Determine the Miller indices for the plane shown in the accompanying
sketch (a).

3. Crystalline planes and directions. Atomic packing factor.

IT‘ o2
_____ ,715____ 77
) !
5£(012) Plane
_______
/=
X X




SOLUTION:
Since the plane passes through the selected origin O. a new origin must be

chosen at the corner of an adjacent unit cell. taken as O and shown in sketch
(b). This plane 1s parallel to X axis and the intersections are «, -1. and Y.

As another illustration, the Miller indices of the plane shown below may be
determined as follows:-

z (222)
process X y Z
Intersection 1 1 1
2 2 2
Reciprocal 1/1/2 1/1/2 | 1/1/2
Miller indices 2 2 2




This plane has Miller indices of (222).

As another illustration, the Miller indices of the plane shown below may be
determined as follows:-

3. Crystalline planes and directions. Atomic packing factor.

? (011)




process X y

Intersection oo -1 1

Reciprocal 1/co 1/-1 1/1 | The plane has Miller indices of
Miller indices 0 1 1

(0711).

As another illustration. the Miller indices of the plane shown below may be
determined as follows:-

A (100)
process X y Z
Intersection -1 ©o oo
Reciprocal 1/-1 1/c0 /00
Miller indices 1 0 0

This plane has Miller indices of (100).



The indices of the direction:- for example, to determine the direction of

[110]. (Reciprocal are not used to determine the indices of direction). starting at the
origin, if 1s necessary to move one unit along the x-axis and one unit in the
direction of the y-axis. In a cubic crystal. a direction has the same indices as the

plane to which it 1s perpendicular.

3. Crystalline planes and directions. Atomic packing factor.




Example: Determine the indices for the direction shown in the figure below:

o

*E
'- process X y Z
- Projection | 1/2 1 0
s >y Reduction | 2*1/2 | 2%*1 2%0
dicesof |},
direction
z =

This direction has indices of (120).

Example: Determine the indices for the direction shown in the figure below:



3. Crystalline planes and directions. Atomic packing factor.

process X y V4
Projection 1 -1 0
Reduction 1 -1 0
Ij}dr:els of 1 i 0
direction

This direction has indices of (110).




Packing of atoms: An approximate idea of the packing of atoms on a particular
plane may be obtained by visualizing a single unit cell of the BCC and FCC
structure.

Considering The atoms as the lattice points, the number of atoms on a
particular plane would be:

Plane BCC FCC
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(110)
(111)
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Packing facfor: In BCC the center atom touches each corner atom but these do
not touch each other. Since each corner atom 1s shared by eight adjacent cubes and
the atom in center cannot be shared by any other cube. the unit cell of the BCC



3. Crystalline planes and directions. Atomic packing factor.

1
8 atoms at the comers x == 1 atom

1 center atom = 1 atom

Total = 2 atoms

In FCC, each face atom touches its nearest corner atom. Since each corner
atom is shared by eight adjacent cubes and each face atom is shared by only one
adjacent Cube, the unit cell contains:




1
‘ 8 atoms at the corners x 3 =1 atom

1
‘ 6 face-centered atoms x o= 3 atom

I Total = 4 atoms

This indicates that the FCC structure is more densely packed than the BCC
structure.

Another way to show the difference in packing is to calculate the fraction of
the volume of a FCC cell that 1s occupied by atoms and compare it to that of a
BCC cell. Since there are four atoms per unit cell and each atom is a sphere of

radius I, then:
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Where a is the lattice parameter. It 1s now necessary to find the cell volume
in terms of 1. Consider a cube face of FCC structure as shown below:
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packing factor = —
3v2

packing factor = 0.74

The packing factor for the BBC structure can be calculated as follows:



(4;",1)2 = a? + x2

but x2 =2q2




V
packing factor = _atoms
cell

4 3

2 mr,

packing factor = %\_

packing factor = 47

V3
packing factor = e

packing factor = 0.68



4. Atom binding: lonic bond, covalent bond, metallic bond, Van der Waals forces.

Atom binding:

1. lonic bond.

2. Covalent bond.

3. Metallic bond.

4. Van der Waals forces.

1. lonic bond :

The electron structure of atoms is relatively stable when the outer shells contains eight
(or two in the case of the first shell).

An element like sodium with one excess electron will readily give it up so that it has a
completely filled outer shell.

4. Atom binding: lonic bond, covalent bond, metallic bond, Van der Waals forces.

An atom of chlorine, on the other hand, with seven electrons in its outer shell, would
like to accept one electron.



When sodium and chlorine atoms are placed together, there is a transfer of electrons from
the sodium to the chlorine atoms, resulting in a strong electrostatic attraction between the
positive sodium ions and the negative chlorine ions as shown below:

Valence electron




Na + Cl = Na+ + Cl- = Nacl




Another example for ionic bond is lithium and fluorine. Lithium has 1 electron in
its outer shell and fluorine carries 7 electrons in its outer shell. When one electron
moves from lithium to fluorine, each ion acquires the noble gas configuration.
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Lithium, atomic No =3 Fluorine, atomic No =9



2. Covalent bond :

Atom of some elements may attain a stable electron structure by sharing one or more
electrons with adjacent atoms.

As shown in figure below, nitrogen has 5 electrons in the outer shell and need 3 more to
complete that shell. Hydrogen has 1 electron in the outer shell.

A nitrogen atom shares the electrons of three hydrogen atoms and in turns share three
of its electrons with the three hydrogen atoms to form the compound ammonia NH3.




Another example for covalent bond is methane:

(H)
(HX € XK
(H)

CH4 , covalent bond




3. Metallic bond :

Each of the atoms of the metal contributes its valence electrons to the formation of a
negative electron cloud. These electrons are not associated with a particular ion but are
free to move among the positive metallic ions.

The metallic bond may be thought of as an extension of the covalent bond to a large
number of atoms. ——
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The metallic bond theory of metals explains many of the main characteristics of metallic
elements :

1. All metals are good conductors of electricity.

2. Metals are good conductors of heat.

3. Most metals are ductile because layers of ions can be made to slide over each other
by the application of shearing force.

4. Metals are lustrous in appearance.

4. Van der Waals forces :

This type of bond arises in neutral atoms such as the inert gases ( neon, argon and
helium). When the atoms are brought close together there is a separation of the
centers of positive and negative charges, and a weak attractive force results.



Polarized atom
has a net dipole
moment

Neutral atom

@HO

Polarized atoms

attract each other
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Atomic or molecular dipoles




3. Crystal defects, different crystals from an ingot.
Crystal imperfections (micro-defects) :

It is apparent from the preceding section that most materials when solidified consist of
many crystals or grains.

All these atoms must be laid down in exactly the right sort of order for the crystal to be
perfect. It is therefore not surprising that few crystals are perfect and that imperfections
exist.

It is interesting to realize the amount of activity that is occurring on the surface of a crystal

during growth. A very slow growth rate, such as 1 mm per day, requires the deposition of
about one hundred layers of atoms per second on the surface.



Types of Crystal imperfections:

The most important types of crystal imperfection are:
l. Point defects

1. Vacancies.

2. Interstitial atoms.

. Line defects

1. Edge dislocation.

2. Screw dislocation.

l. Point defects
1. Vacancies:
are simply empty atom sites. It is possible for a vacancy to move in the lattice

structure and therefore play an important part in diffusion of atoms through the
lattice.



| Vacant lattice site

Notice that the atoms surrounding a vacancy tend to be closer together. distorting
the lattice planes.

Vacancy




Vacancy — missing atom at a certain crystal lattice position

Vacancies may be occur as a result of one of the following conditions:
a. Solidification.

b. Raising the temperature.

c. Irradiation.

2. Interstitial atoms.

It is possible, particularly in lattice structures that are not close-packed and in
alloys between metals that have atoms widely different in atomic diameter, that
some atoms may fall into interstitial positions or in the spaces of the lattice
structure as shown below:



Interstitial atom

Interstitial atoms tend to push the surrounding atoms farther apart and also produce
distortion of the lattice planes

Self-interstital




Self-mnterstitial atom: extra atom 1n an mterstitial position

Interstitial impurity

Interstitial mmpurity atom: extra impurty atom in an interstitial position.

Interstitial atoms may be produce by:

a. Solidification.

b. The severe local distortion during plastic
deformation.

c. Irradiation.




Il. Line defects:

There are two types of line defects:
1. Edge dislocation.

2. Screw dislocation.

1. Edge dislocation.
is an extra half plane of atoms “inserted” into the crystal lattice. Due to the edge
dislocations metals possess high plasticity characteristics: ductility and malleability
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2. Screw dislocation.
forms when one part of crystal lattice is shifted (through shear) relative to

the other crystal part. It is called screw as atomic planes form a spiral
surface around the dislocation line.




Solidification: different crystals form in an ingot

The grain structure in the cast product is determined by the rate of cooling,
there are three types of crystals may be produced during the solidification of a
casting:

1. Chill crystals:

2. Columnar crystals :

3. Equiaxed crystals :

1. Chill crystals:

The metal in contact with the mould surfaces cools faster than that in the
center of the casting. As a result small crystals, termed chill crystals, start to
form at the surfaces.

These are small because the metal has cooled too rapidly for them to grow to
any size.
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(a) nucleation begins (b) the chill zone forms

2. Columnar crystals:

The cooling rate nearer the center is, however, much slower and so some of the
chill crystals have time to grow into large elongated crystals perpendicular to the
mould wall, these being called columnar crystals.
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3. Equiaxed crystals:

In the center of the mould the cooling rate is the slowest. While growth of the
columnar crystals is taking place, small crystals can start to grow in the central

region.

The final result is a central region of medium-sized almost spherical crystals called

equiaxed crystals.
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(d) additional nucleation creates the equiaxed zone.



L— Chill
crystal

Eqguiaxed

crystal
1 . Columinar

crysial




Solidification: different crystals form in an ingot

The grain structure in the cast product is determined by the rate of cooling,
there are three types of crystals may be produced during the solidification
of a casting:

1. Chill crystals:

2. Columnar crystals:

3. Equiaxed crystals:

1. Chill crystals:

The metal in contact with the mould surfaces cools faster than that in the
center of the casting. As a result small crystals, termed chill crystals, start to
form at the surfaces.

These are small because the metal has cooled too rapidly for them to grow
to any size.
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(a) nucleation begins (b) the chill zone forms

2. Columnar crystals :

The cooling rate nearer the center is, however, much slower and
so some of the chill crystals have time to grow into large elongated
crystals perpendicular to the mould wall, these being called
columnar crystals.
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favorable orientations developing into columnar grains.



3. Equiaxed crystals :

In the center of the mould the cooling rate is the slowest. While growth of the
columnar crystals is taking place, small crystals can start to grow in the central region.
The final result is a central region of medium-sized almost spherical crystals called
equiaxed crystals.
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04. Solidification : castings defects.

When the temperature of a molten pure metal falls to its freezing point,
crystallisation will begin. The nucleus of each crystal will be a single unit cell of the
appropriate crystal lattice.

For example, in the case of a metal with a body-centered cubic lattice, nine atoms
will come together to form a single unit, and this will grow as further atoms join the
lattice structure.

The tiny crystal will reach visible size, and form what is called a “ dendrite “

(a) Small crystallite nuclei. (b) Growth of the crystallites:
the obstruction of some grains
that are adjacent to one
another 1s also shown.



(c) Upon completion of

{d) The grain structure as 1t

solidification, grains having
would appear under the

uregular shapes have formed. _ _
microscope; dark lines are the

grain boundaries.
Casting defects (macro-defects):
The preceding section discussed defects on an atomic scale that arise from
solidification.
Other defects that may result from solidification are large enough to be visible
to the naked eye. These are known as macrodefects.
The most common macrodefects are :



1. Shrinkage.

a. Shrinkage cavities.

b. Primary pipe.

c. Secondary pipe.

2. Porosity.

3. Segregation of impurities.

1. Shrinkage.

Solid metals occupy less space than they do as liquids and shrinkage takes place during
solidification as a result of this decrease in volume:

a. Shrinkage cavities.

If the mould is of a design such that isolated pockets of liquid remain when the outside
surface of the casting is solid, shrinkage cavities will form.

Cavity




b. Primary pipe.

The metal which is adjacent to the mould surface solidifies almost immediately,
and as it does so it shrinks. This causes the level of the remaining metal to fall
slightly.And as further solidification takes place the process is repeated, the level
of the remaining liquid falling still further.

This sequence of events continues to be repeated until the metal is completely
solid and a conical cavity or “primary pipe” remains in the top portion of the ingot.

SHRINKAGE
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Primary pipe. Primary pipe and different types of crystals.




c. Secondary pipe.
Would be formed due to the shrinkage of trapped molten metal when it solidifies.

THNGOT MOULD”

The influence of the shape of the mould on the extent of piping in a steel ingot.



2. Porosity :

or blowholes occur whenever gases are trapped in the casting. They are
usually more numerous and smaller than shrinkage cavities and may be
distinguished by their rounded form.

Microscopic image of gas hole casting defect

Shrinkage cavities i cast metals
tend to follow the shape of the
dendritic arms and occur at the
crystal boundries.

Porosity i cast metals is usually
of rounded shape and occurs at
almost any point in the structure.



3. Segregation of impurities:
There is a tendency for dissolved impurities to remain in that portion of the metal
which solidifies last. As the columnar crystals begins to grow inwards,

they will push in front of them some of the impurities which were dissolved in the
molten metal.

In this way there is a tendency for much of the impurities in the original melt to
become concentrated in the central pipe.

If a vertical section of an ingot is polished and etched, these impurities show as V-
shaped markings in the area of the pipe as shown in figure below:




Pipe’ formed
due to shrinkage
during solidification

lf\l\

«+— Segregation

The segregation of impurities in the central 'pipe' of an ingot.



8. Mechanical properties: hardness (Brinell, Rockwell, Vickers)

Hardness:

the hardness of a materials 1s a measure of the
resistance of a material to abrasion or indentation, and for
metals, the property 1s a measure of their resistance to
permanent or plastic deformation.

there are three main methods for testing hardness:

1. Brinell hardness test.

2. Rockwell hardness test.

3. Vickers hardness test.




1. Brinell hardness test.

the Brinell hardness tester usually consists of a
hand-operated vertical hydraulic press, designed to force a
ball indenter into the test specimen.

Standard procedure requires that the test be made
with a ball of 10 mm diameter.

for different materials, the ratio P/D? has been
standardised m order to obtain accurate and comparable
results:




. | Material Approximate | P/D? Load

HB range duration
(sec)

1. Steel and cast iron Over 100 30 10
2. Copper, copper alloys  30-200 10 30

and aluminum alloys
3. Aluminum 15-100 5 30

Tin, lead and their 3-20 1 30

alloys

The Brinell hardness number (HB) is the ratio of the
load in kg to the impressed area in mm? :

load (k 2P
HB = Sl HB =

impressed area (mm?) B aD[D —VD? — d?]




Calculation 1s usually unnecessary because tables are
available for converting the observed diameter of impression to the
Brinell hardness number.

4>-‘ D ’—<~
' Types of indenter:
Range of Brinell Type of indenter
= d hardness

Up to 500 HB 10 mm hardened steel ball
2. Up to 650 HB 10 mm tungsten carbide ball

Rockwell hardness HRC = (0.2 —e) x500
Where e is the permanent depth of penetration in mm.




INCORRECT CORRECT
The influence of depth of impression on the accuracy of a Brinell delermnation
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Than & than 30
' l TEST PIECE /.

The relationships between ball diameter, depth of impression and dimensions of
the test piace in the Brinell-type test



2. Rockwell hardness test.

this hardness test uses a direct reading instrument based
on the principle of differential depth measurement.

The test 1s carried out by slowly raising the specimen
against the indenter until a fixed miner load has been applied.
This is indicated on the dial gauge.

Then the major load is applied through a loaded lever
system. After the dial pomter comes to rest, the major load is
removed and with the minor load still acting, the Rockwell
hardness number 1s read on the dial guage.

Rockwell hardness HRC = (0.2 —e) x500
Where e is the permanent depth of penetration in mm.



There are two Rockwell machines:

1. The normal tester for relatively thick sections.

2. The superticial tester for thin sections.

Type of tester Major load (kg) Minor load (kg)

Normal tester 60. 100, 150 10
Superticial tester 15, 30, 45 3

Types of indenter:

Hard steel ball L,l,i, 1 ball diameter-
16’8’4 2
Conical diamond indenter Angle of cone 1s 120°.



HRB 100 1% hard steel
ball.

HRC 150 | Conical diamond
120°

Normal
fester

Normal
tester

Medium hard
material.

Hardened
steels.




3. Vickers hardness test.

in this test, the instrument uses a square-based
diamond-pyramid indenter with an included angle of 136°
between opposite faces.

1 c d,

R l - S

The load range 1s usually between 1 and 120 kg.




The Vickers hardness tester operates on the same basic
principle as the Brinell tester, the numbers being expressed in
terms of load and area of the impression.

load (kg) Lo 1.854 P

HV =
impressed area (mm?) d2

As a result of the indenter’s shape, the impression on
the surface of the specimen will be a square.




The length of the diagonal of the square 1s measured
through a microscope fitted with an ocular micrometer that
contains movable knife edges.

Tables are usually available to convert the measured
diagonal to Vickers hardness number (HV).

As a result of the wide range of applied loads, the
Vickers tester 1s applicable to measuring the hardness of very
thin sheets as well as heavy sections.




9. Tensile test, stress-strain diagram

2. Tensile test:

The tensile test 1s popular since the properties obtained
can be applied to design different components. The tensile test
measures the following properties:

a. Modulus of elasticity.

b. Yield strength.

c. Tensile strength.

d. Estimate the ductility of the material by calculating:

(1) Elongation%, or

(2) Reduction in area%.




Force T
Movable Grip—
crosshead
>
>
.
> Diameter i .
4 —r - 17,, (Jage
< — 4
s length
a 3
4 »
a o

:

S

Figure 29-1 A unidirectional force 1s applied to a specimen in the
tensile test by means of the moveable crosshead. The crosshead
movement can be performed using screws or a hydraulic mechanism.




Tensile test results:

Diameter

Guage length

Figure 29.2 The tensile test specimen.

No. Force (N) Extension A | (mm)




Engmeering Stress and Stramn: The results of a single test apply to all
sizes and cross-sections of specimens for a given material if we
convert the force to stress and the distance between gauge marks to
strain. Engineering stress and engineering strain are defined by the
following equations:

Force (N)

Original cross sectional area (mm?)

Engineering stress=

Extension (mm)

Engineering strain =

Guage length (mm)




Calculated

Load (N) Al(mm) | Stress (N/mm?) | Strain (mm/mm)
0 0.000 0 0

4450 0.025 35.5 0.0005
13350 0.075 106.5 0.0015
22240 0.125 177.5 0.0025
31150 0.175 248.6 0.0035
33360 0.75 266.2 0.0150
35140 2.0 280.4 0.0400
35580 (max. load) 3.0 284 0.0600
35360 4.0 282.2 0.0800
33800 (fracture) 5.125 269.8 0.1025

Table 29.1 The results of a tensile test of a 12.6 mm diameter
aluminum alloy test bar, mitial length (1)) = 50 mm.




300 — Tensile strength —\
Elastic limit
N . \ |
250 K \| . . :\

\ Plastic deformation ! Breaking
= 200 /" Offset yield strength eqrength
% : / oryield strength |
2 150 Ao Blast - :

A ! , Elastic stretching |
- A€ \ : |
v 2 l
100 = i—‘g’: Modulus of elasticity :
50 Elongation E
to failure_ |
S B I I B AU
0.002 0.004 0.020 0.060 0.100 0.140

Strain (mm /mm )

Figure 29.3 The stress-strain curve for an aluminum alloy from Table 29.1



Ao
Modulus of elasticity = e

Vield st . yield load
ield strength = P
T o st th = max.load
ensile strength = 1o
El tion % al
ongation % = o
AA

Reduction in area % = A_
0

o =stress (N/mmZ2)

& =strain (mm/mm)

A, = original cross sectional area (mmZ2)

[, = guage length (mm)




Impact test

Impact: is the ability to withstand crack nucleation and growth under
impact (shock) loading.

Generally, notch-type specimens are used for impact tests. Two types
of specimens are used. the Charpy and the Izod.

The Charpy specimen is placed in the vise so that it is a simple beam
supported at the ends. The 1zod specimen is placed in the vise so that
one end is free and therefore a cantilever beam.

45%, 2 mm deep notch
L

10 mmiIi
: i W

il iy

Charpy Impact test specimen Izod Impact test specimen

| Figure (10.1) Impact test specimens dimensions |



Impact test

Toughness: Is the ability of a material to absorb energy and plastically
deform without fracturing.

The ordinary impact machine has a swinging pendulum of
fixed weight which is raised to a standard height depending upon the
tvpe of specimen tested.

At that height. with reference to the vise. the pendulum has a
definite amount of potential energy. When the pendulum is released,
this energy is converted to kinetic energy until it strikes the specimen.




Impact test

The Charpy specimen will be hit behind the V-notch.

Striking energy= 300 J

J{‘;TTT

Itf“__ - Direct reading of

ey . \\ /' absorbed energy
=300N.m |
hy ¥
Specimen—____ _"Ii

. ﬁ'

Charpy

Figure (10.2) Charpy impact test arrangement




Impact test

while the Izod specimen, placed with the V-notch facing the
pendulum, will be hit above the V-notch.

Striking energy= 167 |
=167N.m

({(". ]“.-:.:h

Fe. = Directreading of
atllh. - ! absorbed cnergy
g N nge— l\\

[zod

Figure (10.3) Izod impact test arrangement




Impact test

In either case, some of the energy of the pendulum will be
used to rupture the specimen, so that the pendulum will rise to a
height lower than the mitial height on the opposite side of the
machine,

Epnt = I"'I"I-g-H

Starting position

KV =m-g-H-m-qgh

First reversal point  Epgr= mgh




Impact test

In either case, some of the energy of the e
pendulum will be used to rupture the
specimen, so that the pendulum will rise
to a height lower than that the initial
height on the side of the machine




Impact test

The weight of the pendulum times
the difference in heights will indicate
the energy absorbed by the
specimen



Impact test

Impact strength of the metal can be calculated as follows:
R= AE (Kg.m/cm?) -

Where: -
R= Impact strength of the metal ( Kg.m/cm?) -

E = Energy used to rupture the specimen | Kg.m) .

A = Breaking cross sectional area (cm?)



Impact test

E=wh_ —whe
E=w(h,—h;)e
E=w(cosa-cosf)e



Impact test

Where: °

W = pendulum mass ( 25.81 Kg )

| = pendulum length (0.75m)

a= angle of pendulum before impact (141.5°)
B = angle of pendulum after impact (degree )



| Impact test
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Cleavage or granular fracture: little notch root contraction

Figure(10.5 A) Appearance of fractured surface.



‘ Impact test

Fibrous or shear fracture: large notch root contraction

Figure(10.5 B) Appearance of fractured surface.




’ Impact test

Figure(10.5 C) Appearance of fractured surface.



Impact test

120010 |
|
I
I
|
I
900 |- !
=) !
— |
—= ) I .
"_:}:. Brittle Ductile
& a0l — i
& |
= I
=3 I
= 300 !
: - Transiticon
I temperatre
0 ! L |
—=0) —h (9] EN =il

Temperature (“C)

Figure (10.4): Results from a series of Izod impact tests for a
tough nylon thermoplastic polymer.

The transition temperature of the polymers used in
booster rocket and other factors led to the Challenger disaster.



Impact test

1220 —
E 1Oy — Stainless steel
= (FCC structarc)
g 8oL
o
E [+ 100
=
el
_r":'.-__ 440 —

0.069% steel
20— (BCC structure)
| | | | | | |
-130 -18 03 204

Tempoerature i

Figure (10.7) The Charpy V-notch properties for a BCC carbon steel and an
FCC stainless steel. The FCC crystal structure tvpically leads to higher
absorbed energies and no transition temperature.

The effect of this transition in steel may have contributed to the failure of the
Titanic.



Creep




11. Creep test

Creep: can be defined as the deformation of a material with passage of
time when the material 1s subjected to a constant stress.

For metals, other than the very soft metals like lead, creep
effects are negligible at ordinary temperatures but become significant
at high temperatures.

Because creep tests with
metals are usually performed at high
temperatures a  thermostatically
controlled heater surrounds the test
piece.

Thermo-
couple

Extension
measured
over gauge

length

Constant +
force
applied

Figure 11.1 Creep test

The temperature of the test
piece 1s generally measured by a
thermocouple.




I1. Creep test

creep test.

Figure 11.2: A
typical creep curve
showing the strain
produced as a
tunction of time for
a constant stress
and temperature.

The figure below shows the general form of results from a

Strain

==

Constant stress
Constant temperature

Rupture

A€ Ae

I
I
I
I
I
I
I
I
I
! |
= creep rate
I
I
I
I

gy = Elastic

strain

sta|1ge At AL
/ \ | Secondstage 1 Third
: (steady state) : stage |
1 il |
Rupture
time

Time




I1. Creep test

The creep test curve generally has three parts:

1. First stage:

during the first stage the strain i1s changing but the rate at

. . . . . de
which 1t 1s changing with time decreases ( - ).

2. Second stage:

during the second stage the strain increases steadily with time

de
at constant rate ( = = constant ).

3. Third stage:

during the third stage the rate at which the strain 1s changing

. : de
increases and eventually causes failure (E .




11. Creep test

High temperature
or high stress

Medium temperature

or medium stress
Low temperature
or low stress

Time

Figure 11.3 The effect of temperature or
applied stress on the creep curve.




11. Creep test

Example 11.1:

40 MPa 35 MPa 20 MPa

0.03 |

tigure 11.4 shows the
creep graph for PVC
material at 20°C. If a PVC
square-section rod is to be
subject to a constant load of B
400 N, what will 1ts cross-
sectional area have to be If
the maximum strain after
one year 1s to be 0.01 ?

1 year = 3600 X 24 X 365 = 3.1 X 107 second

Strain

0.02p

/ 20 MPa
001} _—_—/ 1M

Figure 11.4 Strain-Time curves
for PVC material at 20°C.




11. Creep test

From the graph, an allowable strain of 0.01 after 1 year

corresponds to a stress of about 18N/mm?.

load

stress=——————
cross sectional area

load
S =
stress




12. Fatigue test

Fatigue test

The fatigue test can tell us how long a part may survive or the
maximum allowable loads that can be applied without causing failure.

Fatigue tests can be carried out in a number of ways, the way
used being the one needed to simulate the type of stress changes that
will occur to the material of the component when 1n service.

The following types are examples of fatigue testing machine:

1. Bending stress machines: W &
. . J"/j'/?
which bend a test piece of the é/’;ff
. . i |
material alternatively one way and then . +
the other, as shown in figure 12.1. : —
Figure 12.1




2. Torsional stress machines:

which twist the test piece 77 7

alternatively one way and then the %/:
7

other, as shown 1n figure 12.2.  z

Figure 12.2

3. Alternating tension and compression machines:

which produces alternatin 0
. press o]
tension and compression by direct| 777

stressing, as shown 1n figure 12.3. 'J%ﬁ?{

Figure 12.3

1




Types of alternating stresses:

1. About zero stress.

the tests can be carried out with stresses which alternate about
zero stress, as shown 1n figure 12.4. The stress varies between +o0 and
— o, tensile stress being denoted by a positive sign and compressive
stress by a negative sign.

The mean  stress
(0,,) 1s zero.

+
(o,) is the stress| 3 K /\ /\0m=0

amplitude.

— Tension

Stress

Compression «— <

Figure 12.4




2. From zero to some maximum stress.

Apply a repeated
stress which varies from
zero to some maximum
stress, as shown 1n figure
12.5. The mean stress is half
the stress range.

Stress

Compression < Tension

Figure 12.5




3. About some stress value.

Apply a stress which varies about some stress value and does
not necessarily reach zero at all, as shown 1n figure 12.6.

— Tension

Stress

Figure 12.6




Definitions

The following are standard definitions used to describe the
variables:

Stress range = maximum stress — minimum stress

maximum Stress — minimum stress
2

Stress amplitude = (

maximum stress + minimum stress
2

Mean Stress =

maximum stress

Load ratio =

minimum stress




S-N graph:

during the fatigue tests, the machine 1s kept running with a
particular stress range, alternating the stress until the piece fails. The
number of cycles of stressing up to failure 1s recorded.

The test 1s repeated for different stress amplitudes. Such tests
enable S-N graphs to be plotted. The vertical axis 1s the stress
amplitude and the horizontal axis 1s the number of cycles N to failure.




For stress values above
this line, failure occurs

Fatigue limit:

1s the stress amplitude at a
particular number of cycles which
will result in failure.

¢ Stress amplitude

<

o N

'5) Number of cycles

Endurance limait:

Figure 12.7 S-N curve for an
aluminum alloy..

for which the material will
endure an infinite number of
stress cycles with smaller stress
amplitude.

a
=]
=
g— For stress values above
- this line, failure occurs
8
=
(4]

SD

0

Number of cycles

Figure 12.8 S-N curve for a steel.




Initiation

Fatigue crack
propagation

Catastrophic
rupture

Figure 12.9 Schematic representation of a fatigue fracture surface in
a steel shaft, showing the initiation region, the propagation of the
fatigue crack (with beach markings), and catastrophic rupture when
the crack length exceeds a critical value at the applied stress.




Example 12.1:

An 8.0 mm diameter cylindrical rod fabricated from a red
brass alloy (Figure 12.10) 1s subjected to reversed tension-
compression load cycling along its axis. If the maximum tensile and
compressive loads are 7500 N and 7500 N , respectively, determine
its fatigue life.

Solution: E oo
= L
T 2 £ 300 —
A= Zd S
g 200
71- v
A = —82 100
4 Red brass
0 | | |
10° 10* 10° 10% 107 108 109 1010
A — 50.26 mmz Cycles to failure, N

Figure 12.10 S-N curve for red brass.




Stress amplitude, N/mm?*

250

200

150

100

:

103

104 10° 10° 107 108
Cycles to failure, N

10°

Fig. 12.10 S-N curve for red brass




. Pmax 7500 N

Omax = A Pmax = 50.26 mm? Omax = 149.2 N/mm2
_ Pmin —7500 N

Omin = T Omin = 50.26 mm2 Omin = —149.2 N/mmz

Omax — Omin

2

149.2 — (—149.2)
2

Stress amplitude =

Stress amplitude =

Stress amplitude =149.2 N/mm?2

Then from S-N curve (figure 12.10), we can find the fatigue
life corresponding to stress amplitude (149.2 N/mm?2) which equal:
The fatigue life= 10° cycles.




13. Cooling curves for metals and alloys
Cooling curves for metals and alloys:

When pure water is cooled to
0°C 1t changes from liquid to solid,

Liquid
S \ Liquid + solid
1.e. 1ce 1s formed. =

Figure 13.1 shows the type of \ :
S P Solid

graph produced if the temperature of
water 1s plotted against time during a

temperature change from above 0°C "
. Time
to below 0°C.

o Temperature °C

Figure 13.1 Cooling curves for
water during solidification.

Down to 0°C the water only
exists in the liquid state.




At 0°C solidification starts to occur and while solidification
1s occurring the temperature remains constant, latent heat being
extracted during this time.

All pure substances show the same type of behaviour as water
when they change state.

Figure 13.2 shows the cooling curve for copper, the transition
from liquid copper to solid copper taking place at 1084°C.

Liquid

Liquid + solid

~Temperature

1084

—

Solid

Figure 13.2 Cooling curves for
pure copper during solidification. Time




The cooling curve for an alloy do not show a constant

temperature occurring during the change of state. Figure 13.3 shows
cooling curve for 70% Cu- 30%Ni1 alloy.

With alloys, the temperature
1s not constant during solidification.
The temperature range over which
this solidification occurs depends
on the relative proportions of the
elements 1in the alloy.

For the alloy with 70% . . \Soﬁd
copper and 30% nickel, the o

transition between liquid and solid
starts at 1240°C and 1s completed at Time
1160°C when all the alloy 1s solid.

Liquid

e T

Liquid + solid

i ol
B [ ]
% > S
g Temperature’C
| 1

Figure 13.3 Cooling curve for
70%Cu-30% N1 alloy.



O
&

For the alloy with 90% 4?5
copper and 10% 111'(:.1(61f the 9 Liquid
transition between liquid and GEJ
solid starts at 1140°C and 1s =
completed at 1100°C when all 1140°C Liquid + solid
the alloy is solid as shown in 1100°C [~
figure 13.4. | Solid

Time

Figure 13.4 Cooling curve for
90%Cu-10% N1 alloy.



14. Construction of thermal equilibrium diagram

If the cooling curves are obtained for the entire range of
copper-nickel alloys, a composite diagram can be produced which
shows the effect of the relative proportions of the constituents on the
temperatures at which solidification starts and that at which it is
complete.

Types of thermal equilibrium diagram:

1. Thermal equilibrium diagram of two metals completely soluble in
solid state.

2. Thermal equilibrium diagram of two metals completely insoluble in
solid state.

3. Thermal equilibrium diagram of two metals partially soluble in
solid state.



/‘ 7"\,‘\

. . . . /
' % 5 " Water® = L° '
S SevEpoE ¢ C e \&\ / >
' "B P T Water Alc.ohol
S \\\;7 -
- 1 Iee || oy |
o L
4 \/ A\ l»
; :‘ ) |
= - _ 1 ;
s \\‘_‘-_,_,// Watcr ll\\ ‘ SOlutl()n
(a) (b)

(a) The three forms of water

gas, liquid, and solid are each a
phase.

(b) Water and alcohol
have unlimited solubility.



Saturated
brine

Excess salt

(c) Salt and water have limited

solubility.

(d)

(d) Oi1l and water have
virtually no solubility.

Figure 14-1 Illustration of phases and solubility




1500

1400

Temperature

1300

)
S
S

Temperature (°C)

1240°C = solidus

1100

Time

l l
Cu 20 40 60 80 Ni

Weight percent nickel

Figure 13.5 Thermal equilibrium diagram for Cu-Ni alloys, with
cooling curve for Cu-40%Ni alloy.
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Figure 13.6 The construction of a simple equilibrium diagram of the
solid solution type using cooling curves of a series of alloys.



15. Thermal equilibrium diagram for two metals completely soluble in each other in solid state.

Solid solution:

When small amounts of elements are added, a solid material
known as a solid solution may form. A solid solution contains two or
more types of atoms or 1ons that are dispersed uniformly throughout
the material.

The impurity or solute atoms may occupy regular lattice sites
in the crystal or interstitial sites.

By controlling the amount of these point defects via the
composition, the mechanical and other properties of solid solutions
can be manipulated.




If we were to mix any amounts of liquid copper and liquid
nickel, only one liquid phase would be produced. This liquid alloy has
the same composition and properties everywhere (Figure 15-1)
because nickel and copper have unlimited liquid solubility.

Q0@ 0 O

0@ 90,9
Q @09 @ Ni

Figure 15.1 Liquid copper and
liquid nickel are completely
soluble in each other.




If the liquid copper-nickel alloy solidifies and cools to room
temperature while maintaining thermal equilibrium, only one solid
phase 1s produced.

After solidification, the copper and nickel atoms do not

separate but, instead, are randomly located within the FCC crystal
structure.

Within the solid phase, the structure, properties, and
composition are uniform (figure 15.2).

QPP9QP9QQO0ONi
Figurel5.2 Solid copper-nickel Q QQ Q Q QS o ®)
alloys display complete solid QQ Q Q QO Q Cu

solubility with copper and nickel

atoms occupying random lattice 0 0 QO Q Q o Q
sites. QPPPPP0@




Mixture: contains more than one type of phase, and the characteristics
of each phase are retained when the mixture is formed.

Solid solution: the components of a solid solution completely dissolve
in one another and do not retain their individual characteristics.

Example 15.1

Figure 15.3 shows the phase diagram of copper-nickel alloys,
determine the amounts of solid and liquid present in 60% copper —

40% nickel alloy at a temperature of 1250°C.




1500

1455°
Solution: ol Liquidus
L
Applying the leverrule: | © { S 4
- 1300 TN D Solidus
£ 1250 :
- s E : 40 — 32 é‘ 1200 — :\‘1240°
the fraction of solid = ———| & .
45 — 32 : o
1
1100 T :
. x s . I
the fraction of solid = 0.62 :

Cu 20 40 60 80 Ni
Weight percent nickel

45 — 40 || Figurel5.3 Cu-Ni phase diagram
45— 32

the fraction of liquid =

the fraction of liquid = 0.38




Example 15.2

Figure 15.4 shows the phase diagram of N1O-MgO (ceramic)
refractory material. Select a composition that can be used at 2200°C
without melting, but can be melted and cast at 2600°C.

Solution:

o 2800

For a liquidus below | o
2600°C there must be less| & 259
than about 65% MgO. g s

For a solidus above| o
2200°C there must be at least |
about 37% MgO. 2000 |

{ L [ 1 FZ 1 llésl L L

Thus a composition of 0 20 40 60 80 100 % MgO
between 37% and 65% MgO i
could be used. Figurel5.4




16

Completely Insoluble

in Solid State



16. Two metals completely insoluble 1in each other in solid state.

Figure (16.1) shows
the type of phase diagram
produced when the two
alloy components A and
B are completely soluble
in each other in the liquid
state but completely
insoluble 1n each other in
the solid state.

Each of the two
components in the solid
state retains 1ts
independent 1identity.

Solid B Sold-A
+ liquid * igu)l
Liquid

Temperature

\
Liguid + solid A
+ solid B

Solid A + B

Composition

Figure (16.1) phase diagram for two
metals completely 1nsoluble 1n each
other in the solid state.



16. Two metals completely insoluble 1in each other in solid state.

At one particular composition. called the eutectic composition, the
temperature at which solidification occurs 1s a minimum.

At this temperature. called the
eutectic temperature. the lLiqud
changes to the solid state without any

change in temperature. as shown in
figure (16.2).

| < Squia o Tt

wuﬁd

Temperature

o !
Liguid - solid A
+ solid B

Solid A + B

Composition

Figure (16.1) phase diagram
for two metals completely
insoluble in each other in the
solid state.

Figure (16.2) Cooling curve for eutectic
composition.




16. Two metals completely insoluble in each other in solid state.

The resulting structure. known as the eutectic structure. 1s generally

a laminar structure with lavers of metal A alternating with layers of
metal B.

The properties of the eutectic can be summarised as:

1. Solidification takes place at a single and lowest temperature.

2. The eutectic structure 1s a laminar and mixture of the two
solid phases.

. The eutectic composition 1s a constant for that range of
alloys.




16. Two metals completely insoluble in each other in solid state.

Consider the sequence of events and the resulting structure when
different composition alloys are cooled from the liquid as shown n

figure (16.3).

Liquid, both metals
completely soluble

in each other / F:r)'stli::-_s of A growing
in solution

Temperature

Crystals of B growing
in solution

.4 Tie line

b o e e e o o

|

Eutectic 100% A N
composition 0% g Composition

Figure (16.3) Phase diagram for two metals completely insoluble 1in solid state.




16. Two metals completely insoluble 1n each other in solid state.

For composition prior to the eutectic composition. when the liquid
alloy 1s cooled to the liquidus temperature. crystals of metal B start to
STOW.

This means that as metal B 1s withdrawn from liquid. the
composition of the liquid must change to a lower concentration of B

and a higher concentration of A.

This continues until the concentration in the liquid reach that of the
eutectic composition. When this happens. solidification of the liquid
gives the eutectic structure.




16. Two metals completely insoluble in each other in solid state.

/Liquid
The resulting alloy has thus

crystals of B embedded in a
structure having the

Crystals of B
/growing in solution

Temperature

/Sohd, crystals

composition and structure of the Eotectic / of B in eutectic
eutectic. Figure (16.4) shows solidifying Eemposiion

the cooling curve for Time
hypoeutectic composition. T T—

Crystals structure
of B

Figure (16.4) Cooling curve for
hypoeutectic alloy.




16. Two metals completely insoluble in each other in solid state.

Liquid

o
Liquid —
eutectic

For the eutectic composition.
the transition from liquid to solid
results 1n the eutectic structure.
Figure (16.5) shows the cooling
curve for eutectic composition.

Temperature

Eutectic

Eutectic
structure

Figure (16.5) Cooling curve for
eutectic composition.




16. Two metals completely insoluble in each other 1n solid state.

For composition after the eutectic composition. when the lLiquid
alloy 1s cooled to the liquidus temperature. crystals of metal A start to
grow.

This means that as metal A 1s withdrawn from lLiquid. the
composition of the liquid must change to a lower concentration of A

and a higher concentration of B.

This continues until the concentration in the liquid reach that of the
eutectic composition. When this happens. solidification of the liquid
gives the eutectic structure.




16. Two metals completely insoluble in each other in solid state.

The resulting alloy has thus
crystals of A embedded 1n a
structure having the
composition and structure of the
eutectic. Figure (16.6) shows
the cooling curve for
hypereutectic composition.

Crystals of A
/growing in solution

Temperature

Solid, crystals
Eutectic 7 4 /of A in eutectic

solidifying composition

Time

: Crystals of
Eutectic ,_ A
structure .

Figure (16.6) Cooling curve for
hypereutectic composition.




16. Two metals completely insoluble 1n each other in solid state.

Example 16.1

Bismuth (melting point 271°C) and cadmium (melting point 321°
C) are assumed to be completely soluble in the liquid state and

completely insoluble 1n the solid state. They form a eutectic at 140°C
containing 40% cadmium.

1. Draw the equilibrium diagram to scale on a piece of graph paper

labeling all points. lines. and areas.

2. For an alloy containing 70% cadmium:

a. Give the temperature of initial solidification.

b. Give the temperature of final solidification.

c. Give the chemical composition and relative amounts of the
phases present at a temperature of 38°C below (a).

e. Draw the cooling curve for this alloy.




16. Two metals completely insoluble 1n each other in solid state.

a. From the phase diagram. the temperature of initial solidification 1s
240°C.

b. Also from the phase diagram. the temperature of final solidification
1s 140°C.

c. The temperature = 240°C — 38°C = 202°C.
From the phase diagram and at this temperature (202 °C) the
phases present are solid + liquid.
The chemical composition of the phases present is:
(1) The chemical composition of sohd 1s 100% cadmium.
(2) The chemical composition of liquid is 58% Cd and

42% Bai.




16. Two metals completely insoluble in each other in solid state.
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16. Two metals completely insoluble in each other in solid state.

The relative amount of the phases present is:

58 70 100

Liquid

(1) Amount of cadmium = ———> x 100

- 100—58
= 100 = 28.5%.
(2) Amount of liquid = % x 100

o il —
= =X 100 = 71.5%.




16. Two metals completely insoluble 1in each other in solid state.
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Figure (16.7) Cooling curve for 70% cadmium — 30% bismuth alloy.




Phase diagram for two metals partially soluble in each other in
solid state: few systems show complete solubility or complete
insolubility in the solid state, in most cases one metal will dissolve m
the other for only a limited range of concentrations, i.e., there is
limited solubility.

Lead-tin alloys are of this type, figure (17.1) showing the
phase diagram.




400 —

o
E Liquidus | Solidus
s L+p
L
£ 19 183° 61.9 575 |17
D
—Solvus Solvus—
100 - H
a+ f
0 L
Pb 20 40 60 80 Sn

Weight percent tin

Figure 17-1 The lead—tin equilibrium phase diagram.




Solid-Solution Alloys: alloys that contain 0 to 2% Sn behave
exactly like the copper-nickel alloys; a single-phase solid solution
forms during solidification (Figure 17.2).

100

Temperature ("C)

—a

) ] B, e g R g

Sn
Weight percent tin

Figure 17.2 Solidification and microstructure of a Pb-2% Sn alloy.




Alloys That Exceed the Solubility Limit: Alloys containing
between 2% and 19% Sn also solidify to produce a single solid solution
: however, as the alloy continues to cool, a solid-state reaction occurs,
permitting a second solid phase (f) to precipitate from the original
phase (Figure 17.3).

On this phase diagram, the 1s a solid solution of tin in lead:;
however, the solubility of tin in the solid solution is limited. At 0°C,
only 2% Sn can dissolve mn .

As the temperature increases, more tin dissolves into the lead
until, at 183°C, the solubility of tin in lead has increased to 19% Sn.
This 1s the maximum solubility of tin in lead. The solubility of tin in
solid lead at any temperature 1s given by the solvus curve. Any alloy
containing between 2% and 19% Sn cools past the solvus, the
solubility limit 1s exceeded, and a small amount of (/) forms.



—

=

R R
R
R
é

400

o i
U
5 ! 19% B
T
L | ~Solvus
E 100/ =
LV
= i o+p
—
ol 1 vy !
Pb 20 40 60 80

Weight percent tin
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Figure 17.3 Solidification, precipitation, and microstructure of a Pb-10% Sn alloy.




Example 17.1

Determine the amount of a in comparison with £ that forms
1f a 90% lead- 10% tin alloy 1s cooled to 0°C.

Solution:

The fraction of the solid which 1s « 1s:

. 100—10
solid a = -

= 0.918

The fraction of the solid which 1s {3 1s:

—2 — 0.082
0-2

solid B =

10
10



Alloys between 19.2% and 61.9% tin: the -eutectic
composition 1s 61.9% tin - 38.1% lead. When an alloy with between
19.2% and 61.9% tin 1s cooled from the liquid, the behaviour 1s similar

to that which occurs with two metals which are insoluble in the solid
state.

The result 1s a solid structure with crystals of a solid solution
crystals in the eutectic structure.

Figure (17.4) shows the solidification for one of these alloys.
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Figure 17.4 The solidification of a hypoeutectic alloy.




Figure (17.5) shows the cooling curve for one of these alloys.

300

E:} Liquidus >
~ |
[ §] |
g Eutectic ,
Q |
E.. |
5 |

=100 B | o+ f
o + Eutectic |
|
|
|

0 [ I Y A Y N O

Pb 20 40 60 80 Sn
Time Weight percent tin

Figure 17.5 The cooling curve for a hypoeutectic Pb-30% Sn alloy.




-
Example 17.2

Determine the composition of @ and f at:
(a) 0°C.
(b) 170°C.

Solution:

(a) The ends of the tie line for 0°C are at 2% and 100% tin, thus:
The a phase 1s 2% tin — 98% lead &
The [ phase 100% tin.

(b) The ends of the tie line for 170°C are at 15% and 98% tin, thus:
The a phase 1s 15% tin — 85% lead &
The [ phase 1s 98% tin — 2% lead.



Example 17.3

Determine the amounts of @ and  phase that forms if the
30% tin — 70% lead alloy 1s cooled to 0°C.

Solution:

Using the lever rule with the tie line drawn at 0°C, the amount

which 1s:
~100-30
“=T00-2
o =71.4%
_30-2
- 100-=2
B =28.6%%



Eutectic Alloys

The alloy containing 61.9% Sn has the eutectic composition
(Figure 17.6). The word eutectic comes from the Greek word eutectos
that means easily fused.

Indeed, in a binary system showing one eutectic reaction, an
alloy with a eutectic composition has the lowest melting temperature.
This i1s the composition for which there is no freezing range (1.e..
solidification of this alloy occurs at one temperature, 183°C in the Pb-
Sn system).

Above 183°C, the alloy 1s all liquid and, therefore, must
contain 61.9% Sn. After the liquid cools to 183°C, the eutectic
reaction begins:

Le1.90%sn = @1929%sn T Po7.5%5n



400

Temperature (°C)

0
B o Pb 20 40 60 80 Sn
Weight percent tin

Figure 17.6 Solidification and microstructure of the eutectic
alloy Pb-61.9% Sn.




Two solid solutions @ and f are formed during the eutectic

reaction. The compositions of the two solid solutions are given by the
ends of the eutectic line.

Since solidification occurs completely at 183°C, the cooling
curve (Figure 17.7) is similar to that of a pure metal.

300

200 —

183°

S

S

-
I

Temperature ("C)

0

Time

Figure 17.7 The cooling curve
for an eutectic alloy



(a)

(b)

(a) Atom redistribution during
lamellar growth of a lead—tin eutectic.

7(b) Photomicrograph of the lead-tin
| eutectic microconstituent (X 400).

| Figure 17.8 Solidification of an

eutectic alloy




Example 17.3

(a) Determine the mass and composition of @ and ff in 200 g of a lead-
tin alloy of eutectic composition immediately after the eutectic reaction
has been completed. (b) Calculate the masses of lead and tin 1n
a and [5. (c¢) Calculate the masses of tin and lead in the alloy.

Solution: (a)

(975 -61.9)
T (975-192)

X 200grams

a = 90.9 grams (mass) a 19.2% Sn (composition)
3 (619 —19.2) < 200
= (975-19.2) grams

B = 109.1 grams (mass) [ 97.5% Sn (composition)



N
(b)

in a phase the masses of tin and lead can be calculated as follows:

Sn = 0.192 X 90.9 grams Sn=17.5 grams
Pb = (909 — 17.5) grams Pb = 73.4 grams

in 5 phase the masses of tin and lead can be calculated as follows:

Sn = 0.975 x 109.1 grams Sn =106.4 grams
Pb = (109.1 — 106.4) grams Pb = 2.7 grams
(c)

Pb = mass of Pbin a +massof Pbin [}

Pb =73.4 grams + 2.7 grams Pb =76.1 grams



Sn = mass of Snina +massof Sninf

Sn =17.5 grams + 106.4 grams
Pb = 123.9 grams

200 grams of 61.9% Sn alloy total

76.1 grams Pb (total)
123.9 grams Sn (total)

/

90.9 grams of @ phase as
eutectic microconstituent

\

109.1 grams of f phase as
eutectic microconstituent

v ™\

Pb

2.7 grams




18. Iron-making

1. Iron production

Smelting:- Smelting of ron ore takes place mn
the blast-furnace as shown in figure below. A
modern blast-furnace 1s something like 60 m
high and 7.5 m in diameter at the base, and may
produce from 2000 to 10,000 tons of 1mon per
day.




Table : AMaterials involved
with a daily output of 2000
tonnes of pig iron

Charge Amount,
fonnes
Ore, say 50% iron 4 000
Limestone cCaCoO3 800
Coke 1 800
Air 8 000
Total 14 600
Products
Pig iron 2 000
Slag 1 600
Dust 200
Furnace gas 10 800

Total 14 600

s
Skip hoist

Steel shell

Refractery lining

Gas

Water-cocling
system

Tuyéra

Slag
w12 hogie

ST

A modern blast-furnace.



18. Iron-making
C+ 0, - CO, + heat
CaC0O5; = Ca0O + CO,
Co, +C - 2CO0

Fe,0, + 3CO— 2Fe + 3CO0,

Hematite (Fe,05 ,contain about 69.9%Fe)



Steel-making.

Steel-making:

the bulk of steel 1s made either by one of the
basic oxygen processes developed since 1952 or in
the electric-arc furnace.

1. Basic oxygen steel-making (BOS):

The process of steel-making i1s mainly one
involving oxidation of impurities present in the
original charge, so that they form a slag which
floats on the surface of the molten steel or are lost
as fume. The 1mpurities, mainly carbon,
phosphorus, sulphur, silicon and manganese.



Steel-making.

The basic oxygen converter uses no additional
fuel. The pig iron impurities (carbon, silicon,
manganese, sulphur and phosphorous) serve as fuel.

Oxidizing stage

At this stage the heat, produced causes oxidizing
phosphorous, sulphur, silicon and manganese. The
oxides are absorbed into the slag. By the end of the
stage the slag 1s removed.



Steel-making.

A

Molten
pig iron




Steel-making.

2. Electric-arc steel-making:

Electric-arc steel-making 1s now the only
alternative process to BOS. the chemical
conditions within the electric-arc furmace can be
varied at will to favour successive removal of
the various impurities present in the charge.

Sulphur, which was virtually impossible
to eliminate 1n either the Bessemer or
openhearth processes, can be effectively reduced
to extremely low limits in the electric-arc
process.



Steel-making.

o — Electrodes
Swinging door i

_ N Charging
Pouring spout Q door




Steel-making.

Hence the main advantages of the arc
process are:

(1) Removal of sulphur is reliable.

(2) Conditions are chemically 'clean’ and
contamination of the charge is impossible.

(3) Temperature can be accurately controlled.

(4) Carbon content can be adjusted between fine
limits.

(5) The addition of alloying elements can be made
with precision.



Thermal equilibrium diagram for Iron-iron carbide. ‘

Cooling curve for pure iron

1538°C \ Ligaid, = - T | et e e Nl
S (delta) Fe B.C.C.
1304°CH R e — =
y (gamma) Fe F.C.C.
nonmagnetic
ey e
0L @ (alpho) Fe B.C.C.
= nonmagnetic
£770°C- St

a(alpha) Fe B.C.C.

magnetic

Time ——




Thermal equilibrium diagram for Iron-iron carbide. ‘

Pure Iron
1538°C
*  Upon heating pure Iron experiences two Melts
changes in crystal structure.
* Atroom temperature it exists as ferrite. .
or o iron. 1394°C
8 Ferrite
BCC
*  When we heat it to 912°C it experiences a 91_2°C
polyvmorphic transformation to austenite. AY -
G ustenite
Oory1iron FCC
25°C
o Ferrite
P—— 2 i BCC
s At 1394°C austenite reverts back to a BCC .
phasec called & ferrite. <




‘ Thermal equilibrium diagram for Iron-iron carbide. ‘
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’ Thermal equilibrium diagram for Iron-iron carbide. ’

The important boundarigs (the lines) separating phases have some universally used abbreviations:

» Ay: The upper limit of the ferrite / cementite phase field (horizontal line going through the eutectoid point).
v Ay: The temperature where iron looses its magnetism

+ As: The boundary between the y austenite and the austenite/ ferite field.
» Ay: The pointin this case where 1 changes to  at high temperatures.
» Acy: The boundary between the y austenite and the austenite / cementite field.



Thermal equilibrium diagram for Iron-iron carbide.

Example (1)

Determine the percentage of alpha ferrite and cementite present just
below 723 °C 1n slowly cooled.

(a) 0.8% carbon steel.

(b) 2.0% carbon steel.

Solution: mm /
- ﬁczm 0.8% alloy 7F 5673

(a) 0.8%C 600} territe (@

’_f:‘:_:c_ . ad | 4003 ferrite + cementite u(::::]itc"""
""':5 "'ﬁ‘e ":” 2005 i 3 3 3 4 3 )

CARBON Pkl

 667-08

“= G667 —0025 100 a =88.3%
B 0.8 —0.025

FesC = 6.67 — 0.025 x 100 Fe;C =11.7%




Thermal equilibrium diagram for Iron-iron carbide.

(b) 2.0%C

8
0.025%  0O.8% 2.0%cC alloy 72 6.67%
territe {0)
ferrite - cementite ctmcntitc""”
{Fe,C)
2003 i 3 3 5 3 ¥
CARBON (%l
i s
——
0.025 ;,0 6,6';'
6.67 — 2 100
o = X
6.67 — 0.025 a =70.2%
2 — 0.025

Fe;C = X 100 _
€3 6.67 _ 0.025 F€3C —2989/0




Thermal equilibrium diagram for Iron-iron carbide.

Example (2)

A carbon steel contains 0.1% carbon. What will be the percentage of
pearlite present at just below 723 °C 1if 1t 1s slowly cooled from the

austenite state?

Solution:
Pearlite s
,_“______‘____ﬂ(_____________J__._.-—n.\‘
* . ¥
0.025 0.1 0.8
] 0.1-0.025
earlite% = ——— X100
p A) 0.8—0.025

pearlite =10.3%

!
4"‘

0.12:C O©-.-8%
\}Hc?lyritt {cC)




Thermal equilibrium diagram for Iron-iron carbide.

Example (3)

A carbon steel contains 1% carbon. What will be the percentage of
pearlite present at just below 723 °C if 1t 1s slowly cooled from the
austenite state?

S 1 austenite + cementite
olution:
1 /
120 alloy
O.8% 728 6.67%
territe (oc)
ferrite * ceamentite cementite ™|
1Fq!C]
o [] 2 3 4 s [ i
CARBON (°/]
Cementite Pearlite
- — — —— e i
0.8 : 6.67
e 6.67 — 1.0 100
pearlite% = 6.67 — 0.8 X pearlite =96.6%




Thermal equilibrium diagram for Iron-iron carbide.

Example (4)

A carbon steel contains 1.2% carbon. What will be the percentage of
cementite and pearlite present at just below 723 °C 1f it is slowly cooled
from the austenite state?

Solution:
-]
O.8% |1.2%C alloy 7230
territe [(o0)
ferrite + cementite cementite ™|
(Fe,C)
(s} i 2 3 4 g [ d
CARBON (o]
Cementite Pearlite
e — — — —_—
- AJ_ >
0.8 1.2 6.67



Thermal equilibrium diagram for Iron-iron carbide.

am\;'\/ g -

\ O.8% |1.2%Calloy 6.67%

600} territe (o)

400 ferrite + cementite cementite ™|
(Fe,C)
2005 i p: 3 s % 3 %
CARBON {%)
Cementite Pearlite
e R P e s
0.'3 :_2 5.;7
] o 12708
ementite” = -5 X Cementite = 6.8%
o 667-12
pearlite% = 667 —08"° 100 pearlite =93.2%




Thermal equilibrium diagram for Iron-iron carbide.

Example (5)

A carbon steel contains 0.4% carbon. What will be the percentage of
alpha ferrite and pearlite present at just below 723 °C if 1t 1s slowly
cooled from the austenite state?

Solution:
Pearlite Ferrite
{“'—'-——""‘—‘__"’r'_ — _—\I o
0.025 0.4 08 N 0.4pC O.8%
f\a”(‘)}l“
0.8—-04 OO0t territe (o)
alpha ferrite% = x 100
alpha ferrite% 08 — 0.025
alpha ferrite =51.3% ~C
liteos — 0.4 —0.025 100
peartite” = 0.8 = 0.025 H
pearlite =48.7% 2 o i




Thermal equilibrium diagram for Iron-iron carbide.

Example (6)

For the peritectic region of the iron-wron carbide phase diagram,
determine the composition and relative amounts of each phase just
above and just below the peritectic 1sotherm for 0.125% C alloy.

Solution:

(a) Above the peritectic isotherm  liguid

® 0,18

Liquid Delta ferrite

————

S £ v
s

0.1 0.125 05

& composition: 0.1% C

liquid composition: 0.5 % C

0.2 0.4 0.6
CARBON PFla)



Thermal equilibrium diagram for Iron-iron carbide.

oy 0.5 —0.125 100 o
= X
° T~ 05-0.1
T _
5% =93.7% B+ liquid
1500 g.loj, 0.18
liquid% 0.125-10.1 100
= X
R = s — 01
liquid% =6.3% 450
(b) below the peritectic 1sotherm
Austenite Delta ferrite
d f__ﬁ’—"—__—h" 1400
0.1 0.125 0.18 0 oz LT 06

& composition: 0.1% C

y composition: 0.18% C




Thermal equilibrium diagram for Iron-iron carbide.

Austenite Dalta ferrite
“,—.._____-L-..——-,r__ —
0.1 01125 013
S5 0.18 — 0.125 100

°~ 0.18-0.1
8% =68.7%

” - 0.125 — 0.1 [00
V=518 -01 *

y% =31.3%

B+ liquid

Q1% 0.5%
38 —1493°

1450

-4

O-2 0-4
CARBON Pl



Iron-Iron Carbide

Phase Diaosram (2



21. Thermal equilibrium diagram for Iron-iron carbide (2).

For the peritectic region of the iron-iron carbide phase

diagram, determine the composition and relative amounts of

each phase just above and just below the peritectic 1sotherm
tor .18% C alloy.




(a) Above the peritectic 15otherm

liquid

+ lliquid

0.18 %C alloy
~—1493°

0 composition: 0.1% C

liquid composition: 0.5 % C




0.18 %C alloy
~—1493°

05— 0.18

0ff =
e ny b 6% =80.0%

018 —0.1

liquid% = ——=—7=->100  Wjiquid% =20.0%




(b) below the peritectic 1sotherm

liquid

O'i‘g I . ' liquid
100% Austenite ; ’ e JRARRC AN
g [@]

Y ¥ + liquld
{austenite)

0.2 "0-4
CARBON Ph)

For alloy 0.18%C below the peritectic, there 1s only single
phase y :-




: liquid
- L%,
0.18 ] liquid
100% Austenite i P O IR s

+Y‘ Y + liquid
{austenite)

o2 0.4
CARBON Fb)

For alloy 0.18%C below the peritectic, there is only single
phase y :-

= 100% as the amount of austenite.



Example (8)

For the pentectic region of the won-iron carbide phase

diagram, defermng the composition and relative amounts of

cach phase just above and just below the pentectic 1sotherm
for (.35% C alloy




(a) Above the peritectic 1sotherm v

1500t Qb 13
Liquid Delta ferrite & -

B
0.35%C alloy
_4 h_M

Y 4 liquid

0 composition: 0.1% C

liquid composition: 0.5 % C




1493°
0.35%C alloy

\

%] 0.4 0.6
CARS8ON Fh)

0% =37.5%

o 0.35 — 0.1
ll(]llld% = 05— 0.1 X 10 llqu1d% =62.5%




(b) below the peritectic 1sotherm

°C
liquid
Austenite ™\ T
! § + liquid
1IS5O0} \

4 * 018 H493°
0.35%C alloy

Y 4+ liquld

Yy composition: 0.18% C
liquid composition: 0.5 % C

0.2 O-
CARBON )

0.5 — 0.35
ksl TR T ek Fa=.a




Liquid Austenite T

0.18 0.35 0.5

Yy composition: 0.18% C

liqguid composition: 0.5 % C

o 08035
1° T 0E 018

0.35 — 0,13
liquid% = x 1
IquIGA == e 100

"1493°
0.35%C alloy

\

Y% =46.8%

liquid% =53.2%




Example (9)

A cast iron contains 3.5% C:

(a) What will be the composition and amounts of austenite
and ledeburite at just below 1131°C?

(b) What will be the composition and amounts of alpha
ferrite and cementite at just below eutectoid temperature?

Solution:

(a) At just below 1131 °C.

Ledeburite Austenite

composition: 2% C



A cast 1iron contains 3.5% C:

(a) What will be the composition and amounts of austenite
and ledeburite at just below 1131°C?

(b) What will be the composition and amounts of alpha
ferrite and cementite at just below eutectoid temperature?

(a) At just below 1131 °C.

Ledeburite Austenite

X e
43

vl
AL

35
Yy composition: 2% C
ledeburite: 4.3% C




Ledeburite

Austenite

aqustenite
(¥)

liquid +
austenite
2.0

+

cementite

H3r

Ledeburite + Al

austenite

stenite—

4.3%

3.5%C alloy

+ cementite

\\’ 0.8%
“territe {eC)

ferrite - cementite

cementite
(Fe,C)

—~




12004
agustenite

(¥)
1000

800

LLA L LU B
qustenite
M
edeburite + Al

austenit

- 4.3%
3.5%C alloy

3 - cementite

0.8%
600} territe ()

Ledeburite Austenite
i SO 2 —

¥
<

ledeburite% =

ferrite

cementite

cementite
(Fe,C)

-~

—
43

3.5 —2

X
43 — 2 e

3 )
CARBON (%)

Y% =34.7%

6

ledeburite% =65.3%



(b) At just below eutectoid temperature:

Cementite

(\ ’
>~ X
0.025 3.5

ferrite composition: 0.025% C

Cementite composition 6.67% C

6.67 — 3.5
X
6.67 — 0.025
3.5 — 0.025

100

ferrite% =

ferrite% =47.7%




errite composition: 0.025% C
f p

v

Cementite composition 6.67% (

6.67 —3.5

ferrite% = & o7 —0.025 < 100 M ferrite% =47.7%

3.5 — 0.025

cementite% = 6.67 — 0025 " 100 W comentite% =52.3%




Ferrous alloys:

This term 1s used for those alloys that contain iron
as the main constituent, for example steel and cast iron.

Non-ferrous alloys:

This term 1s used for those alloys whose main
element 1s any metal other than iron.

Pure iron:




Types of steel:

1. Plain carbon steel:

also called carbon steel, 1s steel where the main
alloying constituent 1s carbon and having carbon content
from about 0.03% to about 1.2%. In addition, manganese
and silicon are almost included to overcome the effects of
the two main 1mpurities of sulphur and oxygen which
arise from steel making process. Plain carbon steel can be
divided 1nto three types:




a. Low carbon steel:
have a carbon content less than 0.30%.
b. Medium carbon steel:

have a carbon content in the range of 0.30—0.60%.

c. High carbon steel:

have a carbon content more than 0.60%.




2. Alloy steel:

the term alloy steel is used where significant amounts
of elements such as nickel, chromium, molybdenum,
manganese, silicon and vanadium are included.

There are three types of alloy steel:

a. Low alloy steel:

when the total amount of alloying elements 1s less than 2%.



b. Medium alloy steel:

when the total amount of alloying elements is between 2%

& 10%.

c. High alloy steel:

when the total amount of alloying elements 1s more than
10%.




Impurities in steel

1. Manganese:

a. It 1s soluble 1n austenite and ferrite and forms a stable
carbide, Mn;C.

b. Manganese increases the depth of hardening of a steel.
It also improves strength and toughness.

c. Manganese should not exceed 0.3% 1n high-carbon
steels because of a tendency to induce quench cracks
particularly during water-quenching.




a. It 1mparts fluidity to steels intended for the
manufacture of castings i amounts up to 0.3%.

b. In high-carbon steels silicon must be kept low, because
of 1ts tendency to render cementite unstable and liable to
decompose into graphite and ferrite.




3. Phosphorus:

a. It 1s soluble 1n solid steel to the extent of almost 1%.

b. In solution phosphorus has a considerable hardening

effect on steel but 1t must be rigidly controlled to

amounts of 0.05% or less because of the brittleness 1t
imparts, particularly if Fe; P (iron phosphide) should
appear as a separate constituent in the microstructure.




4. Sulphur:

a. It 1s the most deleterious impurity commonly present
in steel.

b. Sulphur is completely soluble in molten steel but on
solidification the solubility falls to 0.03% sulphur. It
would tend to form the brittle sulphide, FeS, which render
steel unsuitable for hot-working and cold-working.

d. To stop the effects of the sulphur present an excess of
manganese 1s therefore added to form MnS in preference
to FeS which 1s insoluble in the molten steel and some lost

in the slag.




Atmospheric nitrogen 1s absorbed by molten steel during
the manufacturing process. It causes serious embrittlement
and render the steel unsuitable for severe cold-work.

6. Hydrogen:

Hydrogen 1ons dissolve interstitially in solid steel,
resulting in embrittlement. This hydrogen may be dissolve
during the steel-making process.




Cast iron:

1. Cast 1ron 1s one of the oldest ferrous metals in commercial
use.

2. It 1s primarily composed of 1ron (Fe), carbon (C) and silicon

(S1), but may also contain traces of sulphur (S), manganese
(Mn) and phosphorus (P). It has a relatively high carbon
content of 2% to 5%.

3. It 1s typically brittle, but has excellent compressive strength
and 1s commonly used for structures that require this property.




Types of cast iron:

1. Gray cast iron.

2. Spheroidal graphite (Ductile) cast iron .

3. White cast iron .

4. Malleable cast iron.




1. Gray cast iron.

a. Gray cast iron is one of the most widely used
castings and typically contains between 2,5% and 4%
carbon, and between 1% and 3% silicon.

b. When a gray iron casting fractures, the fracture
surface appears gray because of the presence of
exposed graphite.

c. Gray CI products are valve bodies, valve parts,
machine tool housings, and brake drums.




Grav cast iron microstructure




2. Spheroidal graphite (Ductile) cast iron .

a. Ductile cast iron, also known as nodular iron or
spheroidal graphite iron, the free graphite precipitates
from the melt as spherical particles rather than flakes,
This is accomplished through the addition of small

amounts of magnesium or cerium, resulting in higher
strength and toughness compared with gray cast iron
of similar composition.

b. It is widely used in crankshafts.




Spheroidal cast iron microstructure



3. White cast iron .

a. White Cls are hard and brittle and cannot be
machined easily. White Cl is the only member of the CI
family in which carbon is present only as carbides.
Because of the absence of graphite, it has a light

appearance.

b. Most white cast irons contain less than 4.3% carbon,
with low silicon contents to inhibit the precipitation of
carbon as graphite.

c. White cast iron derives its name from the white,



tructure

ICIOS

>
G
0
-
s
7))
\
O
)
-
2




4. Malleable cast iron.

a. The microstructure provides properties that make
malleable irons ideal for applications where toughness
and machinability are required,

b. Malleable cast iron is produced by heat treating
white cast iron.

c. Malleable cast iron has been widely used for
automotive, agricultural and railroad equipment; and
pipe fittings.




Malleable Cast lron Microstructure




Stainless steel: 1s an alloy of [ron with a minimum of
10.9% Chromium. Chromium produces a thin layer of
oXide on the surface of the steel. This prevents any
further corrosion of the surface. Increasing the amount
of Chromium gives an Increased resistance to
corrosion.




Heat Treatments
of Steel

Part 1 Annealing & Normalizing



Heat treatment:

a combination of heating and cooling operations,
timed and applied to a metal or alloy in the solid state in
a way that will produce desired properties.

Types of Heat treatment:

the various heat-treatment processes can be
classified as follows:

1. Annealing.
2. Normalising.
3. Hardening.
4. Tempering.
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1. Annealing:
this process consists in heating the steel to the proper

temperature and then cooling slowly 1n the furnace.

annealing processes for steels can be classified as
follows:

a. Stress-relief annealing.

b. Spheroidising anneals.

c. Annealing of castings.



nealing of castings.
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a. dtress-reliel annealng.

this process 1s useful in removing residual stresses
due to heavy machining or other cold-working
processes. It 1s usually carried out at temperatures below
the lower critical temperature (540-650°C ).

b. Spheroidising anneals.

the spheroidised condition i1s produced by annealing
the steel at a temperature between 650-700 "C, that 1s,
just below the lower critical temperature A, When in
this condition such steel can be drawn and will also
machine relatively readily.
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S.
this process 1s useful in refining the grains and

improving ductility and toughness of the casting. It 1s
usually carried out at 40°C above the upper critical
temperature A, for hypoeutectoid steel and above the
lower critical temperature for hypereutectoid steel.

2. Normalising:

the normalising of steel 1s carried out by heating
approximately 40 °“C above the upper critical
temperature A, followed by cooling in still air to room
temperature. The purpose of normalising 1s to produce a

harder and stronger steel than full annealing (annealing
of castinges)
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Heat Treatments
of Steel

Hardening & Tempering



3. Hardening:

when a piece of steel, containing sufficient carbon, 1s
cooled rapidly from above its upper critical temperature
it becomes considerably harder than 1t would be 1f
allowed to cool slowly.

The quenching medium 1s chosen according to the

rate at which 1t 1s desired to cool the steel. The following
list of media 1s arranged 1n order of quenching speeds:

a. 5% Caustic soda. g. Vegetable
b. 5-20% Brine. e. Mineral oil.




The quenching medium 1s chosen according to the
rate at which 1t 1s desired to cool the steel. The following
l1st of media 15 arranged 1n order of quenching speeds:

a. 3% Caustic soda. sl d. Warm g. Vegetable

b. 5-20% Brine. e. Mineral o1l.

¢. Cold water. f. Animal o1l.
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Can be considered diffusionless transformation, there
1S no composition change after transformation.

Diameter of interstitial site Diameter of interstitial site

=0.104nm =0.072nm Diameter C atom =0.154nm
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4.Tempering:

1s a process 1n which previously hardened steel 1s
usually heated to a temperature below the lower
critical temperature and cooled at a suitable rate
(usually 1n still air).

The purpose of tempering 1s:
1. To relieve residual stresses.

2. To improve ductility and toughness of the steel.

3. To increase the grain size of the matrix.

The increase 1in ductility 1s usuallv attained at the



The purpose of tempering 1s:
[. To relieve residual stresses.

2. To improve ductility and toughness of the steel.

3. To increase the grain size of the matrix.

The ncrease 1n ductility 1s usually attamned at the
sacrifice of the hardness or strength.
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Surface hardening

Many machine parts such gears shafts railroad need to be
hard at surface to resist wear and fatigue and also be
ductile and tough to withstand impact loads.

This demand can be achieved by using Surface Hardening.

Surface Hardening: is a process by which a steel is given a
hard, wear resistant surface, while retaining a ductile but
tougher interior.




Surface hardening is usually done for the following
reasons:

To improve  wear
2. To improve resistance to high contact stresses.

3. To improve fracture toughness.

4. To improve fatigue resistance, and, sometimes:

5. To improve corrosion resistance.




Surface hardening techniques can be classified into two major
categories:

1. Processes that do not change the surface chemical
composition (selective surface hardening or local thermal
surface hardening)

2. Processes that change the surface chemical composition
(case hardening or thermochemical processes).







1. Processes that do not change the surface chemical
composition:

These processes are also called localised heat treatment
because only the surface is austenitised and quenched to
produce martensite.

The basic requirement for these processes is that the steel
must have sufficient carbon and hardenability to achieve the
required hardness at the surface (medium carbon steels are
usually suited for these processes)




Selective surface hardening are classified according to the
heating source into:

a- Heating by high frequency current.

b- Heating by oxyacetylene flame.

c- Heating by molten lead.

d- Heating by an electrolyte.




Surface hardening
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Surface hardening

2. Case hardening (thermochemical processes):
Case hardening methods include:

a. Carburizing

b. Nitriding

c. Carbo-nitriding

d. Cyaniding




Surface hardening

a. Carburizing:

is a hardening process in which carbon is introduced into the
surface layer of the steel.

The depth of carburized layer depends on:

a- Chemical composition of steel.

b- Carburizing media (solid, liquid, or gas).

c- Time and temperature of carburizing.



Surface hardening

The carburizing layer consists of:

a- at the surface, eutectoid steel layer such as 0.8 %carbon or
pearlite only.

b- at the core hypo eutectoid steel layer i.e. ferrite+pearlite.
Carburising is done on low carbon steel (< 0.25 %C)

Carburized layer thickness is usually (0.1 - 5 mm) thick packed -
carburizing mixture consist of (75 - 80 %charcoal + 25 - 20 %
either sodium carbonate (Na2Co3) or Barium carbonate (BaCo3)
as catalyst.




Surface hardening

The carburising time varies between 4 - 70 hours.

The carburizing process does not harden the steel, it only
increases the carbon content to a desired depth below
the surface.




Surface hardening

PACK CARBURIZING PROCESS

Heat to carburizing temperature
& P Part to be

carburized

Activated
- charcoal

Sealed Steel

Container - Carbon
Monoxide

C = Carbon on the surface of the part
CO = Carbon monoxide gas that is circulated around the part




Surface hardening

Pack Carburizing
Procedure:

a. In pack carburising, the steel piece is packed in a steel
container and completely surrounded with charcoal.

b- Put the box inside the furnace. Heat to 950°C.

c- After the temperature reached 950°C switches off the
power after (3 hr).




Surface hardening

d. The charcoal is treated with sodium carbonate
(Na2Co3) or Barium carbonate (BaCo3), which promotes
the formation of CO.

e. CO reacts with the low carbon steel surface to form
atomic C, which diffuses into the steel.

f. Quenching is difficult in pack carburising. Usually the
part is allowed to cool slowly and then hardened and
tempered.



Surface hardening

After the furnace cools to room temperature, heat-treat the
steel Specimen as follows:

a- Normalizing the steel specimen from 900°C to toughen the
core.

b- Water quench from 760°C to harden the surface.

c- Temper at 200°C to release internal stresses.




25. Copper and its alloys (1)

Properties of copper:_f

1. Copper has a density of 8.93 kg/l.

Al It has a very high elecinczﬂ and thermal conductivity. I

3. It can be m&mpulated by either hot or cold working.

4. Pure copper is very ductile and rﬂlanvefy Weak.J

5. The tensile strength and hardness can be increased by working.

6. Copper has good corrosion resistance. This is because there is
a surface reaction between copper and oxXygen in the air which
results in the formation of a thin protective oxide layer.

.....
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Production of copper:

_ Very pure copper can be produced by an electrolytio
| refining process. An impure slab of copper is used as the anode
while a pure thin sheet of copper is used as the cathode and the
two electrodes suspended in a warm solution of dilute sulphuric

acids as shown in figure below:
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Expearimental set ap for the electrotytic refining
of copper.
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The passage of an electric current through the cell causes
copper to leave the anode and become deposited on the cathode.

The result is a thicker, pure copper cathode ;vhi]e the

| anode effectively disappears, the impurities having fallen to the
| bottom of the container.

The copper produced pb}f this process is often called
cathode copper and has a purity greater than 99.99%.

It is used mainly as the raw material for the production of
alloys. :




:(26. Copper and i’tS alloys (2;J

Copper alloys:

There are two main types of copper alloys:

I. brass

II. bronze

(£ brass: ]

The brasses are copper-zinc alloys containing up to about 43%

zinc. These alloys are of importance in view of the great variety of
mechanical properties that may obtained. '




I' Properties of brass: =

[ 1. The brasses may be divided into the cast and the wrought vm'iaﬂes.j

[} 5

[ Suitable types of brass lend themselves to the following processes:
A ~astmg.  b. Hot forging.  ¢. Cold forging. d. Cold rolling ' -
into sheets. e. dram;iﬁg into wire f Extruded through dies to
give special shaped bars, BEVANGET T

ﬂ3 By adding small Guantities of other elements such as Al, Fe, I!ia:hﬂ
and Sn, the strength of brass may be greatly increased from its normal
strength of 300 to 400 N/mm? to as high as 600 N/mm?2 .

4. The melting point of brass varies according to its composition
| between temperatures of 850°C and 950 °C. i

E. Hard brass may be softened by heating to about 750°C. =5

6. To improve the machining quality of brass 1 or 2% of|
| lead is often added.




II. bronze:
FE il ) e 0 3) )

Copper-tin alloys are known as tin bronzes. The term bronze
was originally applied to an alloy of copper containing tin, but the term
now used to describe a variety of copper-rich material, including:

1. Aluminum bronze. | "

2. Manganese bronze.

3. Silicon bronze.

4. Tin bronze.




Bronze making:

1. Bronze is made by heating and mixing the molten metal cﬁnstitucnta

2. When the molten mixture is poured into a mold and begmﬂ:- to|
| harden, the bronze expands and fills the entire mold. — /'~

L

3. Once the bronze has cooled, it shrmks shghtljfr and can easily be
removed from the mold. .- R

Properties'bronze:

1. Bronze is stronger and 'narder than any other common alloy except
steel. 1 - TN G

2. It does not easily break under stress.



E. It is corrosion resistant. J

machining,

4. It is easy to form mm f nished shapes by molding, casting, or

—

them useful for br&zmg

| 3. Bronze have a low melting point, a characteristic that makes

When used as brazing material, bronze is

' hgated_abnve 430°C.

I'é_ Lead is often added to make bronze easier to machine.



27. Aluminum and its alloys (1) :

FProperties of aluminmm:

1.

Aluminum has a density of 2.7 kg/l. Whereas for iron is 7.9 kg/l

2.
N/mm? , Whereas for iron alloys is about 210 > 103 N/mm? .

Aduminum alloys have a modulus of elasticity of about 70 > 103

3.

Aluminum alloys strength to weight ratio are comparable with
that of iron allovs.

4.

' Good corrosion resistance of aluminum is due to thin oxide layer on

its surface.

. Pure aluminum is wealk, very ductile material.

. It has an electrical conductivity about two-thirds that of copper but

weight for weight is a better conductor.

i

- Aldluminum of high purity is used as a lining for vessels.

. Small percentage of alloying elements in aluminum increases the

tensile strength and hardness.

. The tensile strength and hardness can be increased by working.




C’Iﬂssiﬁmﬁﬂﬁ m" griumfﬂum:%ﬂngﬁ:

Aluminum alloys can be divided mto two groups: W

1. Wrought allu}rsé—‘

ey

' b. Non-heat t-t*egj;gd wrﬂugh-tm_é_dlﬂys




2. Cast allovs:

a. Heat treated cast alloys.

b. Non-heat treated cast alloys.

Wrought alloys:

This term is used for an alloy that is suitable for shaping by a
working process, such as, forging. extrusion. and rolling.

Cast alloys:

This term is used for an alloy that is suitable for shaping by a
casting process.

Non-heat treatable alloys:

Such alloys have properties which are affected by work
hardening.

Heat treatable alloys:

Such alloys can have their properties changed by heat
treatment.




I. Alwrnrirnirm H&wug,&f alfoys:

a. Non-fiear freatable wrought alioys:

Common alloys in this type are aluminum with
manganese and/or magnesium.

The non-heat treatable wrought alloys of aluminum do
not significantly IESIJC}H(I to -heat treatment but hawve their
strength developed by extent of the working to which they are
subject.

]

b, Heat freatable wrowuchir alloys:

1. The heat treatable wrought alloys can have their prﬂparhes
changed by heat treatment.

2. Copper, magnesium, zinc and silicon are common additions

to aluminum to give such alloys.

3. Al depend on ﬁge hardeniilg to develop their full strength
properties.

214



28. Aluminum and its alloys (2) |

2. Aluminum cast alloys:

An alloy for use in the casting process must flow readily to all
parts of the mould and on solidifying should not shrink too much.

Advantages of aluminum casting alloys are:

1. Light weight.

2. Relatively low melting temperatures.

3. Good surface finish.

4. Good fluidity.




Types ot aluminum casting alloys are:

(a) Alloys based on aluminum-silicon:

with between 9% and 13% silicon are widely used as casting
alloys with both sand and die caatmg

The addition of silicon
to aluminum increases its
fluidity, between 9% and 13%
giving suitable fluidity for
casting. |




? Aluminum-silicon alloys are widely used for both sand and die
| casting with such application as:

E. Car Smnpé. f

2. Gear boxes.

3. Radiators. J

4. Wide variety of thin-walled and complex castings.

_ The addition of copper to aluminum-silicon alloys results in
| advantages and disadvanta ges as follows:

1. Advantages:

 a. Increase strength. b. Improve machinability.




] The addition of copper to aiumiﬁumasiiicon alloys results in
| advantages and disadvantages as follows:

J 1. Advantages:

[a. Increase strength. r fh- Improve machinability. [

[2. Disadvantages:

a. Reduce castability. rb. Ductility decreases. [

¢. Lower corrosion resistance. i

(b) Aluminum-magnesium alloys:

1. These alloys contains about 4% magnesium. ]

2. These alloys are widely used for sand casting. f

3. They have excellent corrosion resistance and are often used for
marine application.




(¢) Heat treatable aluminum casting alloys:

The addition of copper, magnesium, silicon and nickel to
aluminum alloys, either singly or in some suitable combinations, can
enable the alloy to be heat treated, such as:

1. An alloy has 5.5% silicon and 0.6% magnesium.

2. An alloy has 4% copper, 2% nickel and 1.5% magnesium.



|29 Corrosion & its prevehtiqn |

Conusiny_:J

| the term corrosion is used to describe an unintentional
chemical reaction between a metal and its environment which results
in degradation as a result of the removal of the metal or ifs conversion
§ mto an mude or snme nther cnmpuund




Types of corrosion:

1. Dry corrosion:

the term dry corrosion is often used for the degradauon
resuitmg from exposure to the atmosphere, chemical ﬁ!mes steam and

ﬂue gases.

P 2. Wet cmrrnsinn:

| “the term wet corrosion is often used to describe the cc)rrﬂsmn
resuitmg from exposure to natural conditions such as a damp |
atmasphere sea water, river water and to artificial wet conditions such

as chemicals. |
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3. Stress cormsiﬂn:

, this type: of corrosion is the result of the combined effects {)f
' stre:ss and corrosion enwrunment

TR P P —




I. Dry COrrosion:

is a reaction between a metal and a g&s ‘such as the nxygen m

the: air. The reaction between a metal and oxygen can be summanzed
= 1

—rrm
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metal + oxygen = metal oxide

| Metal oxides are generally ionic compounds and so in the.
 above reaction we have metal and oxygen ions combining to give the
:metal oxide. The action is better described as taking place in stages,

the following illustrating the case where divalent metal M ions are
mvolved '
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a. The metal atoms form i1ons and free electrons:

M — M*2 - 2e™

F 1 ™
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b. The oxygen molecules pick up electrons to become oxygen ions: |

1
502 + 2e” — 0-2

[ ¢. Metal ions and oxygen ions combine to form an ionic oxide::

M*2 +07%2 5 MO

%ﬂl Feltt et ‘
f;f}’,?}’ e o
4’*’// o 2em—> - 1203+ 2¢7=077
%/_"u\ IS LR '//

- /{'.-:J: P - H-—-—-‘ . —"—- wlind '.4'"
A B - 0,.
iri-/"‘j’f“!_g - E = :‘ = '.' "‘ il i . | e " ‘.4'.. .
;lran/f/ -0 -, oxXide scale - T . C. air

-
-

Figure (29.1) Reactions at the surface of iron in contact with the atmosphere. |



Initially, with a clean metal surface exposed to oxygen, |
'the oxygen molecules dissociate into ions which then bond with |
me:tal ions in the surface of the metal to form an oxide layer. |

b Aoy e Y Ee o petim e

1

If th1s layer is p(}mus, the nxygen is able to pass through
the oxide layer to reach the underlying metal surface and the |
rea;ﬂtmn continues. '
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2 Wet curmsmn

. 1S essentlally an electrochemical proce:ss resultmg in part
‘or all of the metal being transformed from the metallic to the | :
101114:: :.tate

v T L ST L . T o s vy e = e e e T T e e

‘wet corrosion reqmres a flow of electrlmty ‘between ;
certam areas of i metal surface thxough an electrﬁlyte




the following features are essential In any case of wet
corrosion: : |

e ke B e S R L

( 1 )- El ectrulyte

R

T S —

| 1S a:ny solution that contains ions. Ions are clectnc:all}r'_f
'charged atoms. Pure water, for example, contains positively
charged hydrogen ions (H™*) and negatively charged hydroxyl
Cions (OH ™) in equal amounts. The electrolyte, therefore, may be |
'plain water, salt water, or acid or alkaline soluations of an}f

' cuucentratlnn

Rl o EE P —— i TS
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(2) Electrodes

; to ccrnlplete the electric -:u'c:uﬂ there must be two |
'L_El’l?lrtrﬂdﬂﬁ, an anode and cathode, and they must bf:: cnnnected

: Thﬂ ei&ctrﬂdéé may be two diffe:renf ]..{_.i_'[.'.l.dﬂ r:r.f ﬁetals, or fhey
- may be diﬁ'erent areas on the same ]JIE*I::_\_E nf rnetai_

P — S ———

F(.S }- Potential difference

- in order  for clcctru..ll:_'g.r to flow there must be a. potential
dxfferance between the electrodes. '
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- in order for electru,xty to flow there must be a potenual
dxfference between the electrodes. :

[a- Wet corrosion as different areas on the same piece of metal: _j

: for examplc consider zinc metal immersed in an acid
: solution containing /A1 ions. At some regions on the metal surface,
fzinc will experience oxidation or corrosion as illustrated in figure °

(29 2), and accord:ng to the reaction:

Ac it solution

Y
- —

l’Fig'-’re (29.2) The electrochemical reactions associated with the ]

corrosion of zinc in an acid solution. :

Zn—-2Znte 4+ 22— 02 e (29.1)

Since zinc is a metal, and therefore a good electrical
conductor, these electrons may be transferred to an adjacent region
at which the % ions are reduced according to:




2H* +2¢” > Hy (%) | oo (29.2) |
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If no other oxidation or reduction reactions occur, the total
electrochemical reaction is just the sum of reactions (29.1) and

1(29.2), or:

IZ:{ _-+ nt? + 2;:# oxidation l
IFL’_H_"'_+ ZE__ - H, (gas} | redz:mtiﬂn J
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Zn + 2HY — Zn*? + Hy(gas) IR (29.3) |




Another example is the oxidation or rusting of iron in water,
which contains dissolved oxygen.

This process occurs in two steps; in the first, Fe is oxidized to
Fe*? [as Fe(OH),].

1 = .
F? + iﬂz + H,0 ."—!* FE{"Z. + 20H™ — FE(GH;JE F - (29.4)
l

| and ,:.n the second stage, to Fe*3 [as Fe(OH)3] , according to:

EEEP e

._. 1 -
[ZFE({}H)2+-2—OE + HEQ - 2Fe({?H}3 - \ - (29.5)

The compound Fe(OH)35 is the familiar rust.




30. Corrosion & its prevention

b Wet corrosion as two different kinds of metals:

not all metallic materials oxidize to form ions with the same
' degree of ease. Consider the electrochemical cell shown in figure |

H(30.1): . _ i

o salminn.
10088
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Figure (30.1) Reactions at th:a surface of iron in contact with the atmosphere. ;




On the left hand side is a piece of a pure iron immersed in a
solution containing Fe*? ions of 1 M (molarity) concentration.

The other side of the cell consists of a pure copper electrode in
a 1 M solution of Cu*? ions. The cell halves are separated by a
membrane, which limits the mixing of the two solutions.

If the iron and copper electrodes are connected electrically,
reduction will occur for copper at the expense of the oxidation of iron,
as follows: = °

Cu*? + Fe - Cu + Fe*?

or Cu*? ions will deposit (electrodeposit) as metallic copper
on the copper electrode, while iron dissolves (corrodes) on the other
side of the cell and goes into solution as Fe*? ions. Thus, the two
half-cell reactions are represented by the relations:




Fe — Fet2 4+ 2e~

Cu*? 4+ 2e - Cu

TR

- =

" An electric potential or voltage will exist between the two cell
halves, and its magnitude can be determined if a voltmeter is
connected in the external circuit. A potential of 0.780 V results for a
copper—iron galvanic cell when the temperature is 25 C.
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L Now consider another galvanic couple consisting of the same
| iron half-cell connected to a metal zinc electrode that is immersed in a
IM solution of Zn*? ions (Figure 30.2). In this case the zinc is the
anode and corrodes, whereas the Fe now becomes the cathode. The
electrochemical reaction is thus:

- s

w1~:"ne*‘*2i‘k Zn — Fe + Zn*? I




The potential associated with this cell reaction is 0.323 V.

0.323 V
Y A RS SEIND v T T
o — e
Voltmeter
l -
r s
272 2 0 B rahy E 4 a1
L Feree Fe?T | ol
AL 2) : 1 ;
R i 1 I :
GO | I i
i : .t ;
Fe® " solution : Zn?" solution, ,
1.0 AY 1 1.0 AS
= b b e N.l__ﬁ_ > e vl
Membrane

Figure (30.2) An electrochemical cell consisting of iron and zinc
electrodes.




| The standard EMF series: B

These measured cell voltages represent only differences in
electrical potential, and thus it is convenient to establish a reference
point, or reference cell, to which other cell halves may be compared.
This reference cell, arbitrarily chosen, is the standard hydrogen
electrode (Fig. 30.3). It consists of an inert platinum electrode in a IM

Aolutsor,
1O0M

L—'—'——— TP Ogen Onm, ) R PG

—)
AN Y e

——

Figure (30.3) The standard hydrdg-en reference half-cell.

-~

solution of H* ions, saturated with hydrogen gas that is bubbled
through the solution at a pressure of 1 atm and a temperature of 25°C.
The platinum itself does not take part in the electrochemical reaction; it
acts only as a surface on which hydrogen atoms may be oxidized or
hydrogen ions may be reduced.




Example 30.1

One half of an electrochemical cell consists of a pure nickel
electrode in a solution of Ni*2 ions; the other is a cadmium electrode
immersed in a Cd*? solution.

The half-cell potentials for cadmium and nickel are, respectively,
0403 and -0.250.V. If the cell is a standard one, write the overall

reaction and calculate the voltage that is generated.

Solution:

The cadmium electrode will be oxidized and nickel reduced
because cadmium is lower in the emf series, thus, the overall reactions

will be: —

Cd — E";'.l-"'z -+ EE”“_.J

Ni*Z + Cd — Ni + Cd*? |

T S Y A o e B e ——— e e

and the voltage that is generated equal: j

AV = Vyy —Vea | | AV = —0.250 v — (—0.403 v) |

AV = +0.153 v |




Stress corrosion:

|

Variations in stress within a metal of a component can lead to the
production of cells and hence corrosion. A component which has part of it
heavily cold-worked and part less cold-worked will contain internal
stresses which can result in the heavily worked part acting as an anode |

and the less-worked part as a cathode. Therefore the heavily worked part
| corrodes most.

Methods for preventing corrosion :
. many methods are used industrially to prevent corrosion, the most
important are:

!

1. Use of high-purity metals:

in most cases, the use of high-purity metals tends to reduce corrosion
by minimizing inhomogeneities, thereby improving corrosion resistance.




2. Use of alloy additions:

—

alloy additions may reduce corrosion by several methods. For
example, the addition of titanium, chromium, or nickel.

s —— o —— e

3. Use of special heat treatment:

.5 heat treatment which leads to homogenization of solid solution,
tends to improve corrosion resistance. L B

L e e —

—m

a. Contact with the corroding agent should be kept to a minimum.

b. Joints should be::-_pru;peﬂy designed to reduce the tendency for
liquids to enter and be retained. B —— |




c. Contact between materials for apart in the electromotive
Escries should be avoided. If this can not be done, they should

| be separated by rubber or plastic to reduce the possibility of
] galvanic corrosion.

__"_5- Cathod Ecmf"mtﬂc fion:

is obtained by placing the metal that would normally corrode
in electrical contact with one that is more active in the emf series. The
more active metal thus become the anode.

The metals generally used to provide this type of protection are
zinc and magnesium. '

Ground ewvel

| Coated copper wire o
- Earth
welLza L ervironrTent
£ :‘E—_
,_,& BEackfill

Figure (30.1) Cathodic protection of an undergrﬁuxid pipeline us-ir_ig a
magnesium sacrificial anode -
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I 6. Use of inhibitﬂE:_J

-

inhibitors are chemicals which when added to the corrosive
solution reduce or eliminate its corrosive effect. In most cases, the
inhibitor will form a protective layer on the metal surface, such as
antifreeze mixtures used in automobile.

T

7. Surface coatings:

such as:
a. Paint.
b. Metallic coating, such as galvanized steel (zinc-coated steel).
¢. Electroplating, such as chromium plating.

&. Modification of the environment:

Corrosion can be prevented or reduced by modification of the
environment. Residual water vapour within the package can be

removed by including a desiccant such as silica gel within the
package.
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