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Preface

Material” is the word which is associated with every object existing in the universe. The

knowledge of material enhances our understanding of physical world.

The aircraft designis based onthe suitability of material considering the various factors such
asweight, strength, cost, reliability and easy availability. The knowledge of aircraft material
is essential for aspirant of Aircraft maintenance engineering to get through their DGCA

Licence papers and translate this knowledge on their day to day work in aviation field.

This book is prepared by L.N.V.M. Society Group of Institute, with the dedicated efforts by
it's experienced faculty and staff with the view to sumup the vast material details under single

covertoimpartthe essential knowledge to AME trainees to succeed in their aspired carrier.

My thanks are due to those who helped me to bring out this valuable edition.

I would very much appreciate criticism, suggestions and detection of errors from the readers

which will be grate fully acknowledged.

Arjun Singh
Senior Instructor

PN M. Soriety Group of Institutes Bated : Aug. 2006
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CHAPTER-1
TERMS AND DEFINITIONS

VARIOUS PHYSICAL TERMS USED INWORKSHOP TECHNOLOGY

Terms used in describing the properties of materials should be clearly understood by the reader. Many of these terms
have acquired popular meanings which are not necessarily corrects, while  others are very hazy in the minds of a
majority of people. Itis the author’s intention to define these terms in the following pages so that a firm foundation may
be established from the equation point of view.

Hardness

Hardness is the property of resisting penetration or permanent distortion. The hardness of a piece of metal can usually
be increased by hammering, rolling, or otherwise working on it. In the case of steel, some aluminium alloys, and a few
other metals, hardness can also be increased by a heat treatment. A modified heat treatment known as annealing will
soften metals. Increased hardness and strength go hand by hand. Testing apparatus has been developed for testing
hardness rapidly by without destroying or harming the tested metal or part. The principle usually employed in this type

of apparatus is to sink a hardened steel ball under a definite load into the material being tested. The impression made by
the ballis to be measured and recorded; the smaller the impression, the harder the material. For each type of material there
is a fairly definite relationship between the depth of penetration (which is represented by a Hardness Number for
convenience) and the ultimate strength of the material. Tables have been worked up for different materials based on this
relationship. By means of a simple hardness test and the use of such a table, the approximate tensile strength of a piece
of material or finished part can be obtained without cutting out tensile test specimens or mutilating the part.

Brittleness

Brittleness is the property of resisting a change in the relative position of molecules, or the tendency to fracture without
change of shape. Brittleness and hardness are very closely associated. Hard material is invariably more brittle than soft
material. In aircraft construction the use of too brittle material must be avoided or failure will be caused by the shock
loads to which it will be subjected.

Malleability

Malleability is the property of metals which allows them to be bent or permanently distorted without rupture. Itis this
property that permits the manufacture of sheets, bar stock, forging, and fabrication by bending and hammering. It is
obviously the direct opposite of brittleness.

Ductility

Ductility is the property of metals which allows them to be drawn out without breaking. This property is essential in the
manufacture of wire and tubing by drawing. Itis very similar to malleability and, in fact, is generally used in place of tha
term to describe any material that can be easily deformed without breaking. Thus in aircraft work a material is usually
referred to as soft or hard, or else is ductile or brittle. Ductile material is greatly preferred because of its earg of formi
and its resistance to failure under shock loads. In order to obtain the required strength it is often necessary, however, to
use a hard material.

Elasticity

Elasticity is the property of returning to the original shape when the force causing the change of shape is removed. All
aircraft structural design is based on this property since it would not be desirable to have any member remain
permanently distorted after it had been subjected to aload. Each material has a point known as the elastic limit beyond
which it cannot be loaded without causing permanent distortion. In aircraft construction, members and parts are so
designed that the maximum applied loads to which the airplane may be subjected will bear stress above their elastic limit.

Density

Density is the weight of a unit volume of the material. In aircraft work the actual weight of a material per cubic inch is
preferred since this figure can be used in calculating the weight of a part before actual manufacture. The density of a
material is an important consideration in deciding which material to use in the design of a part.

Fusibility
Fusibility is the property of being liquefied by heat. Metals are fused in welding. Steels fuse aro4Rge250Mnium
alloys around 110G
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Conductivity

Conductivity is the property of transmitting heat or electricity. The conductivity of metals is of interest to the welder as
it affects the amount of heat he must use and, to a certain extent, the design of his welding jig. Electrical conductivity
is also important in connection with the bonding of airplanes to eliminate radio interference.

Contraction and Expansion
Contraction and expansion are caused by the cooling or heating of metals. These properties affect the design of
welding jigs, castings, and the tolerances necessary for hot rolled material.

HEAT-TREATMENT TERMS

Critical Range

Critical range , applied to steel, refer to the range of temperature betwe®hR. BBAO0L60U. When steel passes
through this temperature range, its internal structure is altered. Rapid cooling of the metal through this range of
temperature will prevent the normal change of the structure, and unusual properties will be possessed by the material
so treated. The heat treatment of steel is based on this phenomenon.

Annealing

Annealing is the process of heating steel above the critical range, holding it at that temperature until it is uniformly

heated and the grain is refined, and then cooling it very slowly. Other materials do not possess critical ranges, but
all are annealed by a similar heating process which permits rearrangement of the internal structure, followed by
cooling (either slowly or quickly), depending on the material. The annealing process invariably softens the metal and

relieves internal strains.

Normalizing

Normalizing is similar to annealing, but the steel is allowed to cool in still air - a method that is somewliariaster
annealing cooling. Normalizing applies only to steel. It relieves internal strains, softens the metal somewhat less than
annealing, and at the same time increases the strength of the steel by about 20% above that of annealed material.

Heat Treatment
Heat treatment consists of a series of operations which have as their aim to improvement of the physical properties
of a material. In the case of steel these operations are hardening (which is composed of heating and quenching)
and tempering.

Hardening
Hardening of steel is done by heating the metal to a temperature above the critical range and then quenching it.
Aluminium alloys are hardened by heating to a temperature abo%e &@® quenching.

Quenching
Quenching is the immersion of the heated metal in a liquid, usually either oil or water, to accelerate gts coolin

Tempering
Tempering is the reheating of hardened steel to a temperature below the critical range, followed by cooling as desired.
Tempering is sometimes referred to as “drawing”.

Carburizing

Carburizing is the addition of carbon to steel by heating it at a high temperature while in contact with a
carbonaceous material in either solid or liquid, or gaseous form. Carburizing is best performed on steels containing
less than .25% carbon content.

Case-hardening
Case-hardening consists of carburizing, followed by suitable heat treatment to harden the metal.

PHYSICAL-TEST TERMS

Strain
Strain is the deformation of material caused by an applied load.

Stress
Stress isthe load acting on a material. Internal stresses are the loads presentin a material that haslbeen straine
by cold working.
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Tensile Strength

This is often referred to as the ultimate tensile strength (U.T.S.). Itisthe maximum tensile load percéquare in
which a material can withstand. Itis computed by dividing the maximum load obtained in a tensile test by the original
cross - sectional area of the test specimen. In this country it is usually recorded as pounds per square inch.

Elastic Limit

The elastic limit isthe greatest load per square inch of original cross- sectional area which a materigtheah with
without a permanent deformation remaining upon complete release of the load. As stated under “ elasticity”, the aim
in aircraft design is to keep the stress below this point.

Proportional Limit

The proportional limit is the load per square inch beyond which the increases in strain cease to be directly proportional
to the increases in stress. The law of proportionality between stress and strain is known as Hooke's Law. The
determination of the proportional limit can be more readily accomplished than that if the elastic limit, and since they are
very nearly equivalent, the proportional limit is usually accepted in place of the elastic limit in test work.

Proof Stress

The proof stress is the load per square inch a material can withstand without resulting in a permanent elongation of
more than 0.0001 inch per inch of gage length after complete release of stress. With the standard 2- inch gage length
the limit permissible elongation would be 0.0002 inch.

Yield Strength
Yield Strength is the load per square inch at which a material exhibits a specified limiting permanent set or a specified
elongation under load. This load is fairly easily determined and is commonly used.

Yield Point
Theyield pointis the load per square inch atwhich there occurs a marked increase in deformation without an increase
in load. Only a few materials have a definite yield point. Steel is one of these materials.

Elongation (Percentage)

The percentage elongation is the difference in gage length before being subjected to any stress and after rupture,
expressed in percentage of the original gage length. The length after rupture is obtained by removing the two
pieces from the machine and piecing them together on aflat surface. The distance between the gage marks is ther
accurately measured.

Reduction of Area (Percentage)

The percentage reduction of area is the difference between the original cross-sectional area and the least cross
sectional area after rupture, expressed as a percentage of the original cross-sectional area. This information is seldom
used other than as an indication of ductility.

Modulus of Elasticity
The modulus of elasticity of a material is the ratio of stress to strain with in the elastic limit.
Thus

E = unit stress / unit strain.

ooo



CHAPTER-2
FERROUS METAL: PRODUCTION OF IRONS AND
THEIR PROPERTIES

INTRODUCTION

The readers have come across the names of several metals like iron, steel, aluminium, copper, nickel, lead, zinc, etc., in
connection with their metallurgical structures and properties. These metals and their alloys are extensively used in the
manufacture of various tools, equipment, instruments, machinery, etc. It is, therefore, necessary to discuss in details
their production, composition, specific properties, etc., in order to enable the readers to have a clear insight into these
metals which they are supposed to use in their every day work. The discussions in this chapter will mainly confine to
ferrous metals and their alloys while the nonferrous metals and alloy will be described in the next chapter.

CLASSIFICATIONOFMETALS

All the metals used in engineering work can be classified into two categories : Ferrous and Nonferrous. Ferrous metals
are those in which the chief constituent is iron, although other constituents like carbon, sulphur, manganese and
phosphorus, etc. also existin varying proportions. Iron, steel and their alloys fall under this category. Nonferrous metals
are those which do not contain iron. Metals like lead, copper, zinc and tin, etc. and their alloys fall under this category
of non-ferrous metal classification. Nonferrous metals are more costly as compared to ferrous metals, but their use in
many cases is unavoidable because of some special qualities they possess; like good conductivity of heat and
electricity, lightness in weight, good machinability, high resistance to corrosion and the property of being antimagnetic.

PIGIRON

Various stages, through which the raw material passes from the mined ore state to the finished product state in the
production of ferrous products, it will be seen that the first usable ferrous product obtained by smelting the mined ores
in a blast furnace is Pig iron. Before studying the actual production of pig iron it would be worthwhile to discuss the
raw materials used in the production of pig iron. The common raw materials required are :

1. Iron ore.
2. Fuel.
3. Flux.

Iron ores in our country are available in abundance in Bihar, Orissa, Madhya Pradesh, Mysore, Andhra Pradesh,
Tamilnadu, and in small quantities in some other states also. The following are the common varieties of iron ores. They
are normally found to occur in the forms (see Table2.2):

TABLE2.1. MAINIRON ORES AND THEIR CHARACTERISTICS

Ore Composition Form Percentyield of metal
Redhematite Ee, Oxide 60----70
Magnetite FeO, Oxide 62-----72
Limonite FgO,H,0 Oxide 40----60
Iron pyrite ES, Sulphide 30----40
Siderite FeCQ Carbonate 35---50

Of all the ores, magnetite is the richest in iron content but its reduction is very difficult and, hence, it is not favored
for extraction. Iron obtained fromiron pyrite is of very low quality due to high sulphur content. Of the remaining three,
hematite is the richest in iron (about 70 percent), is free from sulphur, can be reduced easily and is the most widely used
ore.

Fuel

Hard coke is commonly used as a fuel in blast furnace. This coke has two functions; one it provides the required heat
for melting and the other to combine with the oxygen of the ore in order to reduce the same. It is desirable that the fuel
used should be hard enough to withstand the heavy weight of the charge without being crushed. It should possess
high calorific value, low ash content, high density and good porosity. It should be of uniform size and free from sulphur
and phosphorus.
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Table 2.2,Various stages in the manufacture of different standard ferrous products.
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TABLE.2.3USES OF STEEL SCRAP

STEELSCRAP
|
| | |

ELECTRICARC SELECTED STEELSCRAP
FURNACE STEEL SCRAP PLUSPIGIRON

INDUCTION OPENHEARTH

FURNACES FURNANCE
ALLOY STEELS HIGHGRADE STEEL

ALLOY STEELS

Flux

Fluxis added to the charge so that it may melt and drive away the impurities with it in the form of slag. Due to the presence
of silica in most Indian ores, limestone is commonly used as flux. Dolomite is also sometimes used. It is usual to add
about 500 kg to 750 kg limestone for each tonne of pig iron produced.

Refractories
These are those materials which are capable of withstanding high temperatures without fusion. They are usedto provide
the inner lining in the blast furnace.

THEBLASTFURNACE

It consists of a tall steel structure supported on a strong foundation ar
columns all around. A vertical cross-section through this furnace is <
in Fig. 2.1. The outer shellis made of mild steel plates and the inner s

is lined throughout by the refactory material. Its structure can be des i~ o
as a combination of two frustums of right cones with their bases join :
form the maximum section. Of the two, the upper frustum is longer i rerracToR
known as shaft or stack. The lower frustum is shorter and is called bos  LIMINE
upper frustum is tapered upwards and the lower one downwards.

CUTER SHELL

Two tapping holes are provided, one near the bottom and the other
above it, for removing the metal and slag respectively. Hot air is supp
the furnace by the main circular pipe, called bustle pipe, through an
of tuyers. The topmost position of the stack is called throat, through
the charge is fed into the furnace. The double bell arrangement at th
for prevention of the escape of gases from inside. Turbo blowers ¢
furnace gas blowing engines of very high capacities are used for suy  TUYERE it

air to the furnace. This air is preheated before entering the bustle | sLaa oL . I" TAP HOLE
means of special heaters called blast stoves. This preheating produ
temperature inside the furnace and enables considerable saving — -
consumption. A water cooling system is incorporated in the brick - w 1 %
allaround the furnace to protectits walls against excessively hightemp

This need is more pronounced in the region around the bosh where the
temperature is highest.

Fig2.1 The blast furnace.

CHARGING OPERATION

The mined ore carries a number of earthy impurities, and before smelting they are separated from the ore to the extent
itis possible. The operation performed for doing so is calcination or roasting. In these preparatory process the mined
oreisfirst crushed into small size and concentrated, followed by roastingitin kilns. This enables considerable reduction
in moisture content and carbon dioxide and also to some extent sulphur and arsenic. Ferrous oxide (FeO) is converted
into ferric oxide (FgO,) and attains enough porosity which helps in its quicker reduction to iron.

This calcined ore, along with suitable amount of coke and flux is charged in the blast furnace. These materials are lifted
through a hoisting mechanism to the top of the furnace and charged through the double bell arrangement into the throat.
The operation of this furnace in many respects is similar to that of the foundry cupola, described in later chapters. The
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hot air blast enters the furnace through tuyeres and rises upwards through the downward moving charge. As the charge
is melted, the molten metal is collected at the bottom and the slag floats over its top surface. They are then separately
tapped. The normal capacity of this furnace ranges from 800 to 1200 tones of pig iron per 24 hours. This furnace, once

started, can run nonstop for years together.

CHEMISTRY OF BLASTFURNACE

Different chemical reactions take place in different parts of the blast furnace according to the temperatures in those parts.
The highest temperature in the furnace is at the bottom and lowest at the top. According to these temperature ranges
the blast furnace can be divided into the following zones :

1 Preheating zone - from the top to gas outer level.
2. Reduction zone - from the gas outlet level to nearly the maximum cross section level.
3. Fusion zone - from the bottom of the reduction zone to a little below the tuyere level.

Preheating zone
It consists of only the top layers of the charge. The temperature in this zone range bet®@ea 260C, which
provides only a preheating effect on the charge and helps in evaporating the moisture content from it.

Reduction zone

In this zone the temperature ranges betwee?C3®0L200C. For convenience of explanation of the chemical reactions
this zone is further subdivided intpper reduction zorendlower reduction zon& he chemical reactions taking place
in these zones are as follows :

Upper reduction zone(350°C --- 700C).
In this zone the iron oxide is reduced to metallic iron by reacting with the ascending carbon monoxide. For this reason
this zone is also callddon oxide reduction zon& he reaction is as follows

+ =
In this zone limestone (flux) also starts dissociating as follows :

— +

Lower reduction zone (700C ---- 1200C)
Inthis zone the charge becomes hotter as it descends. The decomposition gft@a€earlier, is completed at about
850°C. This CQ formed due to this decomposition reacts with the carbon of coke to reduce to CO.

+ —

Reduction of iron oxide, if remaining after the previous zone, is completed here.

+ S +

The calcium oxide formed by the decomposition of imestone combines all the impurities like silica and aluminium with
itto form the slag. The higher temperature of about ¥2@G0 causes the reduction of other oxides in the ore, like P

MnO, and SiQetc., into respective free elements P, Mn and Si. They are absorbed by the metal formed (Fe) as above.
As aresult of all these, the melting point of iron is lowered and it starts melting at abot@ 36ad of 153C the

melting point of pure iron.

Fusion zone (120%C --- 1600C).

Evidently this part carries highest temperatures and in this region the melting of charges is finally completed . The iron
gets superheated here and trickles down to the bottom of the furnace. On its top floats the slag. The slag and molten
metal are tapped separately from the furnace. The molten metal is poured into the moulds, where it solidifies to form
what is known as Pig iron. This iron contains 2 to 5% C, upto 3% Si, upto 0.1% P, upto 0.3% S and upto1% MN, the
remainder beingiron.

Hotgases

The hot gases passing out of the blast furnace carry atemperature bet/W€aa 8200C. If they are allowed to escape

as such into the atmosphere, a lot of heat will be wasted., This heatis, therefore, utilized in many ways. However, before
using these gases they are passed through dust catchers and gas washers to remove any dust or coke particles prese
in them. After that a part of their heat is utilized in driving the gas blowing engines supplying the air blast. Some of the
heat is utilized in blast stoves for preheating the air blast before sending it to the furnace. Waste gases may also be
utilized in gas turbines for electric power generation.
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New Developments

Substantial research work in the past years has lead to a number of new developments which affect in saving of fuel,
use of low grade iron ores, better yields, etc. For example, electric furnaces are widely used for preheating the iron ore,
followed by its reduction by coke. Thus, a saving of the order of about 50 percent is affected in the consumption of
coke. This partial replacement of coke by electricity in the smelting process is of great significance inthose areas where
electricity is cheap and coke is not available in sufficient quantity. Similarly, modifications in blast furnaces and
increased use of oxygen to help the reactions.

Another significant modern development, specially in the context of a country like ours where substantial quantities
of low grade iron ores were going unutilised, is for sponge iron process. This process enables direct treatment and
reduction of low grade iron ores without using a blast furnace. A few such plants are now being established in our
country in private sector.

WROUGHTIRON
Wroughtironis produced by remelting pig iron in a puddling furnace, which is of reverberatory type, as shown in Fig.2.2

CHIMMEY

ELCOM
EXNTRACTING
DooR

FIRE

Fig-2.2 Cross-section through a puddling furnace

Use of white iron in place of pig iron yields still better results. Wrought iron is collected from the furnace in a spongy
form known as puddled ball and is given further treatments like shingling and rolling, etc. to impart it the desired
properties. Itis the purest form of iron available, so much so that it may contain iron upto the extent of above 99.8 percent,
remainder being the other constituents like carbon, silicon, manganese, sulphur and phosphorus, etc. It does not fuse
like castiron at elevated temperatures and, as such, is not suitable for casting . On the contrary at white heat it acquires
considerable plasticity and its two separate pieces, if hammered together at this heat, can be welded to ahomo-geneous
joint. Owing to the lack of carbon content, it cannot be hardened by heating and then quenching in water. It is very

ductile and malleable and is, therefore, quite suitable for wire drawing and making sheets. This metal may have defects
like cold shortness or Red shortness which are due to the presence of phosphorus and sulphur respectively. Cold
shortness renders the metal brittle and weak, making it unsuitable for cold working. Contrary to this the Red shortness
renders the metal unworkable (due to brittleness) at red heat, thus making it quite unsuitable for forging work. These
two constituents should therefore be properly controlled. The maximum use of this metal is in forged articles, those
which are made by forge welding and parts likely to be subjected to conditions which may lead to rusting of these parts.
Itis commonly used in ship building, agricultural implements, steam, oil and water-pipes, nuts and bolts, crane hooks,
chains and railway draw gear, etc.

The Aston process

Another useful method afrought ironproduction is thé\ston Processlt is also known aByers Processln this

process 8essemer converterused along with@upola furnaceThepig ironis first melted in cupola and then refined

in Bessemer converter. Aapen hearth furnace used to prepaiieon silicate separately and the same is collected

in fluid form in aladle. The liquid iron collected from the Bessemer converter is also poured into the same ladle at a
specific rateExcess slafjoating on the top of the liquid metal is poured out of the ladle., leaving behind the pure metal

and slag. This mass is then fed on to a press where it is squeezed. In this process the metallic mass takes the shape
of a rectangular block, callddoom and more slag is squeezed during the process. The bloom formed in the press is

still very hot and the same is fed into tedling mills to produce wrought iron rolled products of different shapes and

sizes.

CASTIRON

Itis the product of a cupola or any other suitable type of furnace used for remelting pig iron billets made from molten
pig iron received from the blast furnace. As already described earlier, pig iron is not capable of being cast directly to
give suitable castings for engineering use. For making it useful for engineering purposes it is remelted in a cupola or
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any other type of suitable furnace for this purpose, together with a definite amount of limestone (flux), steel scrap and
spoiled castings, etc. This remelting of pig iron along with the above additions enables it to be cast into moulds to give
suitable castings. Itisthen known as castiron. The castiron produced as above consists of iron, carbon, silicon, sulphur,
phosphorus and manganese in varying proportions. Out of all these constituents carbon plays a very significant role
and its proportion in the metal varies from 2 to 4.5 percent. Average cast irons, in general use, possess carbon from
3to 4 percent. Other percent, phosphorus upto 1.0 percent and manganese 0.5 to 1.0 percent. This metal is very brittle
and has a low resistance to tension but is good in compression. It is sufficiently hard and cannot be worked with a hand
file. It has no plasticity and hence is unsuitable for forging work. Cast iron is also available in different forms such as
grey iron and white iron which are described in the following articles.

GREY CASTIRON

Itis the iron which is most commonly used in Foundry work. If a piece of thisironis broken, its fractured section shows
the greyish colour, after which it is nameda®y Iron Most of the carbon presentinitis in the form of free graphite
which is seen in the form of the small flakes in the fractured section. Itis this free carbon which imparts the grey colour
to the iron, The carbon content in the combined form may vary form 0.3 percent to 0.9 percent. It has a low resistance
to tension but a fairly high resistance to compression. The ultimate tensile and compressive strengths of it are nearly
1250kg per square cm. and 6.50 kgs per sq. cm. respectively. It has good machinability and fusibility. It is very brittle
and possesses no ductility and plasticity. As such, itis quite unsuitable for forging work. The presence of free graphite
in it provides a sort of natural lubricant. With the result it is very suitable for such parts where sliding action is desired.
Its high compressive strength mainly to compressive stresses such as legs, bases and supports for heavy machinery.
Its extensive brittleness renders it unsuitable for such parts which are to withstand severe shocks. The total carbon
, Iits main constituent, varies from 3 to 3.5 percent and other constituents may vary as silicon 1.0 to 2.75 percent,
phosphorus 0.15 tp 1.0 percent, sulphur 0.02 to 0.15 percent and manganese 0.4 tp 1.0 percent.

WHITE CASTIRON

Itis called so because of the whitish colour shown by its fracture. Most of the carbon present in it is in the combined
form which mixes with iron to form carbide. Itis the formation of this carbride which renders the colours of the structure
white. Cementite is the name given to this carbide. This cementite is a very hard and brittle substance and renders the
iron unsuitable for machining. Cemetite is formed due to rapid cooling of iron after melting. It is due to this fact that

all the chilled parts of a casting are hard and possess white structure as the cooling rate of the chilled portion is
comparatively faster than the rest of the casting. The extreme hardness of this iron, due to formation of cemetite, renders
it wear resistant. Its melting point is lower than that of the grey iron. The various constituents present in it are carbon
1.75 tp 2.4 percent (most of it combined state), silicon 0.85 to 1.2 percent, phosphorus upto 0.2 percent, sulphur upto
0.12 percent and manganese upto 0.5 percent. Its fluidity is not upto the mark in the molten state and, as such, itis not
suitable for general foundry work. But, it is used as the raw material in the production of malleable cast iron.

MOTTLED CASTIRON

It can be best described as a compromise production between grey and white castiron. Its structure, on being fractured,
shows greyish white colour. The carbon content is present in both free and combined states and is divided almost
equally in these two forms.

MALLEABLE CASTIRON

Itis mainly produced through Duplex Process in which two furnaces, a melting furnace (usually cupola) and an annealing
furnace, are used together. White cast iron is widely used for producing malleable cast iron. The object in producing
malleable castiron is to precipitate the combined carbon gradually into free graphite and then drive it out so as to limit
the presence of total carbon content to about 1.0 percent . This renders it more or less similar in composition to that
of wroughtiron. For achieving this, white castiron is melted in cupola and castin sand moulds. These castings are packed
iniron boxes, containing a material rich in oxygen, and fed into the annealing furnace. They are allowed to remain there
for about 4days or so at a temperature 0f816 1010C, and then allowed to cool slowly. The oxygen of the material,
contained in the boxes, combines with the carbon of the casting to reduce its proportion. The castings so obtained are
quite tough, have fairly good resistance to shock and good in machining. Their tensile and compressive strengths are
almost equal. Ductility of these castings is very low Malleable cast iron parts are mainly used in place of forged steel
or wrought iron parts where the intricate shape of these parts creates difficulty in forgoing. Similar parts made of grey
cast iron will be unsuitable for this purpose due to their brittle nature and low tensile strength.

NODULAR CASTIRON

Thisironis also known &pheroidal Graphite (or simplyS.G.) castironductile castiron ohigh strengthcastiron.

The production of this iron consists of changing the graphite of castiron from flake form to spheroidal or nodular form
by the addition of magnesium to the molten cast iron just after tapping. This metal, when cast into moulds, gives S.G.
iron castings directly. The magnesium process for making S.G. iron offers no difficulties. Any castings made in grey
castiron can be made equally well in S.G. iron. As a result of the change in graphite form the mechanical properties
of the metal are considerably improved.



16 Aircraft Metallurgy

This iron is normally produced in two forms for commercial purposes. In ‘as cast’ form, its strength is double that of
flake graphite castiron. In ‘annealed’ formits toughnessis increased from 4 to 12 times, brittleness eliminated, ductility
increased considerably and the strength is slightly reduced but is still much higher than flake graphite iron. Its yield
pointis much higher than even the malleable castiron, rendering it capable of sustaining higher loads without permanent
deformation. This rare combination of various properties like high yield strength, high modulus of elasticity (17,600kg/
mn?) and good elongation makes this iron highly ductile and at the same time sufficiently stiff and rigid. Its damping
capacity lies between those of flake-graphite iron and steel.

This iron has a very high castability, in that, a large variety of section thickness from 2 mm to 1 meter and castings
weighing from a few grams to 60 tons have been produced. It can be cast easily through all normal casting methods
like sand and centrifugal casting. With the application of proper foundry techniques, pressure tight castings can easily
be produced in this iron for which steel proves unsuitable due to casting difficulties and flake-graphite iron due to its
extreme weakness. It has high machinability and takes a high surface finish. It can also be cold and hot worked to a
limited extent. It can be readily welded using normal techniques. It readily takes surface coatings of tin, copper, nickel
or chromium etc. for improving the properties on the surface. It can also be galvanized easily.

Thisironis gradually replacing to a great extent both malleable iron and steel. A few examples of the application of this
iron are marine castings such as engine frames, bed plates and brackets etc., locomotives and railway rolling stocks,
tractor parts such as frames, wheel hubs, support brackets, plough parts, cultivator blades, worm wheels, gears, pinion,
cams, clutches, gear boxes and housings, various types of levers, hydraulic cylinders and drums, jack bodies, pumps
and valves, parts and bodies of electric motors, circuit breakers, cylinder heads and liners of I.C. engines, flywheels,
pneumatic tool bodies and hand tool like spanners and clamps, heat-resisting parts of hearths and furnaces, various
parts and bodies of heavy machinery and machine tool etc.

MEEHANITECASTIRON

Meehanitds a trade name which covers a fairly wide rangeigii dutycast irons, which are nothing but specially
treated grey castirons. The process involves the usalofum silicideas a graphitiser. The basic grey iron selected

for graphitisation is one that contains low silicon content and carbon content in the range of 2.5% to 3%. Usual grey
iron containing this carbon percentage if cast through normal process will lead to the production of white cast iron.
But the use of calcium silicon enables production of fine graphitic structure which leads to the production of a metal
which possessed excellent mechanical properties. Thisresults, however, is not entirely due to the use of calcium silicide
alone but an effective control of several other parameters during melting and moulding also plays a vital role.

This metal has high machinability and can be easily machined with HSS or cabide tipped tools. It responds well to heat
treatment and carries high strength. It is quite tough and ductile, unlike usual cast irons, It can be gas or electric arc
welded without much problem . It carries almost similar electrical and magnetic properties as of a normal castiron, but

its vibration damping capacity is superior to that of castiron. It has good creep resistance too. It is on account of these
useful characteristics that this metal is now gradually replacing several other ferrous metals like malleable iron, cast
irons, steel castings and even some nonferrous alloys. Machine tool castings are now largely made from this metal.

Although a large number of varieties of meehanite metal are available they can be broadly put under the following five
categories :

1 General engineering

2 Abrasion resisting

3. Heat resisting

4. Nodulat ‘S’ type

5 Corrosion resisting

CHILLED CAST IRON

The termChilled Cast Iroris used to denote the metal of that iron casting which has been rapidly cooled to convert

its metal structure into white cast iron. In fact, the whole casting is never require@hdlbdlike this. The outer

surface of every iron casting always gets chilled to a limited depth during pouring and solidification due to its coming

in contact with the cool sand of the mould. This is a natural side effect of normal method of casting. But, if required,
selected portions of the casting can also be got chilled deliberately. This is done to make those selected portions harder
thanthe rest of the casting. For thiggtal chillg§metal pieces) are placed suitably in the mould to form the inner surface
ofthe mould on those spots where chilling effectis desired. When the molten metal poured in the mould comes in contact
with these metallic chills a very rapid heat transfer takes place on those portions as compared to the rest of the casting.
Since those portions get cooled at a faster rate they become harder than the remaining part of the casting and the iron
of those portions is known &hilled cast iron.
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EFFECT OF DIFFERENT ALLOYING ELEMENTS ONCASTIRON

1 Carbon.
It generally varies from 2 to 4 percent in cast iron, and its presence is due to the carbon present in pig iron scrap
and coke. All these materials contribute in adding this content to iron, and more the amount of carbon present in
these, materials the higher will be the percentage of this constituent in the composite of cast iron. It may be
present either in free state or combined form. The form in which this element is present, greatly effects the
properties of cast iron. Its presence in free state renders the iron weak and increases machinability and brittle-
ness. Presence of carbon in combined form makes the iron hard and strong.

2. Silicon.
It acts as a softener as it promotes the formation of free graphite by combining with iron and forming silicates. If
this content is, however, allowed to increase beyond a definite éipptgximately 3.2% it acts as a hardener.
Its proportion should be kept lower for big castings and higher for small ones. It normally ranges between 2.5 to
3.0 percent.

3. Sulphur.
It renders the iron hard by promoting the formation or combined carbon. With the result the iron loses its due
fluidity and it leads to the production of blow holes in the casting. To minimize its effect manganese should be
added.

4, Manganese.
It is addedto cast iron mainly with a view to mitigate the ill effects of sulphur by the formation of manganese
sulphides. The normal range of manganese in cast irons is between 0.5 to 0.8. percent. Its presence below 0.5
percent has no significant influence.

5. Phosphorus.
It improves the fluidity and castability of molten metal into thin sections, and promotes graphite formation. Its
higher percentage increases hardness and brittleness and decreases toughness.

6. Nickel.
It acts as a graphitizer in cast iron. With its addition, therefore, machinability of cast iron is improved. For common
engineering applications it varies in cast iron between 0.25 to 2.0 percentage. Higher proportions are, however
used in alloy cast irons.

7. Chromium.
It forms its own stable carbides in cast iron and, thus, acts as a carbide stabilizer. Its proportion normally varies
from 0.15 to 0.9 percent. Its addition increases wear resistance, tensile strength and hardness and aids chilling.
Higher proportions of chromium are used in alloy cast irons.

8. Molybdenum.
Its proportion normally varies between 0.25 to 1.5 percent. It may be added either as free molybdenum or
combined with other elements. It improves tensile strength, increases hardness and resistance to shock, im-
proves toughness and machinability.

9. Vanadium.
It forms carbides and reduces graphitization. It is normally used in proportions varying between 0.1 to 0.5
percent. It increase strength, hardness and machinability of cast iron.

10.  Copper.
It promotes graphite formation and improves strength. Its proportion normally varies between 0.25 to 2.5 per-
cent.

SPECIALORALLQOY CASTIRONS

A fairly large variety of special and alloy cast irons have been developed by suitable additions in varying proportions
of different alloying elements. Their development has largely overcome the inherent drawbacks in cast iron. The
principal alloying elementin most of these alloy irons is nickel. Other elements are also added to impart certain specific
properties to them. The most commonly used special and alloy cast iron are the following :

Low nickel castirons
They carry nickel 2 percent. These alloys have a high machinability. The common machining difficulty experienced,
when the casting has thin sections which are chilled very quickly, is eliminated in these alloy irons. Moreover the use
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of nickel enables the refinement of iron matrix and improves general physical properties. Low nickel cast irons can,
therefore, be safely used for pressure castings. They carry their Brinell hardness numbers from 210 to 230. A few typical
compositions of these alloy irons are given below :

1 Ni - Castiron; C- 3.2%, Si 1.4%, Ni- 1.0.%, remainderiron.

2 Ni- Crcastiron; C- 3.2%, Si- 17, Ni- 1.0%, Cr- 05% remainderiron

3. Ni - Mo castiron; C-  3.2%, Sk 1.8%, Ni- 1.0%, Mo-0.3%, remainderiron

4 Acircular castiron; C-  3.0%, Si 2.0%, Ni- 2.5%, Mo- 0.8%, remainderiron.

Hard and heat treatable Nicastirons

The proportion of nickel in them varies from 2 to 6 percent. The hardness value of these irons goes at high 300 - 400
B.H.N. They are highly wear-resistance and respond well to heat treatment. A few of their uses are in gear wheels, cams,
dies, valve guides and automobile cylinder liners, etc. a few useful compositions of these irons are given below :

Hard grey iron : C 3.2%, Sk 1.2%, N 2.5%, remainderiron.
Martensitic grey iron : C 3.2%, Sii 1.2%, Ni- 5.0% remainderiron; difficultto machine.
Heattreatable C.1I.: C 32%, Si 1.4%, Ni-  2.5%, remainderiron.

Ni-hard and Ni-white irons

They are high abrasion resistance and hard alloy cast irons. Of these, the Ni-hard is harder having its hardness from
550 to 800 B.H.N. Although Ni-white C.I. Also offers difficulty in machining, but machining of Ni-hard through
conventional methods is not at all possible. The useful compositions of these alloy irons are as follows :

Ni-whiteiron : C- 3%, Si-  0.5%, Ni- 1.8%, Cr-0.8%, remainderiron.
Ni-hard: C- 3%, Si-  0.5%, Ni-4.5%, Cr-1.5%, remainderiron.

These alloy irons contains nickle upto 5 percent as maximum. The lower percentages is used in NI-white iron and the
higher percentage in Ni-hard. A few typical uses of these irons can be seenin various parts and equipment used in cement
industry, glass and ceramic industries, coke industries, coal and coke foundry machines, material handling equipment
and sintering plants.

Austenitic castirons

They carry nickle from 10 to 40 percent. The most common commercial forms of these irons are Nomag, Ni-resist,
Nicrosilal hard, Nicrosilal soft and low expansion Ni-resist. Of all these only Nicrosilal hard is difficult to machine and
all others have good machinability. The hardness of Nicrosilal hard varies from 320 to 350 B.H.N and of others between
110to 210. Their compositions are given below :

Nomag : C- 2.8%, Si 1.5%, Ni- 11%, Mn- 6%, remainderiron.
Ni-resist : C- 2.8%, Si 1.5%, Ni- 14%, Cr- 2%, Cu 6%,
remainder iron.
Low expansion Nl-resist: C- 2.8%, Sk 1.5%, Ni- 30%, Cr- 2%, remainderiron.
Nicrosilal hard : C  19%, Si 5%, Ni- 18%, Cr- 5%, remainderiron.
Nicrosilal soft : C- 1.9%, Si 5%, Ni- 18%, Cr- 2%, remainderiron.

All these cast irons are nonmagnetic. Ni-resist has a high resistance to heat. They all possess a good electrical
resistance.

ooo
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CHAPTER-3
FERROUS METAL: PRODUCTION OF STEELS AND
ALLOYS STEELS

STEEL

Steel basically differs from castiron in the amount of carbon content contained by it. Itis not only the quantity of carbon
which makes the difference but also the form in which it is present. In steel the amount of carbon present is upto 1.5
percentand itis completely in the combined form. Higher the percentage of this carbon, harder and tougher is the steel.
Carbon content cannot be increased in the metal in chemically combined form beyond 1.5 percent. If this proportion

is increased beyond this limit it moves the metal into the category of cast iron. Thus, steel can be said to be an alloy
of iron and carbon with the carbon content to a maximum of 1.5 percent. These steels are called plain carbon steels
because they owe their properties mainly to the percentage of carbon present in them. These steels are classified into
different groups as follows:

Dead mild steel - having carbon below 0.15 percent.
Mildsteel - having carbon from 0.15 to 0.3 percent.
Medium carbon steels - having carbon from 0.3 to 0.8 percent.

High carbon steels- having carbon from 0.8 to 1.5 percent.

It should, however, be noted that the carbon percentages in the above four types of plain carbon steels are not very
rigid. Some sort of overlapping from one to another is always there. A particular range of high carbon steels having
more than 1.0 percent carbon is knowrtabon tool steebr cast steel.

Applications

The above four classes of plain carbon steels have various applications in engineering and other requirements and their
selection for a particular purpose depends upon several factors like suitability for fabrication process, wear resistance,
machinability, nature and extent of the stresses to whichiitis likely to be subjected and similar other factors. A few typical
uses of these steels are given in Table 3.1.

TABLE 3.1. APPLICATIONS OF PLAIN CARBON STEELS

Types of steel Applications
Dead mild steel. Welded and solid drawn tubes, thin sheets and wire rods.
Mild steel. Forgings, stampings, structural sections such as angles and channels, plates for

boilers and ships, bars and rods, wire, tubes and castings.

Medium carbon steel. Drop forgings, boiler drums, marine shafts and axlesamdatiscs, agricultural

tools and implements, aero engine cylinders, high tensile tubes and wires, brightdrawn
bars, castings for automobile engine components, lamisptieds for automobiles,
helical springs, locomotive types, wire ropes, steel spokes, clutch plates. Large
forging dies, hammers and snaps for pneumatic riverters etc.

High carbon steel havilg  Springs, shear blades, wood chisels, cold sets, hammers,

0.8 % carbon. small forging dies, boiler maker’s tools.

0.9 % carbon. Cold chisels, cold working dies, punches and dies.

1.0 % carbon. Springs, broaches, drifts, reamers.

1.1 9% carbon Press dies, punches, milling cutters, anvils, taps, wood working tools.

1.2 % carbon Taps, drills, screwing dies.

1.3 % carbon Files, razors, metal cutting tools for lathe, planer and slotter, mandrels and drawing
dies.

1.4-1.5% carbon Lathe tools for machining harder metals, gauges, engraving tools.

CLASSIFICATION BASED ON THE DEGREE OF DEOXIDATION
Yet another basis of classification of steels is the degree of deoxidation occuring during its production. On this basis
the steels are classified as :
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Killed steel

This steel is very severely deoxidised. Therefore, there is no evolution of gases during solidification and the
solidified metal is free of usual casting defects like blow holes, pin holes, porosity, segregation, etc. It, therefore,
carries a very sound composition and exhibits uniformity in its properties. Most of the steels having more than
0.25 percent carbon are killed, especially the forging steels. These steels are denoted by th&’'symbol *

Semi-killed steel

It is also known abalanced steeAlmost 90 percent of the total steel produced falls in this category. Its degree

of deoxidation falls between that of tkiled steelwhich is completely deoxidized, and tiramed steelvhich

is only partially deoxidized. Obviously, this steel will not show the same level of uniformity of properties as the
killed steel. Most of the structural steels, carrying carbon content between 0.15 percent to 0.25 percent, fall in this
semi-killedcategory. This class of steels meets the main requirements of structural steels, i.e., having a sound
outer surface, free of blow holes. No symbol has been standardized to represent this class of steel.

Rimmed steel

As already stated above, this steel is only partially deoxidized. The basic objeciimengigthe steel is to

produce a clean surface carrying low carbon content. For this very dembmild steel, i.ethe plain carbon

steel with carbon content below 0.15 percent, is usually rimmed. The rimmed steel is widely preferred for such
manufacturing processes through which the out coming products are desired to have good surface finish and
which need the steel having good formability, viz., rolling, deep drawing, spinning®’ésdh'e standard symbol

used to denote this class of steel.

STEEL PRODUCTIONMETHODS
In accordance with the requirements associated with various types of applications of steel a number of methods of
manufacture of steel have been developed. They will not be dealt with in detail.

1.

Cementation process

Itis the oldest steel making process. In this process the wrought iron bars are embedded in charcoal inside the
cementation furnace. The temperature of the furnaces gradually raised to full redness, at which it is maintained
for about 7 to 10 days. During this period iron bars absorb carbon from the charcoal, the outer skin absorbing
more carbon and the inner core less. Due to some air leakage into the furnace carbon mono-oxide is formed which
formsblisters on the surface of the metal making it very rough. The produced metal structure lacks considerably
in homogeneity and uniformity. This metal is caltdidter steel.Quality of this metal can, however, be improved

to some extent by reheating, hammering, rolling etc.

Crucible process

The poor qualities of blister steel produced through cementation process cannot be improved to the required
extent through hammering and rolling etc. For refining this steektlugble process is used in order to impart
greater homogeneity and uniformity of structure to it. The furnace consist of a number of small pit furnaces
arranged together. Each of these carries two small crucibles, each holding about 20 to 25 kg metal. The crucibles
are first heated to white heat and then charged. The charge usually consists of suitable proportions of cut or
broken small pieces of swedish iron, blister steel bars, pig iron and alloying elements. After the metal is fully
melted it is ‘killedi.e., heated for a sufficient length of time after fusion, so as to eliminate the gases from it. Small
amounts of magnesium or aluminium may be added to the molten metal during ‘killing’ process to accelerate the
gas elimination. After this, the crucibles are pulled out of the furnace, slag removed from the surface of the metal
and the latter poured into cast iron ingot moulds. This is then knowmieible cast steadr simplycrucible

steel These steels are of very high quality but the process is very expensive. However, its use becomes almost
unavoidable when production in small quantities of high grade alloy steels is desired.

Open hearth process

Itis also known aSiemen’s processfter the name of its originator Mr. Siemen, a German engineer, who was the
first to introduced the idea of using a regenerator for preheating the sir for combustion before entering the open
hearth furnace.Two types of open hearth furnaces are in use in this process. The selection of a particular type will
depend upon the composition of the raw material used for steel mB&siglined furnaces are used for making

steel from such raw material which contains high percentage of phosphorus and sulphur. Againsadhis, the
lined furnace is not capable to remove these element. Hence, the raw material required for this furnace should
have very low proportions of these elements.

Basic Furnaceltis a reverberatory type rectangular furnace having mostly the brickwork structure. Its sides
and ends are properly supported on channels and slabs etc
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Fig.3.1 An open hearth furnace.
Although its size varies with the desired melting capacity, 10 to 25 meters length and 4 to 6 meters width are
very common. Attached to the furnace are regenerative chambers for preheating the combustion air in case of
a coke fired furnace and the air-gas mixture in case of a gas fired furnace. A sectional view of an open hearth
furnace is shown in Fig.3.1The lining of this furnace is of either magnesite or dolomite, both being basic
refractories. Limestone can be used as flux in this furnace. The charge consist of pig iron and steel scrap. The
pig iron may be either cold or molten. The latter can be directly transferred from the blast furnace. To control
the composition of the produced metal some iron ore (pure hematite) is also added in required proportion.

During the process the various constituents of the charge viz., iron, silicon, manganese, sulphur and carbon
are oxidised due to being exposed to furnace gases. Oxides and carbon and sulphur go out in the form of gases.
Oxides of phosphorus and silicon combine with calcium oxides of the limestone to form calcium phosphate and
silicate. They go out as slag. Manganese oxide combines with silica to form manganese silicate. This is also
removed as slag. On account of the large scale oxidation taking place in the melt there are chances of entrapment
of oxygen and the same is removed by adding strong deoxidisers like ferro silicon, manganese or aluminium etc.,
to the molten metal prior to pouring, otherwise blowholes will be produced in the castings.

Acidfurnace

It is usually a little smaller than the basic furnace of the same capacity. Other constructional features are similar to a
basic furnace. The inside lining is fully acidic, usually of silica. It reacts less with the metal and, therefore, only such
pig iron, scrap and ore can be used as charge in it which is too low in phosphorus and sulphur. Due to these limitations
its use is also not as popular as that of basic type open hearth furnace.

4,

The Bessemer Process

It is known so after the name of its inventor. It consists of melting the charge in a special typeof vessel (Fig-3.2)
known as Bessemer converterThis vessel has an outer shell of steel having refractory lining inside. It is
mounted on two trunnions, about which it can be rotated to a nearly horizontal position to receive the molten
metal. One of the trunnions is hollow through which air blast is sent to the bottom of the converter. According to
the nature of the refractory lining inside the converter used in the process is classified as basic or acid. As usual,
acid lining is provided by silica and dolomite is used for basic lining. Acid lined converter is used when pig iron
used contains no or negligible phosphorus. When phosphorus is present in pig iron basic lining is used, since
it cannot be removed with the acid lining.
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Fig.3.2 A Bessemer Converter
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Molten pig iron from blast furnace is brought in ladles and transferred to the converter in ‘tipping-in’ position.
The converter is than roated and brought in nearly vertical position. The air entering at the bottom bubbles up
through the molten iron, whereby it burns carbon, silicon and manganese. The heat evolved due to their burning
helps in maintaining the necessary bath temperature.

At the end of the blow the metal usually lacks in various constituents, particularly carbon. Therefore, the
required amount of carbon and other elements are added back to the metal in the form of ferro alloys, coal and
coke dust etc. Also the metal contains iron oxide and gases in large quantity. Therefore, suitable amounts of
deoxidisers are also added during pouring into ladle in order to nullify these defects.

5. The Linz-Donawitz Process
In short, itis popularly known asD. process. lis actually a modified form of Bessemer process. In this process
no air blast is used. Instead of that, pure oxygen at a pressure of 8 to 12 k§ igaénjguted through a water
cooled nozzle, called lance, vertically downwards. This oxygen strikes on the surface of the molten charge and a
temperature of about 25%is produced and the elements like carbon, iron, silicon and manganese oxidised.
There is a substantial reduction in sulphur and phosphorus also. The steel produced through this process is
superior to that produced by bessemer or open hearth process. The operation is also simpler and quicker.

6. The Electric Process
Electric furnaces are now widely used in steel making, but owing to the high cost of electric power their use is
generally confined to the production of alloy and tool steels only. Two types of electric furnaces are commonly
used in steelmaking. They are :

1 The direct arc furnace.

2 High frequency induction furnace.

Directarc furnace:

It consists of a steel shell having a spherical bottom, as shown in Fig.2.5. The complete furnace is mounted on rollers,
so that it can be titled for pouring the melt into the ladle. The hearth inside has a bowl shape and is provided with a
basic lining with mangesite or dolomite. Two spours are provided on opposite sides, one for the slag and the other for
the molten metal. The roofis of detachable type and the charge is fed through it. Three vertical electrodes are suspended
through the top through which a 3-phase current is led into the furnace. These electrodes can be raised up or lowered
as desired.
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Fig. 3.3. A direct arc furnace Fig.3.4. A direct arc furnace.

After charging, the furnace top is closed and the electrodes lowered. The current is switched on to generate the arc,
thereby producing a high temperature of about 20@0 above. This intense heat melts the charge. As the level of the
molten metal rises, the electrodes are also raised automatically. The charge usually consists of light and heavy steel
scrap together with suitable amount of flux. Alloy additions are usually made later on for controlling the final
composition.

High frequency electric furnace

This furnace consists of a crucible surrounded by a water-cooled coil of copper tubing. This coil also conducts the
high frequency current and acts as the primary winding. The metal charge in the crucible serves as the secondary
winding. Thus, the furnace works on the principle of a transformer. As the high frequency current is passed into the
primary winding, eddy currents are produced in the metal charge (secondary winding) through induction. Thus, the
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charge is rapidly melted and agitated. The furnace is usually of tilting type mounted on two trunnions. The refractory
lining is of basic type.

The duplex processes

In several steel plants two different methods of producing steel are combined together to produce steels. Such a
combination of two different methods to form a common process s called duplex process. The following combinations
of steel making methods are in common use :

1 A basic steel hearth process and an acid open hearth process.
2. A basic open hearth process and a Bessemer converter process.
3. A basic open hearth process and an Electric furnace process.

INFLUENCE OF OTHER ELEMENTS ON PLAIN CARBON STEELS.

Although plain carbon steels mainly owe their properties to the amount of carbon present in them still there are many

other elements present and they do influence these properties to a certain extent. The common other elements present

and their influences on the properties of steel are as follows :

1. Manganese
It is usually a ladle addition and works as a deoxidiser and purifier. The oxide formed due to this addition
precipitates out in the form of slag. The manganese content present in steel ranges from 0.2 percent to 1.0
percent. It reacts chemically with sulphur and decreases the latter’s harmful effect on hot rolling properties of
steel. Due to its addition the tensile strength and hardness are marginally increased. When used in low proportion
in low carbon steels the ductility and bending ability are increased but a higher manganese content will reduce
the ductility.

2. Silicon
It also acts as a deoxidier and removes oxides and gases. Thus, it prevents the formation of blow holes and gas
cavities and makes the metal sound, tough and hard. It also prevents the occurance of porosity in the metal.
However, its effect on the mechanical properties of the metal is not as appreciable as that of manganese. Normally,
its proportion in steel ranges from 0.05 percent to 0.4 percent.

3. Sulphur
This element is usually present in steel as ferrous sulphide and sometimes as manganese sulphide also. Its main
disadvantages are that it promotdt shortnessand reduces ductility. Consequently, the metal exhibits
increased brittleness at high temperatures and does not suit to deep deformation processes, like deep stamping
or deep drawing, and develops cracks when forged or hot rolled. As such, its proportion is always kept below
0.03 percent. Another important point to be noted here is that all these ill effects are mainly due to the presence
of ferrous sulphide whereas the manganese sulphide does not produce any appreciable ill effect and, therefore,
its presence in acceptable. Several properties of steel, like yield point, tensile strength, corrosion resistance,
fatigue limit, are quite adversely effected if sulphur is present in it in higher proportions than what is permissible.
However, the ill effect of promoting brittleness is advantageously uskedeircutting steeJswhere higher
proportions of sulphur (upto 0.25%) enable the brittle chips to break quickly.

4, Phosphorus
Itis usually considered as one of the most injurious elements present in steel because it'potdisbesness,
i.e.,very high brittleness at low temperatures. With the results, the impact strength and ductility of the metal are
reduced although the tensile strength is increased. For these reasons the endeavour always is to keep its
proportion in steel as low as possible. For example, in sheets and strips, which are to be subjected to impact loads
in operations like deep drawing and stamping, its proportion is always kept below 0.04 percent.

BRIGHTSTEEL

It is the name given to a cold worked steel having a very clean and smooth surface and possessing close dimensional

accuracy. Such steels are available in various standard sections in varying sizes, such as round, hexagonal and square
bars, flats and special sections. Because of superior surface finish and high dimensional accuracy parts cut out of these

sections can either be directly used in assemblies or machined to required sizes and shapes, if needed, easily.

FREECUTTING STEELS

They are also known dsee machining steeldMass production of relatively smaller and lighter items through
machining processes calls for the use of such stock material for the manufacture of these components which has high
machinability and can be provided a high class surface finish through the process. This requirements is even more
pronounced when higher speeds are to be used. For example, we can take the case of manufacture of small screwed
components like bolts, nuts, screws, etc. on multi-spindle automatic machines or automatic screw machines. This
demand of proper material for this purpose is mdtégy cutting steels.
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The main characteristics of these steels are their high machinability and their capability to acquire a superior surface
finish after machining. These two qualities of free cutting steels are mainly due to higher proportion of sulphur and
phosphorus in them. Small addition of lead also helps in increasing the machinability.

Most of the sulphur present in these steels is in the form of manganese sulphide, which is distributed throughout the
structure in the form of brittle flakes. During machining the chips formed out of this material disintegrate very quickly

due to brittleness and a fairly good surface finish is obtained on the surface of the component after the operation.
Presence of phosphorus further helps in promoting brittleness in the material and, in turn, ease in machining. As
compared to the normal carbon steels these steels possess better tensile strength and better hardness but lower ductility
and poor corrosion resistance. A few typical compositions of free cutting steels with their machinability ratings are given

in Table 3.2.

Table 3.2. Typical chemical compositions and machinability ratings of some free cutting steels

Elements Chemical composition (percent)
I Il I v

Carbon 0.10t00.16 0.10t00.16 0.13t00.20 0.17t00.25
Manganese 0.65t00.85 0.65t00.85 1.25t01.50 0.65t00.85
Sulphur 0.12t00.20 0.17t00.20 0.09t00.15 0.09t00.15
Phosphorus 0.08t00.12 0.08t00.12 0.05 0.05
Lead 0.25 - e
Machinability
rating (%) 140 100 90 80

ALLOY STEELS

All steels, in addition to iron and carbon, contain other elements like silicon, manganese, sulphur and phosphorus in
varying amounts. In carbon steels manganese normally varies upto 1 percent and silicon upto 0.3 percent. Against this,
there is another variety of steel in which manganese is more than one percent and silicon more than 0.3 percent. Also,
in addition to iron and carbon, they carry sulphur, phosphorus, nickel, chromium, molybdenum and vanadium etc. in
varying proportions. Such steels are called ‘Alloy steels’, and they owe their different properties mainly to these
alloying elements. They are normally named after the principal alloying elements. These elements are alloying with steel
for one or more of the following reasons :

To improve tensile strength without adversely affecting the ductility.

To improve hardenability.

To improve toughness.

To improve corrosion resistance.

To improve wear resistance.

To impact capability to retain physical properties at high temperatures.

To improve cutting ability and ability to retain shape and resist distortion at elevated temperatures.

To promote fine grain size.

To improve case hardening properties.

©Coo~NoOUA~WNE

EFFECTS OFALLOYINGELEMENTS

The various alloying elements affect the properties of steels as follows:
Nickel

It improves toughness, tensile strength, ductility and corrosion resistance.

Chromium
It is added in varying proportions upto 18%. Below 1.5% addition increase tensile strength and 12% addition imparts
high corrosion resistance. In general, chromium addition improves hardenability and toughness simultaneously.

Cabalt
It improves hardness, toughness, tensile strength, thermal resistance and magnetic properties. It also
acts as a grain refiner.

Manganese

In lower proportions, say from 1.0 to 1.5 percent, its addition increases strength and toughness.Higher proportions upto
5 percent impact hardness accompained by brittleness. Still higher proportions, say between 11 to 14 percent, provide
very high degree of hardness.
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Silicon
It acts as a ferrite strengthened and improves elastic limit. It improves magnetic permeability and decreases hysterisis
losses. Higher percentage of silicon gives rise to corrosion resistance.

Molybdenum
Its addition increases wear resistance, thermal resistance, hardness, ability to retain mechanical properties at elevated
temperatures and helps to inhibit temper brittleness. When added with nickel, it also improves corrosion resistance.

Tungsten
Itincreases hardness, toughness, wear resistance, shock resistance, magnetic reluctance and ability to retain mechanica
properties at elevated temperatures.

Vanadium
It improves tensile strength, elastic limit, ductility, shock resistance and also acts as a degaser when added to molten
steel.

Boron
It increases hardenability and is, therefore, very useful when alloyed with low carbon steels.

Aluminium
It is basically used as a deoxidiser. It promotes the growth of fine grains helps in providing a high degree of hardness
through nitriding by forming aluminium nitrides.

Titanium
Itis a fairly good deoxidation and promotes grain growth. Also, it readily form titanium carbides but has no marked effect
on the hardenability of the material.

Copper
It increases strength and improves resistance to corrosion. Its proportion normally varies fp@nc@g@t to 0.5
percent.

Niobium
It improves ductility, decreases hardenability and substantially increases the impact strength. Also,it promotes fine
growth. Itis also known dsolumbium’.

CLASSIFICATIONOFALLOY STEELS
Alloy steels are classified into various categories on the basis of several different considerations. Some common criteria
are given below :
1. According to the number of alloying elements
The basis of this classification is the number of alloying elements other than iron and carbon. If there is only one
additional alloying element the steel is known Hyee-componersteel and if two additional alloying elements
it is called &our-componensteel, and so on.

2. According to the type of internal structure
Based on this criterion the alloy steels are classifiggeaslitic steels, austenitic steels, martensitic steels,
ferritic steels, carbide steelsic.

3. According to the purpose and applications
Based on this criterion the alloy steels are classifieddrastural steels, tool steels, special alloy steets,

4, According to the principal alloying elements
Alloy steels are quite often named after the principal alloying element, which is largely responsible for the
specific properties present in that type of steel. A few common examples inidkelkesteel, chromium steel,
manganese steel, tungsten steel, cobalt stéel,

Some very commonly and important types of alloy steels will now be discussed in details in the following articles.

STRUCTURAL STEELS

In accordance with Indian Standard (IS : 7598 --- 1974) these steels are further classified as :

1. Low alloy steels, i.ethose steels which posses alloying elements upto a maximum of 5 percent.

2. Medium alloy steels, i.ehose in which the total content of alloying elements varies from 5 percent to 10
percent.

3. High alloy steels, i.ethose in which the content of alloying elements is more than 10 percent.
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These steels carry nickel, chromium and manganese as principal alloying elements. Small proportion of tungsten,
molybdenum, titanium, vanadium, etc., can also be mixed with the above principal alloying elements, but they are not
added as independent elements. Ferrite is the main constituent and forms the bulk of these steels. The main function
of the principal alloying elements is to strengthen this main constituent, i.e., ferrite. Other elements, in conjunction with
the principal alloying elements, help in increasing hardenability and resistance against softening when heated to
moderate temperatures.

These steels find wide applications in the manufacture and fabrication of various engineering components and
structures which are likely to be subjected to static and dynamic loading use. Some symbolic examples of such
applications are bridge construction, overhead structures of industrial buildings, transportation requirements, etc.

ALLOY TOOL STEELS
These alloy steels have special applications in the manufacture of cutting tools used in various cutting and machining
operations where the tools made from carbon steels will either fail to perform or will have a very short life. There are
two common varieties @lloy tool steels
1. Low alloy steels
Which contain silicon, chromium, manganese and tungsten as alloying elements and are capable of hardness
upto a temperature of 2%D.

2. High alloy steels
Which mainly contain higher proportions of the carbide forming elements like tungsten, chromium, vanadium,
etc. The presence of these carbides makes these alloys capable of retaining a high degree of hardness at elevated
temperatures upto 620. They respond very well to various heat- treatments and obtain superior cutting qualities
through these treatments only. The most commonly used variety of this class of alloy btiegglSiseed Steel
(HSS)in which the main constituents are carbon, tungsten, chromium, vanadium and molybdenum. This steel
has excellent wear resistance, high abrasion resistance and high red hardness.

SPECIAL ALLOY STEELS

These steels form a very important group of alloy steels which have been developed to meet specific requirements in
respect of properties under specific situations and special applications. The most common varieties of these steels are
described below :

1. Stainless steels

They arealso known agorrosion resistant steel3.heir principal alloying element ishromium while some other

elements like nickel, managnese, etc. can also be present in small amounts. Since substantial amount of chromium is
present in them they can not be considered as low alloy steels. While it is seen that an addition of just 4 to 6 percent
chromium to low carbon steels render them fairly good corrosion resistant for most of the common uses, but if they are
required to be highly corrosion resistant with very superior appearance a very high percentage of chromium (usually >
12%) is added. The chromium reacts with the oxygen to form a strong layer of chromium oxide on the surface of the metal
which is responsible for offering the resistance to corrosion. Stainless steels carrying more than 12% chromium are
known astrue stainless steel€lassification of stainless steels is generally done on the basis of their structures as
follows :

a. Ferritic stainless steels
By now it is well known that chromium is an effective ferrite stabilizer. Its addition, therefore, widens the temperature
range through which ferrite will be a stable structure. As such, with the addition of sufficient amount of chromium
to a low carbon steel an alloy is produced which carries a stable ferritic structure at all temperatures below its
solidification temperature. Such alloys are cafditic stainless steeldThis group of stainless steels carries
chromium content in the range of 11 to 27 percent, usually without any other alloying element. Sometimes, of
course, manganese (1 to1.5%) and silicon (upto 1%) are added. They possess BCC crystal structure and, therefore,
their ductility and formability are poor. However, they possess good weldability. They can be made good heat
resistant by the addition of about 3% silicon. They exhibit fairly good strength even at elevated temperatures,
can be hot worked, but can not be hardened through heat treatment. These steels are widely used in dairy
equipments, food processing plants, chemical industries, heat exchangers, various types of household utensils,
cutlery, surgical instruments, nuclear plants, etc.

b. Martensitic stainless steels
This group of stainless steels carries chromium between 12 to 18 percent but contains a higher percentage of
carbon usually (0.15 to 1.2%). The carbon dissolves in austenite which, when quenced, provides a martensitic
structure to the alloy. Hence, the name. Due to formation of chromium carbides the corrosion resistance of this
alloys is decreased. Different amounts of carbon are used to vary the strengths of these alloys. They are costlier
than ferritic stainless steels and can be hardened by heat treatment. Their main applications are in the manufacture
of items like springs, bolts, nuts, screws, valves, cutlery, etc.
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c. Austenitic stainless steels
Indeed the most important, and at the same time costliest, is this group of stainless steels. The main idea behind
the development of this alloy steel is to stabilize the austenite structure, for which nickel is added in sufficient
guantity in addition to chromium. This provides a stable austenite structure at room temperature. Manganese
and nitrogen are sometimes added to reduce the cost, but the results in slight deterioration in quality as well. This
group of stainless steels may contain 0.03 to 0.25% carbon, 16 to 26 percent chromium, 3.5 to 22% nickel, 2%
manganese, 1 to 2% silicon and in some cases small amounts of molybdenum, titanium, etc. A very widely used
variety of this type of steel, called 18-8 stainless steel, carries 18% chromium and 8% nickel. It responds well to
cold working and its strength and hardness can be increased through cold working. It can also be cold drawn
into wires.

These steels are nonmagnetic and higher corrosion resistant. However, they may be corroded in salt media and
halide acids surroundings. They possess excellent formability and good weldability. They offer the best corrosion
resistance out of all the three classes of stainless steels. They however, can not be hardened by heat treatment.
Titanium or niobium is sometimes added to these alloys to stabilise carbon and molybdenum to improve
corrosion resistance. These steels have wide applications where high corrosion resistance and attractive
appearance are vital requirements.

2. Magnetic steels

These steels are rich in cobalt and tungsten contents and carry varying percentages of other elements like carbon,
chromium, nickel, etc. A typicahagnetic steetomposition shows 15 to 40% cobalt, upto 10% tungsten, 1.5 to 9%
chromium and upto 1.0% carbon. These steels are mainly used to make permanent magnets for electrical measuring
instruments, loud speakers, magnetos, etc.

3. Heat resistance steels

With alround developments in high-technologies in modern era a continued need has been to develop such metals
which can resist the influence of such parameters that can lead to the failures of common metals at elevated temperatures.
Such conditions commonly arise in the operations of nuclear power plants, structure and parts of high temperature
furnaces, supersonic aircraft, missiles, etc. The metals required for use in such equipments should have high corrosion
resistance, good strength and good creep resistance at high temperatures. These requirements are satisfactorily met by
heat resisting alloy steels, although nonferrous alloys have also been developed which meet these requirements equally
successfully.

Some typical compositions of such ferrous alloys are given below :
I I

Carbon (%) 0.4-0.5 upto 0.3
Chromium (%) 13-15 23-27
Nickel (%) 13-15 18-21
Silicon (%) - 2.0-3.0
Tungsten (%) 2.0-25 -
Molybdenum (%) 0.25-0.4 -
Iron Reminder Remainder
4, Maraging steels

These are ferrous alloys developed by adding 15 to 25 percent nickel, fairly high proportions of cobalt and molybdenum
and small quantities of other elements to lower grades of steel, like dead mild steels. Such a chemical composition leads
to the development of an alloy of which the structure will be changed to martensite when air cooled from a temperature
of 819C. Its yield strength and elongation properties can be substantially enhanced by age-harderfigSue80

alloys are known amaraging steeland are widely favoured when extremely high strength and good toughness are the
main requirements.

These steels have good machinability and respond well to both hot and cold working. They can also be welded, but
ageing is necessary after welding.

5. High Speed Steels (HSS)

These steels are meant for the manufacture of cutting tools, specially those used in metal machining, and other similar
applications where the amount of heat developed during the operation is very high and the tools used are required to
retain their hardness at elevated temperatures. The factors responsible for high heat generation are the application of
higher cutting speeds, heavy cuts, hardness of material being machined, high friction at tool and job interface, etc. All
such factors contribute to heat generation and raising the temperatures to such an extent that the cutting edge of the
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tool may become red hot. If the tool material is unable to retain its hardness at that time it will fail to perform the cutting
operation. A high carbon steel tool fails to meet this requirement and that necessitated the development of these alloys
(H.S.9. Itis reckoned that tools made of these alloys can safely operate at 2-3 times higher speed than those possible
with high-carbon steel tools and retain their hardness upto a temperaturé®f 620

The most commonly used form of these alloys is the (18-4-1 high speed steel), which carries 18% tungsten, 4% chromium,
1% vanadium, 0.7% carbon and the rest iron. It carries a balanced combination of good red hardness, wear resistance
and shock resistance and is, therefore, widely used for making cutting tools for lathes, shapers, planers, slotters, milling
cutter, drill bits, broaches, etc.

Another popular variety diigh-speeds cobalthigh-speed steel Addition of cobalt improves red hardness and wear
resistance. A typical composition of cobalt high speed steel contains 12% cobalt, 20% tungsten, 4% chromium, 2%
vanadium, 0.8% carbon and the rest iron. This ensures better red hardness and can safely operate upto 620C. These
steels are also known as super kigieed steels.

Another variety of high-speed steels, calMediadium high-speed steel, carnhigher proportions of vanadium and
shows better abrasive resistance than 18-4-1 HSS. Itis, therefore, preferred for mdiffimittgto machinematerials.

Yet another variety of this category of alloys, catterlybdnum high-speed steel$aving 6% molybdnum, 4% chromium,
6% tungsten, 2% vanadium and higher percentage of carbon possess very high toughness and excellent cutting
properties. It is now a very widely used high-speed steel.

CLASSIFICATIONOFALLOY STEELSACCORDING TOTHE PRINCIPALALLOYING ELEMENTS

1. Nickel Steel
It is the most commonly used alloy steel in which nickel, the principal alloying element, varies between 0.5
percent and 2.0 percent. The amount is determined by the purpose for which this steel is to be used. The purpose
of adding nickel is to provide additional strength and hardness to the steel without losing its ductility. The
carbon content present in these steels varies from 0.2 percent to 0.5 percent. With varying percentages of nickel
and carbon, within the specified limits, this steel can be used for a large number of engineering components like
rivets, sheets, pipe, axles, shafts, I.C. Engine parts, electric wires, precision measuring instruments and structural
work of bridges, etc. The nickel-steel having about 0.3 percent carbon and 3.5 percent nickel is most commonly
used.

2. Chromium Steel

This is another useful steel alloy having a number of uses. With the addition of chromium, upto 2 percent, the
strength and hardness of steel is considerably increased but with a slight reduction in ductility. Where ductility
is also important factor as the other two, nickel is added to the steel along with chromium. Itis then known as Ni-
chrome steel. A typical composition of NI-chrome steel, suitable for gears and tools shown as analysis as ;
carbon 0.2% chromium 0.8 percent and nickel 3.2 percent. In general, the chromium steels are extensively used for
ball and roller bearings as they respond very well to the case hardening operation. In addition, this steel has a
number of other uses such as in the manufactures of gears, springs, pneumatic tools, twist drills, hammers, files,
engraving tools, wrenches, hacksaw blades, surgical instruments and items used for structural work.

3. Manganese Steel
It's useful composition carries 12 to 15 percent manganese with about 1 percent carbon. Another composition,
which is also in general use, contains below 2 percent manganese and about 0.15 percent carbon. Presence of
manganese between 2 to 12 percent renders the alloy extremely brittle and reduces ductility. On the whole, if
manganese is added within the specified higher limits (from 12 to 15 percent ), this steel is a very hard and
abrasion resistant alloy having sufficient ductility. It can be cast without any appreciable difficulty but cannot be
easily forged. Its machinability is very low. It is mainly used for making such parts which are to withstand heavy
wear or abrasion; such as cranks and connecting rods of locomotive engines. If this steel is quenced in water
from proper temperature (approx. 96%it gets the property of being nonmagnetic.

4. Tungsten Steel
This may contain Tungsten up to 20 percent but 14 percent to 18 percent is the most commonly used proportion,
which gives us the most widely used steel known as High Speed Steel. This may contain 0.6 to 0.7 percent carbon
and upto 4 percent chromium. The addition of tungsten enables this alloy to withstand high temperatures
without losing its hardness. This is a very significant property due to which this steel is best suited for making
various cutting tools which are required to retain their point or cutting edge during machining at very high
cutting speeds. This is why the name High Speed Steel is given to this alloy.
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Molybdenum can quite suitably replace tungsten up to about 60 percent without any appreciable effect on the
properties of the high-speed steel. This element has a similar effect on the steel as tungsten.

CUTTINGALLOYS

These alloys are specially developed with such constituents which will enable them to retain their strengths at extremely
high temperatures of the order of 100@01100C. This properties enables the use of these alloys for manufacturing

of cutting tools used in metal machining at very high cutting speeds. Solid tools are not made from these alloys because,
if made, they are bound to break due to high brittleness and also because itis difficult to machine them. For these reasons,
small bits are made of these alloys which are either brazed to the tool shanks or held mechanically. According to the
method of production these alloys can be grouped as :

1 Cast cutting alloys
2 Cemented carbides.
1. Cast cutting alloys

These alloys are rich in cobalt content and contain tungsten, chromium, niobium, boron, nickel, tantalum, etc.,
also in varying proportions. As cutting tool materials they perform better than H.S.S. but are inferior than
cemented carbides. They retain their hardness to much higher temperatures then HSS. With the result, they can
be safely operated at 50% or more higher speeds than HSS tools. They can not be heat treated but possess high
hardness in ‘as cast’ condition itself. These alloys are popularly knoSatelfites. They are neither forged nor
machined to shape. Usually they are cast shape and then finished by grinding. They are effectively used for
machining of several hard materials like cast irons, alloy steels, plain carbon steels and nonferrous alloys. They
are costlier than HSS.

2. Cemented carbides
These are, in fachonferrousalloys consisting mainly of the carbides of tungsten (as major constituent),
titanium and tantalum with cobalt as a binder. They are cedletbntedor sintered carbides because they are
produced by sintering process of power metallurgy. The process consists of two main stages. In the first stage
the powered carbides are compacted with cobalt binder (3 percent to 15 percent) to shape. In the second stage
they are sintered.

Due to high brittleness they are used onlybas. These bits are available in many standard shapes like
triangular, square, diamond, round, etc., and different sizes. These bits can either be brazed or held mechanically
on the tool shanks. Brazed bits provide better stability and accuracy but the mechanically held bits (inserts)
enable longer tool life because when their one edge becomes blunt it can be turned over or rotated to bring
another edge in front of cutting.

These tool materials are extremely hard, possess better hot hardness, exhibit better stiffness and less friction and
are chemically more stable. They can retain their hardness wear upt€ 5200 therefore, very high cutting

speed can be used. Their higher wear resistance makes them suitable material for making drawing dies and similar
other tools.

CODING OFIRONAND STEEL
As per B.1.S. Code (IS :4843 --- 1968ain castingsshall be designated in the following order :
1 Symbols indicating the type of casting.

2. Symbols indicating mechanical properties.
Or
1 Symbols indicating the type of casting.

N

Symbols indicating the chemical composition.

The code designation of alloy castings shall follow the following order :

1 Symbols indicating the type of castings.

2. Average carbon content in hundredths of a percent.

3. Symbols for significant chemical elements in descending order.

4, Alloy index numbers for average percentages of alloying elements.

The symbol CS stand feteel castingand FG fogrey iron castingsThe following examples will make the designation
system clear :

FG 150 - Grey iron castings with minimum tensile strength of 150 N/mm

FG35Si15 - Grey iron castings with 3.5% carbon and 1.5% silicon.
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CS 1250 - Unalloyed steel castings with minimum tensile strength of 1250 R/mm
CSM 350 - Unalloyed special steel castings with minimum tensile strength of 350°N/mm
CS50Cr1v20 - Alloy steel castings with 0.50% carbon, 1.0 % chromium and 2.0% vanadium.

Coding of steels
As per BIS code No. IS : 1962(part 1) --- 1974 various types of steels are designated :

1
2.

On the basis of mechanical properties.
On the basis of chemical compositions.

Designation of steels on the basis of mechanical properties
Plain carbon and low alloy steels are designated on the basis of their mechanical propexiesikksrengthand
yield stressThese steels will have code designation in the following order :

@

(b)
©
(d)

The code will be preceded by either letter Fe or FeE. Letter Fe will be used if the classification is based on
minimum tensile strength and FeE if it is based on minimum yield stress.

It will be followed by a figure indicating the minimum tensile strength or yield stress inNN/mm

It will be followed by chemical symbols representing the elements which signify the steel.

In the end the designation will carry the symbol (s) which will indicate the special characteristics like method of
deoxidation, quality of steel, surface condition, formability, weldability, surface finish, treatment, etc.

Some examples

Fe470 W - Semi killed steel with S and P upto a maximum of 0.035% and minimum tensilestrength
of 470 N/mni, of fusion welding quality.

Fe E300 P 35 - Semi killed steel, with S and P upto a maximum of 0.035%, with minimum yield stress
of 300 N/mnd.
Fe410CuK - Killed steel with Cu as main alloying element, S and P upto 0.035 max., with minmum

tensile strength of 410 N/nfm

Designation of steel on the basis of chemical composition

@)

aoopw

(ii)

oo

(iii)

~0 o0 oW

Unalloyed steels

The code designation will comprise the following in the given order as per (IS : 7598-1974)
Figure indicating 100 times the average carbon percentage.

C --- stands for carbon.

Figure indicating 10 times the average manganese percentage.

Symbol indicating special characteristics, if any.

Forexample:
50C5G - Carbon steel with 0.5% carbon, 0.5% Mn and with guaranteed hardenability.
25C5W - Carbon steel with 0.25% carbon, 0.5% Mn, fusion weldable.

Unalloyed tool steel It will be designated in the following order :
Figure representing 100 times the average carbon percentage.
Alphabet ‘T’ standing for tool steel.

Figure representing 10 times the average Mn percentage.

Example:
100T5 - Unalloyed tool steel with 1.0% carbon and 0.5% manganese.

Unalloyed free cutting steels

Figure indicating 100 times the average (%) carbon.

AlphabetC’ for carbon

Figure indicating 10 times the average (%) manganese

Element responsible for rendering the steel free cutting

Figure indicating 100 times the percentage of the element mentiodgd at (
Symbol indicating special characteristics.

Example:
15C8pb 25T 14 - Afree cutting steel with 0.15% carbon, 0.8% Mn, 0.25% Pb, hardened and tempered (indicated
by treatment grade T 14).
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(iv)  Alloy steels
Low and medium alloy steels in which total alloying elements do not exceed 10 percent
As per (IS : 7598 -1974) these steels will be designhated in the following order :
a. Figure indicating 100 times the average (%) of carbon .
b. Symbols for alloying elements, each symbol being followed by a figure representing its average percentage
multiplied by a standard multiplying factor, given below :

Alloying Element Multiplying factor
Cr, Co, Ni, Mn, Si and W 4

Al, Be, V, Pb, Cu, Nb, Ti, Ta, Zr and Mo 10

P,Sand N 100

¢. Symbolindicating special characteristics.

Example:
25 Cr4 Mo 2 G - Alloy steel containing 0.25% average C, 1.0% average Cr, 0.2% average Mo, with guaranteed
hardenability.

Note : The symbol for manganese will be included only if its average percentaded%bo.

High alloy steels in which the total alloying elements are above 10 percent
These steels will be designated in the following order :
Alphabet ‘X’ representing high alloy steels.
Figure indicating 100 times the average (%) of carbon.
Chemical symbols for alloying elements, each followed by the figure indicating its average percentage.
Symbol indicating surface condition.

coop

Example:
X15Cr18Ni9S 6 - bright drawn high alloy steel containing average 0.15% C, average 4839%r Ni.

Alloy tool steels

The order of designation of these steels is the same as for other alloy steels described above, but with a difference that
the letter T oiXT are added in the beginning of the designation depending upon weather the alloy is a low or medium
one or a high alloy respectively.

Examples:
T35Cr5Mo1V3 - Amedium alloy tool steel with average 0.35% C, 5% Cr, 1.0% Mo and 3.0% V.
CT70W18Cr4V1 - Ahighalloy steel with average 0.7% C, 18% W, 4% Cr and 1.0% V.

American Standards

The designation systems for steels have been standardised in U.S.ASbgigty of automotive Engineensd the
American Iron and steel Institutend their standards are represented by corresponding abbreviations SAE and AISI.
The common feature of the designation is that a 2 or 3 digit number identifies the range of composition of alloying
elements and it is followed by a 2 digit number which identifies the average content of carbon in 100ths of a percent.
Parallel standards have been developed by most of the industrialized counters. The Bureau of Indian Standard (BIS)
has compiled a comparison of Indian Standards with foreign standards and the same can be referred to, if needed.

SUGGESTED BISCODES FORFURTHERREFERENCE

IS432 (Pt&2):1982 1$030: 1989 IS1812:1982 IS3748:1990
I1S280:1978 IS1079:1988 IS1875:1978 IS3749:1978
IS513:1986 IS 1148:1982 IS1977:1975 1S3930:1979
SP14:1976 IS 1149:1982 IS1870:1975 IS 3945 :1966
IS 226:1975 IS1570:1961 IS 1956 (Pt1):1976 IS4030:1973
1IS961:1975 IS1673:1984 IS2049:1978 IS4367:1991
IS1730:1989 1S2611:1964 I1S4431:1978
IS1871(Pt1,2,3,):1987 1S1732:1989 IS3747:1982 IS 4432 :1988
IS7226:1975 IS5517:1978 IS5518:1979 IS 4898:1989
1S9516:1980 IS5651:1987 I1S9516:1980 IS 9550:1980
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CHAPTER -4
NON FERROUS METALS & IT'S ALLOYS

INTRODUCTION

Non-ferrougnetals are those which do not contain iron as the base material. The most commonly used non-ferrous
metals in wokshop are aluminium, copper, lead, tin, nickel and zinc. They also form very useful alloys amongst
themselves, known asion-ferrous alloyswhich possess very significant characteristics like high resistance to
corrosion, conductivity of heat and electricity, lightness in weight and of being non-magnetic. These properties enable
these metals and alloys to be preferred over iron, steel and their alloys where these characteristics stand as the primary
considerations. Non- ferrous metals and alloys can also be cast and machined without any appreciable amount of
difficulty, but they are more expensive as compared to the ferrous products. However, apart from the cost factor, there
are some inherent disadvantages associated with non-ferrous metals, when compared with ferrous metals, such as high
shrinkage, hot shortness and lower strength at elevated temperatures.

Use of non-ferrous metals in engineering offers the following advantages :
Very good electrical and magnetic properties.

Good castability.

Good formability

Ability to be easily cold worked.

High resistance to corrosion.

Attractive appearance.

Lower density.

Nogs~wdE

ALUMINIUM

Aluminium ore is found as a hydrated aluminium oxide, céliackite The impurities presentin it are oxide ofiron, silicon

and titanium. The first process, therefore, is to separate aluminium oxide from these impurities. For this purpose, bauxite
is fused in an electric furnace and carbon is added to reduce the impurities, whiclsliedgeand can be removed.

As aresult of this refining, pure aluminium oxide is separated from the impurities. Then an electrolytic bath is used to
reduce aluminium from its oxide. As the electrolytic process proceeds the oxygen escapes through the bath and molten
aluminium collects at the bottom (cathode), from where itis periodically tapped off. This mineral is mainly available in
our country in Bihar, Maharashtra, Madhya Pradesh, Karnataka and Tamil Nadu.

Properties and uses

1 High electrical couductivity.Used for heavy conducators and busbar work.

2 High heat conductivityUsed in various domestic tensile and other heat conducting appliances.

3 Good resistance to corrosioblsed in manufacture of containers for chemical industry and window frames etc.
4. It can be readily worked, extruded, rolled, drawn and forged.

5. It has high ductility and is extremely light in weigittidely used in aircraft industry.

6 Its corrosion resistance can be considerably increased by anodising.

7 It becomes hard by cold working and ,therefore, needs frequent annealing.

8 Its low tensile strength can be sufficient improved by adding 3 to 4 percent copper.

COPPER

It is not available in pure form under the earth. It is extracted from its ores through a series of processes. A couple of
locations where copper ores are found in Indid<uetri in Rajasthan and Ghatsila in Bih&opper pyritesare the

main ores used for extracting copper.

The copper ore is first roasted to drive out water, & sulphur. Itis followed by melting in a reverberatory furnace

of the type used for wrought iron . Silica is added to the charge to form slag with impurities like iron and alumina, etc.
The molten metalis tapped and transferred to a converter where air is blown through it to burn the impurities. This results
in the production of a crude form of copper, knowblégter copercontaining 68% purity. Final refining is done by

an electrolytic process, pure copper depositing on the cathode. This gives a highly pure (99.9%) copper which is
remelted and cast into suitable shapes.

Properties and uses
1. High electrical conductivity.
Used as electrical conductor in various shapes and famsheet and contacts etc.
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2. High heat conductivity.
Used in heat exchangers and heating vassels and appliances.

3. Good corrosion resistance.
Used for providing base coating on steel prior to nickel and chromium plating.

4. High ductility.
Can be easily cold worked, ruled, drawn and spun. Loses ductility in cold working, requiring annealing.

5. Light in weight.
Used in various appliances where light weight with good corrosion resistance is desired.

MAGNESIUM

Principal sources for obtaining magnesium are natural salt brines, sea water, water liquors obtained from potash industry
and ores. The principal ores are magnesite, dolomite and carnallite. Various processes have been developed for its
extraction, but the most popular and widely used one is the electrolytic process.

Properties and uses

1 Itis the lightest of all metals, weighing about two-third of aluminium.

2. It may be sand, gravity and pressure die-cast.

3. Its castings are pressure tight and obtain good surface finish. A few examples of magnesium castings include
motor car gear box differential housing and portable tools.

4. It may be easily formed, spun, drawn, forged and machined with high accuracy.

5 Additions of 10% aluminium and small amounts of zinc and manganese improve its strength and casting
characteristics.

6. Additions of 2% Mn helps in its easy forming into plates and sheets and extrusion work.

7. In finely divided form it is likely to burn, and adequate fire protection measures should be strictly observed.

ZINC

The zinc ore is first concentrated through a suitable process. This concentrate is fed into a retort with a suitable amount
of carbonaceous material (say coal). Several retorts are housed in one furnace and their temperature raf€ed to 1100
Zinc emerges as vapor and is passed through a condenser, where it is collected as a liquid. The impurities are given
out as gases and burn at the mouth of the condenser. By rapid cooling the zinc vapour may be quickly converted into
powered zinc.

Properties and uses

1. High corrosion resistance.
Widely used as protective coating on iron and steel. It may be coated either by dip galvanising, electroplating or
sheradising. The coating can also be provided through painting or hot spraying.

2. Low melting point and high fluidity
Make it the most suitable metal for pressure die-casting, generally in the alloy form.

LEAD

Lead ores are generally found as oxides or sulphides. Other impurities present in the ores are iron, copper and zinc etc.
The prepared ore concentrate, together with the flux (lime and silica), is fed into a small blast furnace where the
temperature is raised to about 18L0rhe lead is melted and a liquid slag formed of the impurities. Both slag and molten
lead are tapped at intervals. Further refining is carried out in a reverberatory furnace, where an oxidising atmosphere
is maintained to burn out the impurities.

Properties and uses

1 Goodcorrosion resistance.
Used for water pipes and roof protection.
2. Good resistance to chemical action.

Used for acid baths and containers in chemical industry.
3. It is soft, heavy and malleable, can be easily worked and shaped.
4. It is used as an alloying element in making soft solders and plumber’s solders.
5 It is also alloyed with brass and steel to impart them free cutting properties.

TIN
The most prominent tin oredéassiterite It also carries compounds of copper, iron, lead, antimony, bismuth and zinc
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etc. As usual an ore concentrate is prepared. This concentrate is roasted to drive off excess arsenic and sulphur. The
roasted ore is transferred to a reverberatory furnace, where it is heated. Anthracite is added to the charge which reacts
chemically to separate tin, the latter sinking to the bottom of the furnace. From there itis tapped at intervals. This crude
tin is remelted and refined further. For obtaining high purity tin the electro-deposition method is used.

Properties and uses

1 Good resistance to acid corrosion

Used as coating on steel containers for food.
2. It is soft, has good plasticity and can be easily worked.
3. It can be easily rolled into thin foils, but cannot be drawn due to low strength.
4. Itis used as an alloying element in soft solders, bronzes bearing metals.
NICKEL

Its extraction process consists of first roasting the ore, followed by smelting in a small blast furnace. Limenstone and
quartz are added as flux. They form slag with impurities. Coke is used as fuel. Crude molten nickel is tapped off periodically
from the bottom of the furnace. This crude metal is further refined in a bessemer converter followed by treating with
sulphuric acid to extract pure nickel. Copper is separated as copper sulphate.

Properties and uses

1 It has a good resistance to both acid and alkali corrosion. It is, therefore, widely used in food processing
equipment.
2. It has high tensile strength and can be easily worked cold and hot.

w

It is plated on steel to provide a corrosion-resistance surface.
4. It is an important alloying element with steel. Its higher proportions are advantageously used in the production
of stainless steel likmoneland inconel.

NON-FERROUSALLOYS

Due to poor physical and mechanical properties and high costs the nonferrous metals are seldom used in their pure
state. But their alloys carry very good physical and mechanical properties and are widely used. In general they have

lower strength, hardness and modulus of elasticity than irons and steels. However, they carry their own importantance

due to some exceptional properties they possess, like lightness, ease in fabrication, good machinability, high resistance
to corrosion, attractive appearance and good castability etc. Some commonly used nonferrous alloys are described in
the following articles.

BRASSES

All brasses are basically alloys of copper and zinc. There are two main varieties of brasses :
1 Alpha brass (upto 37% Zn) - for cold working.

2 Alpha Beta brass (33% to 46% Zn) - for hot working.

Alphabrasses are very ductile and can be reality cold worked without any chances of fracture. They can be cold rolled
into sheets, drawn into wires, deep drawn and drawn into tubes. In these brasses, as the proportion of zinc increases,
their strength increases but ductility decreases.

They are work hardened when subjected to intensive cold working, but ductility can be regained by annealing them
at 600C. Slow cooling provides maximum ductility, but for common uses they may be water quenched. Deep drawing
of this brass requires periodical annealing during the process.

An alpha-beta brass loses strength at high temperatures but becomes very plastic. It, therefore, responds very well
to hot rolling, hot extrusion, hot stamping and casting, &when cold worked, fractures are always likely to develop.

Common types of brasses in engineering use are the following :

Cartridge brass

It has 70% Cu and 30%Zn. Itis very strong and ductile. It is used for a wide range of drawn components like cartridge
cases, head lamp reflectors, radiator shells and drawn tubes.

Muntz metal
It contains 60% Cu and 40% Zn and can be cast, rolled, extruded and stamped. Itis a sort of general purpose alloy having
good resistance to corrosion. It is used for casting pump parts, valves, tapes and other similar items.

Naval brass
It contains 60% Cu, 39% Zn 1% tin. Itis more or less similar in composition to Muntz metal exceptthat 1% Znis replaced
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by 1% tin. As a result of this change the resistance to sea water corrosion is vastly improved. This alloy is, therefore,
widely used for cast and forged fittings for ships.

Admiralty brass

It contains 70% Cu, 29% Zn and 1% tin. It is similar to cartridge brass in composition except that 1% Zn is replaced
by 1% tin. It can be cold worked and has good resistance to sea water corrosion. It is cold drawn into tubes and rolled
into sheets and bars. It is widely used in ship fittings, bolts, nuts, washers and the other items subjected to sea-water
corrosion. It is also used in condenser plant.

Gilding brass

It contains upto 15% Zn and the rest Cu. It is a very good cold working alloy and is used for jewellery, decorative and
ornamental work. Itis commercially available as cold rolled strip, wire or sheet. Its colour, according to the percentage
of Zn. Varies from red to bright yellow. It is also cal@dding metal.

Deltabrass

Also known a®elta metalit consists of 60% Cu, 37% Zn and 3% iron. It can be easily hot worked, forged, rolled extruded
and cast. It has a fairly good tensile strength after hot working and casting. It also has a good corrosion resistance.
It can suitably replace steel castings.

Free cutting brass

It contains 60% Cu, 37% Zn and 3% Pb. It is specially used in machining work, such as producing components from
bar stock on turret and automatic lathes. Itis also used for making cast, forged or stamped blanks to be used for further
machining. With this metal very high speeds and feeds can be employed in machining.

Betabrass
It contains 50% Cu and 50% Zn. Higher percentage of zinc renders it hard and brittle, but it softens quickly when heated
and melts at 872C. Its main application is as a brazing soldpe{te).

Colouring brass

Various brass components can be imparted different colours by chemical treatment. A few examples are giving of golden
colour and black colour, the former being used in decorative and ornamental work and the latter in optical instruments
parts. For golden colour the finished brass components are boiled in a solution consisting of water 24 parts, saltpeter
2 parts, alum 1 partand HCI 1 part, all by weight. Similarly the solution for boiling the parts for giving black colostis consi

of 4.5 litre water, 0.16 kg potassium cyanide and 0.06 kg white arsenic.

Silicon brass

It contains 80% Cu, 16% Zn and 4% Si. It responds well to welding and is widely used for refrigerators and fire-
extinguisher shells. It can also be easily sand or gravity die cast, hot stamped and extruded. It can be used as a cheaper
substitute for phosphor bronze.

Clock brass
It contains 65% Cu, 34% Zn and 1% Pb. The lead contentimproves its bearing qualities and machinability. Itis mostly
available in strip form and is widely used in making small gears and pinions for clock work.

High tensile brass

Itis similar to Naval brass but carries small additions of A1, Mn, iron, Ni and Pb. Its tensile strength is 69 toAnes/mm

It is used where high tensile strength and toughness along with good resistance to corrosion are required. It may be
sand or die cast and forged. It is mainly used for large marine components, such as pump bodies and ship propellers.

Precipitation hardening brasslt contains about 70% Cu, 30% Zn and small additions of Niand Al. It can be hardened
by usual heat treatment. It can be annealed by quenching frd@ &850 can be hardened by reheating tdG0R is
widely used for gears, pinions, formed and pressed parts where ability to harden after working is an advantage.

BRONZES

Bronze is basically an alloy of copper and tin. In general, it possesses superior mechanical properties and corrosion
resistance than brass. Those containing upto 8% tin arewaltkhg bronzesThey can be easily cold worked, rolled,

formed and drawn. They are available in various forms, as strip, wire and sheet etc.

With the increase in tin content, its strength and corrosion resistance increase. It is then kindowosng bronze
Small addition of phosphorus furtherimproves its strength, ductility and bearing properties. The amount of phosphorus
added is 0.5%. This is then knowng@®sphor bronze.
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Phosphorbronze

Various compositions of this alloy are available for different uses. That having about 0.5% P is widely used for different
types of springs in electrical instruments. Its drawn tubes are used in fuel systems and instruments. Cast phosphor
bronze is used for bearings and geRearing bronzeontains 10% tin and small addition of le@&ar bronzeontains

13% tin for greater strength. Phosphor bronze can be sand cast, centrifugally cast, or cast through lost wax process.
It carries good load bearing capacity, enough plasticity and good wear resistance, which make it an ideal bearing metal.

Gunmetal
Itis a phosphor bronze having 2 to 5% Zn. Small amount of lead is also added to improve castability and machinability.
It is used for bearing bushes, glands, pumps and valves etc.

Bell metal
It is a straight bronze having 20 to 25% tin. It can be readily cast and is generally used for casting of bells.

Speculum metal
Another straight bronze containing 30% tin. It is a hard alloy and takes good polish. It is largely used for decorative
work and vacuum plating.

Aluminium bronze
It contains upto 14% A1l and the rest Cu, with sometimes a little addition of iron. It possesses good strength, high
corrosion resistance and good heat resistance.

One variety, containing upto 8% Al, is knowncasd working Al-bronzelt is available in the form of tubes for
condensers, heat exchanges and steam and chemical plants. It is also used for springs.

Although variety, callethot working Al-bronzegontains 8% to 14% Al. It can be readily forged, extruded, stamped,
sand and gravity die-cast and otherwise hot worked. Itis used for a large range of cast and forged parts, such as gears,
pinions, valve seats, guides in I.C. engines, cams and roller, etc.

Silicon bronze

It contains 1 to 4% Si, 0.25t0 1.25% Mn, 0.5 to 1% iron (if added) and the rest copper. Small addition of upto 0.5% Pb
willimprove machinability. It has high strength, toughness and corrosion resistance. It can be readily hot worked. With
low silicon content it can be safely cold worked also. Itis widely used for boiler parts, tanks, marine hardware and similar
other items.

Manganese bronze

It contains 55 to 60% Cu, 38 to 42% Zn, upto 1.5% tin, upto 2% iron, upto 1.5% Al and upto 3.5%Mn. It has superior
mechanical properties and high corrosion resistance. It has poor response to cold working, but can be readily hot
worked. It is used for such parts where high strength and corrosion resistance are desired, such as in ship propellers
and rudders, etc.

ALUMINIUMALLOYS

Duralumin.

It contains 4% Cu, 0.5% Mg, 0.5% Mn and the rest aluminium. It has high tensile strength, comparable with mild steel,
combined with the characteristic lightness of aluminium. It, however, possesses a low corrosion resistance. Toimprove
upon the same, a thin film of Al is rolled on the duralumin sheets. These sheets are known by their tratidathme

and are widely used in aircraft industry. It is available in various forms like bars, tubes and sheets. In its wrought form
it can be cast, forged and stamped easily. It can also be age hardened.

Aluminium casting alloys
A general purpose casting alloy contains 90% Al, 8% Cu, 1% Si. It has good strength, hardness and machinability. It
may be sand, gravity or pressure die cast.

Another general purpose aluminium casting alloy consists of 13.5% Zn, 3% Cu and the remainder Al. Similarly, alarge
number of aluminium casting and forging alloys have been developed in the recent past which possess fairly high
strengths.

Al-Sialloy contain 5 to 15% Si and the rest Al. They have good castability, low shrinkage, and the castings made from
them are quite sound. A more refined structure of casting is obtained by adding a small amount of sodium.

Y-Alloy
It contains 93% Al, 4% Cu, 2% Niand 1% Mg. Its principal use is as a casting alloy. It maintains its strength at elevated
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temperatures, and is used for pistons of I.C. engines. A heat treatment of Y-alloy castings, consisting of quenching
in boiling water from a temperature of 8300and then aging for 5 days, develops very good mechanical properties in
them. It is also used in strip and sheet forms.

NICKELALLOYS

German Silver

Itis also known alli-silver. It contains 60% Cu, 30% Niand 10% Zn. Itis very ductile and malleable and displays silvery
appearance. It is used for electrical contacts, resistance wires, casting of high quality valves and taps and jewellery.

Constantant
It contains 45% Ni and 55% Cu. It has high specific resistance, which is unaffected by temperature variation. Itis used
for accurate resistors, thermocouples, wheat stone bridge, low temperature heaters and resistances.

Monel metal

It contains 68% Ni, 30% Cu, 1% iron and small additions of Mn and other elements. It has good mechanical properties
and can maintain them at elevated temperatures. It has high corrosion resistance, can be cold and hot worked, cast,
forged and welded. It is widely used for marine parts pump impellers, propellers, evaporators and heat exchangers in
chemical works.

Inconel

It contains 80% Ni, 14% Cr and 6% iron. It has high resistance to corrosion and oxidation at elevated temperatures. It
can be readily cold and hot worked, but does not respond to heat treatment. It is widely used in processing uranium
and for heating for high temperature heating elements.

Nichrome
Like Inconel it is also a nickel-chromium alloy which is extensively used in electrical appliances as a resistance wire.

Incoloy Itis also a Ni-based alloy which is widely used agh temperature alloyit consists of 42% Ni,13 % Cr,
6% Mo, 2.4% Ti, 0.04% C and the restiron.

K-monel
It possesses composition as monel, but about 3 to 4% Al is added to it. It carries similar applications as monel, but has
better mechanical properties than that.

Nimonic alloy
It contains 80% Ni and 20% Cr. It has high strength and ability to operate under intermittent heating and cooling
conditions. It is widely used in gas-turbine engines.

BEARINGMETALS

A Bearing metalshould possess the following important characteristics :

1 It should have enough compressive strength to possess adequate load carrying capacity.

2 It should have good plasticity to allow for small variations in alignment and fitting.

3. It should have good wear resistance to maintain a specified fit.

4 It should have low coefficient of friction to avoid excessive heating.Some important bearing metals are following :

Babbit metal
It is a white metal containing 85% tin, 10% Sb and 5% Cu. It is used for heavy duty bearings.

Lead alloy
It contains 40% lead and 60% Cu. It may be cast in position or fused as a tin shell to a bronze or steel reinforcing shell
outside.

Phosphorbronze
With 10% tin is used for light load low speed bearings. It can be sand and centrifugally cast.

Cadmium alloy
It contains 95% cadmium, 5% silver and a very small amount of iridium. Itis used for medium loaded bearings subjected
to high temperature.

Cintered metal
Bearings suitable for light and medium loads are made by sintering metallic powders. A popular composition consist
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0f 90% Cu, 10% tin and a small addition of graphite. Cintering is done’at. 7ilretaining bearings can be made through
this process.

OTHERALLOYS

Dowmetal

Itis amagnesium-base alloy, containing 90% Mg, 10% Al and a small addition of Mn. Small additions of cadmium and
copper increase its thermal conductivity considerably. It offers difficulty in cold working, blanking and drawing, but
can be readily cast, forged and rolled. It has good weldability and can be machined. Itis used in automobile and aircraft
industries.

Beryllium copper

It is an alloy of copper and beryllium. The most popular alloy contains 2% beryllium. It has superior mechanical
properties, comparable to steel, can be cold worked and heat treated. It has high corrosion resistance, high heat and
electrical conductivity and is nonmagnetic. It can be sand or investment cast to produce castings requiring high
strength, high electrical and thermal conductivity and greater stability. It is mainly used for springs, bellows, bordon
tubes, diaphragms, and electrical contacts.

Hastelloy
It consists of 57% Ni, 20% molybdenum and 23% iron. It can be readily cold and hot worked and can be welded through
usual methods. It has high resistance to acids and salts.

Another composition dfiastelloyshows 45% Ni, 22% Cr, 1.5% Co, 0.5% W, 0.15% C, 9% Mo and the rest iron. It
possesses high hardness and high yield strength. It is usdtdghstamperature allaysuch as for components in
nuclear plants, aeroengines, rockets, etc.

Vitallium
Itis another high temperature alloy with 62% cobalt as the main constituent. Other elements present include 28% Cr,
5.5% Mo, 2.5% Ni, 1.7% Fe and 0.28% C.

Aluminium brass
It is a special alloy containing 76% Cu, 22% Zn and 2% Al which finds its exclusive use in marine applications.

METALSUSED INNUCLEARENERGY

The requirements of nuclear plants, where nuclear energy is generated, have given impetus to the demand of such rare
metals which were neither given any commercial importance nor were in wide use before World War Il. These metals
include Uranium, Thorium, Plutonium, Zirconium, Beryllium and Niobium. These metals are widely used as raw materials,
fuels, moderators, reflectors, fuel canning materials, materials for making pressure vessels, and similar other requirements
of generation and control of nuclear energy. These metals will now be described in the following articles.

URANIUM

Itis avery widely used nuclear fuel. Itis found to be very radioactive and can be easily oxidised. Pure uranium possesses
poor corrosion resistance and is weak. Therefore, it is shielded through cladding process before being used as a fuel.
Claddinginvolves covering it all around by a thin foil of aluminium through rolling process. However, its oxide has

a high corrosion resistance, high refractioness and good strength. Also, its density is fairly high. The natural uranium
deposits are known to carry two types of isotopes, caltadium 238&nduranium 2351t can existin three allotropic

forms, but its oxide does not exhibit any change in phase in an inert atmosphere. Due to the above shortcomings it
isused in nuclear industries in alloyed form. The common elements alloyed with it are molybdnum, zirconium, chromium,
plutonium, etc. On account of its high density, the depleted uranium can be used with advantage in such applications
where maximum weight is required to be putin a limited space, viz., in counter weights.

PLUTONIUM

Itis not a natural element, but produced from uranium 238. Its melting poin?&.648 highly toxic and chemically

very reactive. It can be easily oxidised. It possesses natural fissionability and, therefore, high energy alpha and gamma
rays and similar other radiations emit from it at a very fast rate. It exists in six allotropic forms. Itis mainly uded in fas
breeding atomic reactors and in making atomic bombs. Radiation hazards are always possible while using plutonium
compounds and alloys. As such, perfect health protection is essential while using these compounds and alloys.

THORIUM

It is also a radioactive and carries F.C.C. structure. Below’C489phase changes take place in it. With the help of
neutron absorption and beta decay processes it can be converted into uranium 233. In its pure form it is soft and weak,
but its mechanical properties can be substantially changed by adding small amounts of other elements. For examples,
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addition of just 0.2% carbon increases its tensile strength substantially. Its strength is also increased with the addition
of uranium. But, its strength and hardness decrease if titanium, zirconium or niobium are added to it while being
processed it also emits alpha rays and releases a lot of radio- active material in the same manner as uranium. But, it is
less susceptible to irradiation damages.

ZIRCONIUM

In its natural mineral form it may contain upto 2.0f4fium, due to which it exhibits high neutron absorption
characteristics. It possesses a HCP/BCC structure, a melting point &€ B8f fairly hard. When alloyed with certain

other elements it offers excellent corrosion resistance to most of the acids and chlorides, good strength, good
weedability and fatigue resistance. When alloyed with copper, it shows high electrical conductivity.

Because ofits natural poor resistance tgaCelevated temperature it can be made suitable for use in gas cooled reactors
by adding 0.5% copper and 0.5% molybdnum. With these additions its tensile strength is also increased with a
simultaneousincrease inits creep resistance &4Smilarly, its popular alloy with 1.5% zinc, 0.1% chromium, 0.1%

iron and 0.05% nickel, calledircaloy-2 offers high corrosion resistance and finds wide applications in water cooled
reactors. Of course, as already stated above, it is widely used for cladding of fuel elements.

BERYLLIUM

Itis alight metal with HCP structure and a melting point of 228Buring its melting itis essential to have aninert gas
atmosphere or vacuum because it is a very reactive metal and can readily form compounds by chemically reacting with
the atmosphere inside the furnace or the refractories present inside. Beryllium in cast condition is brittle and carries
coarse grains. Therefore, powder metallurgy techniques are employed for making its billets. In its pure form it quickly
oxidises at temperatures above TBdts main applications are as a reflector, moderator and source of neutron.

NIOBIUM
It carries a BCC structure with a melting point of 2470t has very good compatibility with uranium. It offers very good

corrosion resistance, specially to liquid sodium coolants. Itis added to many base metals to produce high heatresistance
alloys. However, it is quite expensive.
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CHAPTER -5
NICKEL ALLOYS

Nickel is the chief constituent of a number of nonferrous alloys which are used in special applications in aircraft work.
The main feature common to all of these alloys is their exceptionally good corrosion resistance. IN this respect they
are equal to or better than corrosion-resistance steel. These nickel alloys work fairly and are obtainable commercially
in most of the standard forms. Their use is gradually increasing in aircraft construction, as more designers realize how
well fulfill specialized needs.

Three nickel alloys are of special interest to the aircraft designer : Inconel, Monel, and Klkkoredlis a nickel-

chromium alloy with good corrosion resistance and strength at normal and elevated temperatures. These properties
are ideal for airplane-engines exhaust collectors, which are frequently constructed of Monaks.a nickel-copper

alloy with high corrosion resistance, reasonably good strength, and good working propemtlesel is a nickel-
copper-aluminium alloy with high corrosion resistance, exceptionally good strength (inherent as well as developed by
heat treatment), and the property of being nonmagnetic. This latter property create a use for this material as structural
members in the vicinity of compasses.

The following pages describe these three alloys in as much detail as the aircraft designer s likely to require. There may
be some occasional gaps in the data, due to the fact that two of these alloys are recent discoveries and have not yet
been exhaustively tested.

INCONEL

Inconelis a nickel-chromium alloy classified as nonferrous because the iron contentis negligible. The relatively small
amount of contained iron and carbon do not impart any of the characteristics of steel, such as transformation ranges
and hardening by heat treatment. Inconel is a corrosion and heat-resisting metal. In aircraft work it is used more
especially for exhaust collector but is rapidly acquiring new uses.

Chemical Properties The approximate composition of Inconel is :

Nickel - 79.5% Carbon - 0.08%
Chromium - 13.0% Copper - 0.20
Iron - 6.5% Silicon - 0.25
Manganese - 0.25%

Chromium is added in the form of ferrochrome, which also accounts for the iron present. The high nickel content gives
the metal good work ability and corrosion resistance, while the chromium contributes strength and a “stainless” or
tarnish-resistant surface. An increase of iron up to approximately 20% has little effect on the properties, but above that
percentage rusting occurs and the welding properties change. Inconel was selected from a series of experimental alloys
(in which the constituent ranges had been varied and the properties investigated) as the alloy combining the best
corrosion resistance, strength, and working properties.

Physical Properties

Density (grams per cubic centimeter) 8.51

Weight per cubic foot 533.5 pounds.

Weight per cubic inch 0.309 pounds.

Melting point 2540F, (1393C)

Modulus of elasticity (p.s.i) 31,000,000 to 32,000,000

Modulus of torsion (p.s.i) 10,000,000 to 11,000,000
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STRENGTHPROPERTIES

Formand condition Yield strength Tensile strength Elongationin2in

(0.20% offset) (1000 p.s.i) (%)

(1000 p.s.i)
Rod and bar -cold-drawn
Annealed 2550 80-100 50-35
As drawn 70-125 95-150 30-15
Rod and bar- hot-rolled
As rolled 35-90 85-120 45-30
Annealed 2550 80-100 50-35
Rod and bar-- forged 3590 85-120 45-20
Wire-cold-drawn :
Annealed 2550 80-105 50-25
Regulartemper 115-165 130-175 12-3
Spring. 150-175 165-185 10-2
Plate--hot-rolled
Annealed 30-60 80-110 50-35
As rolled. 4595 100-140 40-20
Sheet and strip -- standard cold-drawn
Annealed 30-45 80-100 50-35
Hard sheet 90-125 125-150 15-2
Full-hard strip 120-160 145-170 10-2
Tubing-- cold-drawn
Annealed 30-50 80-100 50-35
Drawn 65-140 110-160 20-2

Inconel has the property of retaining high strength at elevated temperatures. This property is particularly important
when the metalis used in heating systems or for exhaust collectors. The tensile properties of annealed Inconel at elevated
temperatures are shown in Figure 5.1.
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Fig.5.1.High-temperature Properties of Inconel
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Impact toughness tests on a Charpy testing machines give an average reading of 200 foot-pounds without fracture of
the specimen. Excellent toughness is indicated with a much higher value than steel and nonferrous alloys.

Wire up to 5/8-inch diameter can be cold drawn and given spring temper. After coiling the springs should be treated
at 800F to release coiling strains, a necessary treatment if springs are to operate at elevated temperatufE.up to 750
The torsional elastic limit of Inconel spring wire is 100,000 p.s.i.

Annealing and Stress Relieving

The heat treatment of Inconel consists only of annealing processes which will relieve internal stresses due to cold
working and for the purpose of softening the metal. Inconel cannot be hardened by heat treatment; it is only hardened
by cold working.

Internal stresses set up during cold rolling or during fabrication may be relieved without appreciable softening by
heating the metal for 1 hour at 800-990Cooling may be effected either by furnace cooling or quenching in air, water,

or very dilute alcohol-water solution without changing the physical properties. Water or alcohol quench is preferable
to reduce the amount of surface oxidation. Inconel springs should be given this stress-relieving treatment after cooling.

Softening of Inconel is obtained by heating the metal at®(8@® 10 to 15 minutes and quenching by any of the above
methods. This softening treatment would be employed, for example, between draws where an excessive amount of cold
work is to be done in the making of deep drawn articles.

In heating Inconel to temperatures above’F@be furnace atmosphere should be free from sulphur and active oxygen
to avoid surface scaling. The chromium oxide which forms is removable with difficulty, only, by grinding or pickling.

Working Properties

Asindicated by the elongation values gives under Strength Properties, Inconelis very ductile and can be readily formed
in the annealed state. It hardens from cold working, not as rapidly as 18-8 corrosion-resisting steel but more rapidly
than copper, aluminium, or Monel.

Forging must be done between 230and 185€F. As mentioned under heat treatment, all heating should take place
in sulphur-free or very low sulphur nonoxidizing atmospheres. Shapes similar to those forged in steel may be readily
produced.

Hot and cold rolling of sheets and strips is accomplished in a manner similar to that employed for steel. Rods are also
hotrolled or cold drawn, and tubing---either welded or seamless---is cold drawn. Steel practice is in general followed
in these operations.

Inconel castings can be made but suffer from high shrinkage. The metal must be poured fast and at as low atemperature
as will permit free running, and still completely fill the mold.

Machining of Inconel is difficult and must be done at low speeds with carefully treated and sharpened tools.
Considerable heat is generated in machining. Inconel machines uniformly with sulphur base oils, and does not drag
or stick badly.

Inconel bends readily. Government specifications require that test pieces must withstand cold bending, any direction
of the sheet, without cracking, through an angle of 88G diameter equal to the thickness of the test specimen. For
shop work it would be advisable to call for bend radii equal to one thickness of the material.

Welding
Inconel welds readily and gives a strong , sound, ductile weld which resists corrosion. Welding may be done by electric
arc, electric spot or seam (resistance welding), or with the oxyacetylene flame.

Oxyacetylene welding is used exclusively on engine exhaust manifolds and collectors because of the lightness of the
gage. In this type of welding an Inconel rod coated with Inconel Gas-Welding Flux is recommended. The joint is also
coated with a water paste of this flux on both surfaces to prevent oxidation. When a slightly reducing flame is used
to avoid oxidation a uniform weld with excellent penetration is easily obtained. It is advisable when finishing off an
Inconel gas weld to withdraw the flame slowly, as this procedure permits slower freezing of the crater and so avoids
any porosity at the finish of the well.

Welded joints in the annealed metal develop the strength of the base metal. As evidence of ductility, welded sheet may
be bent flat on itself, at right angles to the weld or along the welded seam, without the cracking of the weld.
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There is no limitation on the thinness of sheet which can be welded with oxyacetylene other than the skill of the welder.
It is also permissible to touch-up an imperfection in a weld without affecting the general soundness.

Electric arc welding of material heavier than 18 gage (0.050 inch) is practical

Welded tubing is produced from strip Inconel by automatic oxyacetylene and automatic atomic-hydrogen welding.
This type of tubing approaches the soundness of seamless tubing (which is much more expensive) and can be annealed,
drawn, swaged, and bent without failure. Welded tubing is superior to seamless tubing in uniformity of wall thickness,
surface finish, and freedom from die scratches.

Welded joints in Inconel are not subject to intergranular deterioration nor do they suffer any metallurgical change other
than a normal very slight softening. They do not require heat treatment to improve their corrosion resistance.

Fig.5.2. Jet Tail Pipe: Inconel.

Soldering and Brazing

Silver soldering and brazing are used where the strength of a welded joint is not required or the heat of welding would
cause buckling. Both operations are performed with the oxyacetylene torch, but because of the low flow points of silver
solders (117%), naturally amuch smaller flame is required than for welding. In silver soldering Handy Flux and Handy

& Harman’s Easy-Flo Brazing Alloy are recommended. Silver solders must have a low flow point to avoid cracking of
the Inconel, which is hot short around 1400The recommended silver solder is of sufficiently low melting point to
clear this range by an ample margin.

Soft soldering on Inconel is also possible, but care must be taken to insure a thorough bond with the metal. “Tinning”
with an iron and the use of an active flux is recommended.

Fig.5.3.Exhaust Collector and Hot Spot ; Inconel

Corrosion Resistance

Inconelis practically corrosion resistant in normal atmosphere or in the presence of salt water. Itis believed to be some
what better than corrosion-resistant steelin this respect, but sufficient evidence is not at hand for a definite comparison.
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Inconel welds are slightly more corrosion resistant than the parent metal . Due to the small amount of iron in Inconel,
there is no trouble with carbide precipitation or intercrystalline corrosion as experienced with 18-8 corrosion-resistant
steel after welding. Inconel welds should be cleaned after fabrication by immersing in a 50% (by weight) cold nitric acid
solution for 5 to 10 minutes. This should be followed by a thorough water rinse.

Electrolytic corrosion or pitting of Inconel is almost negligible because of the high nickel content. Inconel is rated
galvanically as a passive metal.

When heated above 780n an oxidizing atmosphere chromium oxide is produced on the surface. This oxide can be
removed only by grinding or picking. For exhaust collectors there is no point in removing this surface oxide, as it will
simply reform as soon as the engine is run and the exhaust gets hot.

Available Shapes

Inconelis available commercially in the following forms :
Sheet; Strip; Rod-hot rolled or cold drawn
Tube-cold drawn seamless; welded
Wire-cold drawn
Castings

Uses

Inconelisideally suited for use in the construction of heat exchanges, jet tail pipes, exhaust manifolds, and collectors.
Its ease of forming and welding, combined with its strength at high temperatures and corrosion resistance, make a perfect
combination of properties for this purpose. It's slightly greater weight, compare to corrosion-resistant steel, is one
disadvantage, but this is compensated by the use of lighter material. Inconel exhaust collectors are usually made of
0.042- inch sheet and steel collectors 0.049-inch sheet, which makes the weights about equal.

A combined Inconel-asbestos packing is used for the scaling of exhaust joints.

Inconel springs are suitable for use at temperatures 8t600 F. Inconel is also suited for locations requiring
corrosion resistance or nonmagnetic qualities. An example of the latter is windshield framework or ammunition chutes
located within two feet of a compass. Aluminium alloy is not suitable for these locations because of the bulky joints
required in the case of the windshield and the poor wearing qualities of the ammunition chute. No doubt other
applications will be found for this relatively new material.

MONEL

Monelis a high nickel-copper alloy. It has an interesting combination of properties including high strength and excellent
resistance to corrosion. Monel cannot be hardened by heat treatment, only by cold working. It is not used generally
in aircraft construction but is used very generally for industries and chemical applications.

Chemical Properties
The chemical composition for standard wrought Monel products is as follows :

Nickel 67%
Copper 30
Iron 14
Manganese 10
Silicon 0.1
Carbon 0.15

Spring wire has a higher manganese content up to 2.50% maximum. Castings have a higher silicon content up to 2.0% maximum.

Physical Properties

Density (grams per cubic centimeter)-cast 8.80

Density --- rolled 8.90

Melting point 2370-246¢F.
(1300-1356C.)

Modulus of elasticity tension 25,000,000-26,000,000

Modulus in torsion 9,000,000-9,500,000

Weight per cubic inch-cast 0.318 pound

Weight per cubic inch-rolled 0.323 pound

The magnetic transformation point of Monel is affected considerably by slight variations in composition and by
mechanical and thermal treatment. Ordinarily a horseshoe magnet will attract Monel, but the pull of the magnet varies

with temperatures and with the metal itself.
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Annealing

Aircraft Metallurgy

Annealing for softening and the relief of cold-working strains is the only treatment for Monel metal. Hardening cannot
be done by heat treatment, only by cold working.

STRENGTH PROPERTIES

Form and condition Yield strength Yield strength Tensile Elongation
(0.01% offset)* (0.20% offset) strength in 2 in (%)
(1000 p.s.i.) (1000 p.s.i) (1000 p.s.i)
Rod and bar -- cold-drawn
Annealed 20-30 25-40 70-85 50-35
As drawn 4595 55-120 85-125 35-10
Rod and bar -- hot-rolled 30-55 40-65 80-95 45-30
Rod and bar-forged 2565 40-85 75-110 40-20
Wire -- cold-drawn
Annealed 25-40 70-85 50-30
Number 1 temper 50-85 85-110 205
Regulartemper 85-130 110-140 154
Spring 130-160 140-170 10-2
Plate -- hot - rolled
Annealed 20-30 25-45 70-85 50-30
As rolled 25-70 40-90 80-110 4520
Sheet and strip --special cold-rolled
Annealed 25-45 70-85 50-30
Hard sheet 90-110 100-120 15-2
Full-hard strip 90-130 100-140 15-2
Number 35 sheet 45-65 78-85 40-20
Sheet - standard cold-rolled 25-45 70-85 50-30
Tubing---cold- drawn
Annealed 25-45 70-85 50-30
As drawn 60-120 90-125 20-10

* Proof Stress.

Stress-equalizing annealing is accomplished by heating to 52B:666lding for one hour at temperature, and
guenching in water containing 2% denatured alcohol. This alcohol-water quench will reduce the surface oxidation that
takes place when the work is removed from the furnace. A silver white surface results. A pink color after the quench
indicates oxidation in the furnace, improper heating conditions, or delay in quenching which permits excessive
oxidation.

Soft annealing of material is done by heating to 2#0Bolding for 3 to 7 minutes, depending on the severity of cold
work that is to be performed, and quenching in alcohol-water solution.

Working Properties

Monel is similar to mild steel in its cold-working properties, such as cupping, drawing, bending and forming. Due to
the higher elastic limit, greater power is required than for steel ; and for excessive working it is necessary to anneal
frequently.

Hotworking, such as forging and hotrolling, must be done betweefR24m@ 1858 . Heating for all high-nickel alloys

should be done in sulphur-free atmospheres. These are obtainable by using gas or oil fuels, the latter carrying a
specification on 0.5% (maximum) sulphur content. Coke or coal are not recommended because of their offending sulphur
content. The combustion of the gases should be complete before these gases reach the surface of the metal. For that
reason, combustion spaces must be large. Reducing atmospheres should be maintained. Cold-rolled or cold-drawn
material is obtained by cold working hot-rolled material after pickling and annealing.

Sheet can be bent about a radius equal to one thickness of the material. The cold ductility of the metal is demonstrated
in its ability to make sylphon type bellows and corrugated flexible tubing.
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Machining of Monel can be done without difficulty. For automatic screw-machine work a machining-quality rod is
available. Because of the greattoughness of the metal, cutting speeds are slower and cuts are lighter than for mild steel.
Tools should be of tough high-speed steel, ground with sharper angels that for steel, and honed. Sulphurized oil should
be used abundantly as a lubricant for boring, drilling and so on. It is preferred for all work, though water-soluble oils
suffice for lathe work. R Monel is available for automatic machine work where high cutting speeds must be maintained.

Welding

Monel can be readily welded by any of the methods commonly used for steel, among them oxyacetylene, carbon-arc
and metallic-arc, spot, seam, butt, and flash welding. The method to use depends on the gage of material to be joined
and the type of equipment to be made. Sound, strong, ductile welds are regularly made.

When oxyacetylene welding Monel, a slightly reducing flame neither harsh nor mild is maintained. A flux (Inco Gas-
Welding & Brazing Flux) in the form of water paste is painted on parts to be welded and on the welding rod. The pool
of weld metal should not be puddled or boiled, but kept quite ; otherwise the “life” of the metal may be burned out.

The metallic-arc welding of Monel is carried out by using a flux-coated Monel wire of the shielded-arc type capable
of producing X-ray-perfect welds. Reversed polarity is used. Welds are made with single and multiple beads, but, of
course, in the latter case the flux and slag must be removed before laying down subsequent beads.

Carbon-arc welding is similar to acetylene welding in that a source of heat in the form of an arc flame is used instead

of an oxyacetylene flame. Small-diameter pointed carbofis ( / inch) are used, together with a lightly fluxed Monel

filler wire.

Soldering

Soft soldering is a convenient easy means of joining where corrosion and contamination are not troublesome and where
strengthis notrequired. Soft solder is inherently weak and must not be used where finished equipment will be subjected
to vibration or high stresses. Pre-tinning of the edges prior to forming is desirable. Either high- or- low- tin solders are
satisfactory ; the 50-50 lead-tin is the more widely used with zinc chloride base fluxes.

Silver solders are also used for joining Monel, the procedure outlined under Inconel being applicable.

Uses
Monel has been used in the manufacture of oil coolers, stainers, and rivers for use with stainless steel.

KMONEL

K Monel is a nonferrous alloy composed mainly of nickel, copper, and aluminium. It is produced by the addition of a
small amount of aluminium to Monel. It is corrosion resistant and can be hardened by heat treatment - two properties
which are very important. K Monel has been successfully used for gears, chains, and structural members in aircraft
subject to corrosion attack, K Monel being nonmagnetic is sometimes used for structural members in the vicinity of
a compass.

Chemical PropertiesThe approximate composition of K Monelis :

Nickel 66%
Copper 29

Aluminium 2.75
Carbon 0.15
Iron 0.90
Manganese 0.85
Silicon 0.50

Physical Properties

Density (grams per cubic centimeter) 8.47

Melting point 2400-246€F.
(1315-1356C.)

Modulus of elasticity (tension) (p.s.i) 25,000,000-26,000,000

Modulus of torsion (p.s.i) 9,000,000-9,500,000

Weight per cubic inch 0.31 pound.
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Cold-rolled, soft material is obtained by a softening heat treatment. It should be specified where great softness is

necessary for fabricating operations. Structural parts made from this material should normally be hardened by heat

treatment after fabrication. Secondary parts are often left in the soft state. It should be noted that the strength values
given for the soft material are maximum values.

Cold-drawn material is the strongest grade that can be machined reasonably well. For this reason it is usually specified
for machined parts that are to be used without further heat treatment.

The heat-treated materials are cold worked and the given full heat treatment, which makes them hardest and strongest.
These grades can be machined only with difficulty. They should be specified only for parts that can be purchased
finished or can be finished by grinding.

STRENGTHPROPERTIES

Form and condition Yield strength  Yield strength Tensile Elongation
(0.01% offset)* (0.20% offset) strength in 2 in (%)
(1000 p.s.i.) (1000 p.s.i) (1000 p.s.i)

Rod and bar

Cold-drawn

Annealed 40-60 90-110 45-35

Annealed, age-hardened 70-100 90-110 130-150 30-20

As drawn 70-100 100-135 35-13

As drawn, age-hardened 80-125 100-130 140-170 30-15

Hot-rolled

As rolled 40-90 90-120 45-25

As rolled, age-hardened 80-110 100-120 140-160 30-20

Forged

As forged 40-90 90-120 40-25

As forged, age-hardened 80-115 100-125 40-165 30-20

Wire -- cold-drawn

Annealed 40-60 90-110 45-30

Annealed, age-hardened 90-110 130-150 30-15

Spring 130-155 145-175 4-2

Spring, age-hardened 150-175 160-200 83

Strip -- cold-rolled

Soft 50-65 90-105 45-25

Soft, age-hardened 90-110 130-150 25-10

Half-hard 85-105 125-145 205

Half-hard, age-hardened 110-130 150-180 15-3

Full-hard 105-120 145-165 82

Full-hard, age-hardened 125-145 170-200 10-2

* Proof Stress

Wire up to Yainch can be cold drawn and heat treated to above 175,000 p.s.i. for use as springs. This is full-hard material.
The wire must be in the cold-drawn condition when coiled if maximum strength is desired after heat treatment. If the
spring is made from soft wire or formed hot, subsequent heat treatment will only develop intermediate properties. The
reason for this action is explained under Heat Treatment, below.

K Monel is nonmagnetic at all normal temperatures. Its magnetic permeability is 1.0, which is the same as air. This
property is extremely important for parts located in the vicinity of a compass.

Heat Treatment

Annealing or softening of K Monel is obtained by soaking at one of the following temperatures for the time specified :
1600F. 5to 10 min.
1800F. 1to4 min.

Quenching mustbe done in water for sections over ¥2- inch thick, or in oil for smaller sections. K Monel will not soften,
if cooled in air, as it requires a rapid quench.

The maximum hardness that can be attained by heat treatment alone, starting with soft K Monel, is equivalent to about
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300 Brinell. How ever, if the hardness of soft material is increased by cold working and then heat treated, the additional
hardness developed by the heat treatment is superimposed on the cold-working hardness. Thus, cold-worked metal
with a Brinell hardness of about 250 can be further hardened by heat treatment to 350-400 Brinell.

Hardening by heat treatment is obtained by following the procedure outlined below, depending on the initial hardness
of material :

Material condition Treatment (°F.) Time attemperature
Soft:140to 180 Brinell 1200-1250 lhr.

%80-1100 16 hrs.
Moderately cold worked : 175 to 250 Brinell 1080-1100 8to 16rs.
Fully cold worked : over 250 Brinell 980-1000 6to 10rs.

The longest time should be used for the softest material. For best possible hardness, the material should be cooled not
faster than 1%-. per hour down to 90B. Furnace cooling is essential.

K Monel can be stress-relief annealed after cold working by heating 6.5 quenching. No softening occurs due
to this treatment.

In heating K Monel the fuel should be free from sulphur and a reducing atmosphere maintained in the furnace to avoid
excessive oxidation. K Monel should bot be placed in a cold furnace and heated gradually, but should be charged into
the hot furnace.

Working Properties
K Monel can be worked quite readily in the shop in the annealed form. Working above this grade is difficult, due to
the greater hardness.

Hotworking of K Monel should only be done between ZE7&nd 170%. The metal should be quenched in water from
the finishing temperature above 17B0Annealed soft material will then be obtained.

Cold-drawn rodis produced from hot-rolled rod that is annealed, pickled, and cold drawn to size in two or more operations
through chromium-plated hardened steel dies.

Cold-rolled strip or sheet is produced from hot-rolled material by annealing, pickling, and cold rolling to the desired
hardness. The maximum hardness obtainable by cold rolling without subsequent heat treatment is known as the full-
hard condition.

Wire is cold drawn in the same manner as rod but the percentage of cold reduction is greater. Spring wire is cold drawn
to 25% of the original cross-sectional area. As noted under heat treatment, in order not to anneal out any of the effect
of cold working this grade material is not heated as high as the softer materials. Heat treatment aB806A 1 g0

atensile strength of 175,000 to 200,000 p.s.i.

Hot-rolled or cold-drawn rod can be machined satisfactorily. Heat-treated material can only be machined with difficulty.
A special free-machining grade, known as KR Monel, is available for high-production parts on screw machines, turrets,
etc. The mechanical properties are slightly lower than for K Monel.

Welding

K Monel sheet has been successfully welded by oxyacetylene. A rod of the same material and a flux composed of half
sodium fluoride and half Inco (a welding and brazing flux prepared by the International Nickel Company) mixed with
water to form a paste can be used. Another satisfactory flux consists of 5 to 6 parts of chromalloy flux mixed with 1 part
of fluorspar powder. A slightly reducing flame should be used. The weld obtained is ductile and can be bent flat on
itself without cracking. The weld will respond to heat treatment.

Electric arc welding of K Monel is readily accomplished. Spot, seam, and flash welding can also be used.
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Brazing

K Monel can be brazed readily and with good results by the use of Handy & Harman’s Easy-Flo Brazing Alloy and
Handy Flux. Care should be taken to have the edges of the sheets perfectly smooth or cracking will result because of
hardness of the metal. The minimum amount of heat necessary to completely flow out the silver solder should be supplied
to the joint.

Corrosion
K Monel is naturally corrosion resistant and does not rely upon a protective film, such as oxide formed on the surface.
It is resistant to corrosion in normal atmospheres or in salt water.

Electrolytic corrosion does not affect K Monel since it is high in the galvanic series, but if coupled with steel or
aluminium, it may cause corrosion of these metals.

As purchased, K Monel will usually be received in a nontarnished condition. If subsequent heat treatmentis performed,
the metal surface will oxidize. This oxide can be removed by pickling. The manufacturer will gladly furnish the proper
pickling solution that should be used for any given set of conditions.

Available Shapes
K Monel is commercially available as strip, wire, rod and forgings. Forged stock can be obtained to suit any possible
requirementsin aircraft work.

Uses

K Monel is used for instrument parts and for structural parts in the vicinity of compasses because of its nonmagnetic
quality. The corrosion resistance and excellent strength qualities of this material make it practical for machined parts
that are subject to corrosion. Specific examples of this use are gears and chains for operating retractable landing gears
on amphibian airplanes.

SPECIFICATIONS
Inconel :
AN-N-4 Wire and welding rod
AN-QQ-N-268 Bars, forgings and rods.
AN-QQ-N-271 Sheet and strip
AN-WW-T-831 Tubing, seamless, round
An-WW-T-833 Tubing, welded, round
Monel :
Federal QQ-N-281 Forgings, rods, sheet, wire
Navy 46 M7 Forgings, rods, sheet, wire
Navy 44 T38 Tubing
K Monel:
Federal QQ-N-286 Forgings, rods, strip, wire
Navy 46N5 Forgings, rods, strip, wire

ood



CHAPTER -6
COPPER AND ITS ALLOYS

Copper, brass, and bronze have alimited use in aircraft construction. They do have important specialized applications,
however, such as bearings and fuel and oil lines. Copper wire is used throughout the electrical system. In general these
metals are corrosion resistant, nonmagnetic, fairly strong, and good conductors of electricity.

COPPER

Copper Tubing

Coppertubing is very generally used for fuel and oil lines. The copper used in the manufacture of this tubing must contain
atleast99.90% copper. The tubing is purchased in the soft annealed condition and itis seamless drawn. In the purchased
condition or after annealing it has the following physical properties.

Ultimate tensile strength (p.s.i) 32,000

Yield point (p.s.i) 6,000
Elongation (%) 52%
Rockwell hardness 63 @/ -100)

This tubing can be annealed by heating it in an air furnace at 1100F120@ quenching it in water. To obtain the
maximum softness and ductility the tubing should be held at temperature longer than 5 minutes.

Copper tubing is available in sizes ranging fr94'{1 to 1/ inches outside diameter. A wall thickness of 0.035 inch

is used up to/ -inch diameter and 0.049 inch for larger diameters. These sizes cover the standard requirements for
aircraft fuel, oil, and water lines. For high-pressure oxygen lines a special high-pressure copper tubing is used.
Copper-Silicon-Bronze Tubing

This tubing is considerably stronger than pure copper tubing and has largely superseded it for fuel, oil, water and air

lines.

CHemicaL ComposiTioN (%)

Silicon 1.00-5.00 Iron (max.) 2.50
Manganese (max.) 1.50 Impurities (max.) 0.50
Zinc (max.) 250 Copper remainder

This tubing has a tensile strength of 50,000 p.s.i. and an elongation of 35%. It is used in the following standard sizes:
1/8%0.035,3/16 % 0.035, 1/4 x0.035,5/16 x 0.035, 3/8 x 0.035, 7/16 x 0.035, 1/2 x 0.035, 5/8 x 0.035, 3/4 x 0.049, 7/8% 0
1x0.049,11/8 x 0.049.

This tubing can be annealed at a temperature of 1000PL.1i0€equired after severe forming and bending.

Copper Wire

A soft copper wire is used as alocking wire in aircraft construction. Itis drawn from pure copper and has a tensile strength
approaching 40,000 p.s.i. and an elongation of 25%.

Beryllium Copper

This material is a high-strength, heat-treatable, nonmagnetic alloy available as bar, rod, sheet, strip and wire. Its density
is0.298Ib./cu.in.

CHemicaL ComposITIONS (%)

Beryllium 2.00-2.25
Elements added to obtained special properties 0.50 max.
Metals (impurities) other than above . 0.50 max

Copper remainder
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PHYSICAL PROPERTIES

U.ts. Yield point Elongation

(p.s.i.) (p.s.i.) (%)
Bars, rods, forgings
Annealed (over/ ") 80,000 max. 3H
Cold-drawn (over /' ") 80,000 min. 5
Annealed (/ to / M 80,000 max 35
Cold-drawn (/ to / M 95,000 min. 5
Annealed, heat-treated 150,000 min. 85,000 10
Cold-drawn, heat-treated 175,000 min. 88,000 35
Sheet and Strip (cold-rolled)
Soft annealed 80,000 max. 35
Soft annealed, heat-treated 150,000 90,000 75
/ hard 80,000 10
/ hard, heat-treated 160,000 92,000 5
/ hard 90,000 5
/ hard, heat-treated 170,000 93,000 25
Full hard 100,000 2
Full-hard, heat-treated 180,000 95,000 2
Wire
Soft annealed 80,000 max 35
Soft annealed, heat-treated 150,000 5
/ hard 90,000 5
/ hard, heat-treated 160,000 3
/ hard 100,000 2
/ hard, heat-treated 180,000 15

This material is annealed by heating at PMOr/ to 3 hours and quenching . Hardening is accomplished by holding

at525-57% upto 3 hours, depending on the properties required. Heat-treated material is considered to have more stable
and uniform properties and is preferred for aircraft work.

BRASS

Brassis a copper alloy consisting of a solid solution of zinc in copper. In addition to zinc and copper, brasses sometimes
contain a small amount of aluminium, iron, lead, manganese, magnesium, nickel, phosphorus, or tin. Brass with a zinc
content of 30% to 35% is very ductile, and with 45% zinc content it has a relatively high strength. Brasses with a zinc
content up to 37% are in so-called “alpha solution,” while above that percentage a “beta solution” condition exists.

It is the difference between these two conditions that accounts for the ductility of the low-zinc brass and the strength
of the high-zinc brass. Alpha-solution brass can only be annealed, but beta-solution brass can be increased in strength
by heat treatment.
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Muntz Metal

Muntz metal is a brass composed of 60% copper and 45% zinc. It has excellent corrosion-resisting qualities in contact
with salt water. It can be increased in strength by heat treatment. When heatedfo thg0feta solution absorbs

the alpha solution. If quenched in water from this temperature, the homogeneous beta condition is retained and the
strength increased about 50%. If the heated metal is cooled slowly as in air, the absorbed alpha is reprecipitated and
the properties of annealed material are obtained.

PHYSICALPROPERTIES
Heattreated Anneale
Ultimate tensile strength (p.s.i) 80,000 57,000
Yield point 60,000 20,000
Elongation (%) 95 48
Hardness (Brinell L0mm, 500 kg) 158 80
Weight (Ib./cu. in.) 0.303 0.303

As cast this metal has an ultimate tensile strength of 50,000 p.s.i. and an elongation of 18%. Itis used in the manufacture
of bolts and nuts, as well as parts in contact with salt water.

Manganese Bronze (Brass)
Manganese bronze is really a high-zinc brass. It is exceptionally strong, tough, and corrosion resistant.

CHEMICAL COMPOSITION (%)

Copper 57-60 Manganese (max) 0.50
Tin 0.5-15 Aluminium (max.) 0.25
Iron 0.8-2.0 Lead (max) 0.20
Zinc remainder Impurities (max). 0.10

PHYSICAL PROPERTIES OF WROUGHT MANGANESE BRONZE

U.t.s.(p.s.i) Yield point(p.s.i) Elongation (%)
Rods and bars, half-hard 72,000 36,000 20
Rods and bars, hard 85,000 60,000 5
Shapes, soft 55,000 22,000 25
Plates, soft 57,000 22,000 20
Plates, half-hard 60,000 24,000 18

This metal can be forged, extruded, drawn, or rolled to any desired shape. Itis generally used in rod form for machined
parts when used at all in aircraft construction.

A casting variation of this alloy known as manganese-aluminium bronze has the following chemical composition :

CHEMICAL COMPOSITION (%)

Copper 60-68 Manganese (max) 2550
Tin 0.50 Aluminium (max.) 3.0-75
Iron 2040 Lead (max) 0.20
Zinc remainder

This type of casting has an ultimate tensile strength 0f110,000 p.s.i., ayield strength of 60,000 p.s.i., and an elongation
of 12%. This material can be sand cast or centrifugally cast in permanent molds.

Hy-Ten-SI-Bronze
This is the trade name of a very high strength copper alloy resembling manganese bronze in chemical composition.
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PHYSICALPROPERTIES
Sand cast Forged,
rolled, extruded
Ultimate tensile strength (p.s.i) 115,000 120,000
Yield point (p.s.i) 70,000 73,000
Elongation (%) 10 8
Weight (Ib./cu. in.) 0.280 0.280

With lower strength but higher elongation this alloy is also available in four other grades. Itis reputed to be extremely
hard, wear-resistance, noncorrosive, and readily machinable, and is recommended for bearings or bushings subject to
heavy loads.

Naval Brass (Tobin Bronze)

Naval brass is often called Tobin bronze. It is not as strong as manganese bronze but has greater strength, toughness,
and corrosion resistance than commercial brass. Itis used for turnbuckle barrels, bolts, studs, nuts and parts in contact
with salt water.

CHEMICAL COMPOSITION (%)

Copper 59.0-62.0 I[ron (max.) 0.10
Tin 05-15 Lead (max) 0.20
Zinc remainder  Impurities (max.) 0.10
PHYSICALPROPERTIES
U.t.s.(p.s.i) Yield point (p.s.i)  Elongation (%)
Rods and bars, soft 54,000 20,000 30
Rods and bars, half-hard 60,000 27,000 25
Rods and bars, hard 67,000 45,000 2
Shapes, soft 56,000 22,000 30
Plates, soft 52,000 20,000 30
Plates, half-hard 56,000 28,000 25
Sheets and Strips, soft 50,000 20,000 20
Sheets and strips, half-hard 60,000 25,000 15
Castings 30,000 15
Tubing 67,000 45,000 15

Naval brass has excellent machining qualities and is used for screw machine parts. Turnbuckle barrels are made of this
material, using either hard rod or tubing. The rod is in accordance with specification An-QQ-B-646 and the tubing with
specification AN-T-20.

Red BrassRed Brass is sometimes classified as a bronze because of its tin content. Castings made from red brass are
used in the manufacture of fuel- and oil-line fittings. It has good casting and finishing properties and machines freely.

CHEMICAL COMPOSITION (%)

Copper 84.0-86.0 Iron (max.) 0.25

Tin 4.0-6.0 Phosphorus (max) 0.75

Lead (max) 4.0-6.0 Antimony (max.) 0.25

Zinc 4.0-6.0 Impurities (max.) 0.15
BRONZE

Bronzes are copper alloys containing tin. Lead, zinc, and phosphorus are also present in some bronze but do not total
more than 15%. There is also an aluminium bronze in which aluminium is the major alloying element. The true bronzes
have up to 25% tin, but those containing below 11% tin are the most useful. Bronzes have excellent bearing qualities
due to the fact that the tin is in a hard delta solid solution in the copper. This hard delta solution distributed through
the alpha metal gives ideal bearing properties. Delta solution is only present in bronze with over 9% tin content. When
less tin is present it is in alpha solution. It is possible to improve the strength of copper-tin bronzes through heat
treatment. The exact response to heat treatment depends upon the state of solution of tin . The bearing qualities are
impaired if the delta solution is removed or changed by heat treatment.
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GunMetal
Gun metal is a hard bronze casting material. Its shrinkage is not great and it has fair machinability. It is recommended
for use under severe working conditions and heavy pressure as in gears and bearings.

CHEMICAL COMPOSITION (%)

Copper 86.0-89.0 Lead (max) 0.20
Tin 9.0-11.0 Iron (max.) 0.60
Zinc 1.0-30

Gunmetal castings have an ultimate tensile strength of 30,000 p.s.i. ayield point of 15,000 p.s.i., and an elongation of
14%. It should not be used where the temperature will exce@d.300en used for bearings, it should not be annealed,
or the hard delta eutectoid will be removed.

Phosphor Bronze
Phosphor Bronze can be obtained in the following forms : rod, bar, sheet, strip, plate, and spring wire. Itis used for the
manufacture of bolts, valve disks, electric contacts, and small springs.

CHEMICAL COMPOSITION (%)

Copper (min.) 94.0 Lead (max) 0.20
Tin(min.) 3.5 Iron (max.) 0.10
Phosphorus 0.05-0.50

PHYSICALPROPERTIES

U.t.s.(p.s.i) Yield point (p.s.i) Elongation (%)

Rods and bars
Upto / inch 80,000 60,000 12
Over / tolin 60,000 40,000 20
Over1to3in 55,000 30,000 25
Over 3in 50,000 25,000 25
Sheet and Strips
Springtemper, 0-8in. wide 90,000 45,000 1
Springtemper, 8-12in. wide 80,000 40,000 1
Half-hard, all sizes 50,000 25,000 25
Spring wire
Upto.025in 150,000
Over.025t0.0625in 135,000 15
Over.0625t0.125in 130,000 2
Over.12510.250in 125,000 35
Over.250t0.375in 120,000 5
Over.37510.500in 105,000 9

Phosphor Bronze Casting Alloy

They casting alloy is sometimes called aleaded phosphor bronze or leaded gun metal. It machines more easily than gun
metal. Itis used for bearings, bushings, gears, and other applications requiring good strength and resistance to saltwater
corrosion.

CHEMICAL COMPOSITION (%)

Copper 86.89 Phosphorus(max) 0.05
Tin 75-11.0 Iron(max.) 0.10
Zinc 1545 Nickel(max.) 0.75
Lead 0-0.3

This alloy has an ultimate tensile strength of 40,000 p.s.i. and an elongation of 20%.
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Aluminium Bronze

Aluminium bronze possesses greater resistance to corrosion than manganese bronze, and hence may be used where
greater strength and corrosion resistance is required. It has good bearing qualities as well as great strength. It may be
readily forged. It is available commercially in the form of bars, rods, shapes, plates, and sheets.

Bar and rod can be purchased to specification AN-B-16. This material is frequently used for fluid connection fittings

and coupling sleeves.

CHEMICAL COMPOSITION (%)

Aluminium 6.5-11.0 iron (max.) 40
Manganese (max) 20 *Nickel (max) 55

Tin (Mmax) 0.60 *Silicon (max) 225
Copper remainder

*If large amounts of either nickel or silicon are present the other element may not exceed 0.25% maximum.

PHYSICALPROPERTIES
U.t.s.(p.s.i) Yield point(p.s.i)  Elongation (%)

Rods and bars

Up to / in 90,000 45,000 15
Over / tolin 88,000 44,000 15
Overlin 85,000 42,000 20
Shapes (all sizes) 75,000 35,000 2
Plates, Sheets, Strips

Upto/ in, under 30 in wide 60,000 24,000 25
Upto/ in, over 30 in. wide 55,000 22,000 25
Over / in, all widths 50,000 20,000 30

Aluminium Bronze casting Alloy

This alloy is as hard as manganese bronze, and has great strength and resistance to corrosion, shock, and fatigue. It
is used for worm gears, valve seats, bearings, and propeller hub cones.

Specification AN-QQ-B-672 described this material.

CHEMICAL COMPOSITION (%)

Copper(min)  78.0 Manganese (max.) 5.0
Aluminium 10.5-12.0 Nickel (max.) 50
Iron 2.0-5.0 Tin (max.) 0.20

This material after heat treatment has an ultimate tensile strength of 85,000 p.s.i. minimum, and a minimum elongation
of 3%.

Bronze Cable
Extra-flexible bronze cable, 7 by 19 stands, is manufactured for aircraft use. The weight and breaking strength for each
size of cable is as follows :

Diameter (inch) Weight 100ft. (pounds) Breaking strength (pounds)

/ 72.0 14,000

/ 60.4 11,350
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/ 48.8 8,900
/ 384 6,800
/ 299 5,100
/ 200 3,500
/ 135 2,500
/ 10.7 2,000
/ 7.3 1,500
/ 5.0 1,000
/ 33 700

Many of the brasses and bronzes are subjected to a phenomenon called season cracking. These metals crack
spontaneously after being in services for a period of time. It is believed this cracking is due to internal stresses left in
the metal by cold working. A low-temperature anneal is usually sufficient to relieve these stresses and avoid season
cracking.

Specifications generally require the following test for material subject to season cracking : the sample is thoroughly
cleaned with nitric acid and then dipped into a mercurous nitrate solution for 15 minutes. This solution consists of 100
grams of mercurous nitrate and 13 cubic centimeters of nitric acid (specific gravity 1.42) dissolved in a liter of water.
After removal from the solution, the sample is washed with water and then alcohol. The sample will crack visibly within
24 hours after this treatment if the material is subject to season cracking. This treatment is sometimedredfied a

test.

ood
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CHAPTER -7
WROUGHT ALLUMINIUM ALLOYS

At the present time aluminum alloys are used almost exclusively in the construction of aircraft. Aside from fittings
carrying high concentrated loads, or parts subject to severe wear, or special forms of corrosion for which special steel
alloys are used- the general structure of the airplane as built today is aluminium alloy. The ascendancy of this material

is due to its light weight, high strength, ease of fabrication, and its availability in all standard forms. It ig’abeut

heavy as steel and can be obtained with a minimum ultimate tensile strength as high as 78,000 p.s.i. It is available in
many tempers and forms, so that just the proper material may be selected for any particular application. These
applications vary from formed cowling requiring a very ductile material to highly stressed wing beams requiring great
strength.

Aluminium is found in most clays, soils and rocks, but the principal commercial source is biagiite.Bauxite is

largely aluminium oxide mixed with impurities. These impurities are removed by a chemical process leaving the pure
aluminium oxidealumina An electrolytic process is used to obtain aluminium from the oxide. It was not until 1886 that

a practical process was discovered to effect this separation on a commercial scale. In that year, Charles M. Hall in this
country and P.L.T. Heroult in France, working independently, each discovered a practical process. The industries
development of aliminum began shortly ofter these discoveries.

The metallic aluminum obtained by the electrolytic process is cast into pig form. These pigs are later remelted to form
the commercial ingots used in rolling, forging, extruding, and other fabricating processes. By the addition of other
constituents during the remelting operations, many alloys of aluminum are obtained with varying properties. A great
many structural shapes are wrought from the ingots by rolling, drawing, extruding, or forging. The common shapes used
in aircraft construction are : sheet, tubing, wire, bar, angles, channels, Z-section, U-section, and so on. A number of
the aluminum alloys are especially adapted for casting. Castings are regularly made in sand molds, permanaent molds,
or dies. As with other materials, castings do not have as great a strength as wrought material, but find numerous
applications in aircraft.

In order to identify the various aluminum alloys, they are designated by a number. If this number is followed by the
letter S itindicates a wrought alloy. Casting alloys are designated by a number without the S. Thus 3S, 13S, 17S, 24S,
52S, 61S are all wrought alloys, differing from each other in chemical composition and physical properties. Commonly
used castings alloys are 43, 142, 195. The exception to this rule is wrought material produced by the Reynolds Metals
Company and designated as R303, R353, and R 361 withoutan S.

Wt
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Fig.7.1Grumman Navy Fighter; Aluminum-alloy Construction

In a few cases a letter precedes the alloy number, as A17S. This letter indicates that this alloy has a slightly different
chemical composition from the normal 17S alloy.

The wrought alloys can be manufactyred in a number of different tempers. To distinguish these tempers another letter
or symbol is added to the S. Hence the temper of a wrought alloy that is strain-hardened by cold work is designated
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by /H, /H, /H, H ; H stands for “hard” and the fractions indicate the relative hardness. When the material

isinthe soft, annealed state, the letter O is appendedtothe S. Forinstance, 3S material is available in five tempers, whic

bear the following designations 3SO,}§ H, 38/ H, 3SH.

Wrought alloys that are hardened by heat treatment are indicated by the addition of a T. Thus we have 14ST, 17ST,
24ST,25ST,53St, 75ST, R301-T.

These heat-treatable alloys in the soft, annealed state are designated by the letter O as 14S0, 17S0, 24S0, 25S0, 53S0,
75S0,R301-0.

Alloys in the heat-treated temper may be strain-hardened to improve their physical properties. When this is done the
alloy is designated by the insertion of an R betweenthe Sand T, asin 17SRT, 24SRT. Some of the heat-treatable alloys
are subject to an intermediate heat treatment, and do not develop their full strength until given a second heat treatment,
and do not develop their full strength until given a second heat treatment called a “precipitation heat treatment.” After
this latter heat treatment, they are identified by the letter T following the S, as described above. When only subjected
tothe intermediate heat treatment, these alloys are identified by adding aW. Thus we have 25SW, 53SW, 61SW, R301-
W.

In some instances an alloy may be heat treated in more than one way to obtain special physical properties. If a modified
heat treatment is used the aloy is identified by a number after the normal heat-treatment designation. Thus we have
53ST,53S-T5,53S-T61.

Some casting alloys require a heat treatmentin order to develop their best properties. These alloys are denoted by their
number, followed by a symbol designating the heat treatment. We have, therefore, 195-T4,T4 indicating the heat
treatment. This particular alloy is very generally used in aircraft construction.

CLASSIFICATION OF WROUGHTALLOYS

As indicated above under Nomenclature, the wrought aluminum alloys may be broadly classified under one of two
groups as eithestrain-hardened alloysr heat-treatable alloydn the first group the physical properties are improved
solely by cold working, whereas in the heat-treatable group the properties are improved by heat treatment. Further
improvement of the heat-treated group is obtainable by cold working slightly after heat treatment. The strain-hardened
alloys do not respond to any heat treatment other than a softening, annealing treatment.

The two extreme tempers in which all strain-hardened alloys can be obtained are the soft annealed temper and the full-
hard temper. The latter temper is produced by cold working the metal the maximum amount thatis commercially practical.
The intermediate tempers suchas¥H, % H, and 3/4 H are produced by varying the amounts of cold work after annealing.
In the manufacture of sheet, tubing, or wire the cast alloy ingot is broken down while hot into slabs, tube blooms, or
rods. The amount of reduction in area of these sections by cold working can be closely controlled by the

setting of the rolls, or by the mandrel can be closely controlled by the setting of the rolls, or by the mandrel and die
sizes selected. To obtained the intermediate tempers, it is only necessary to anneal the material at the proper size from
which remaining cold-finishing operations will give the desired temper.

The heat-treatable alloys can be obtained in the soft annealed condition, the heat-treated conditions, or the heat-treated
and cold-worked conditions. A few of the alloys also have an intermediate heat-treated condition. Greater strength is
obtainable in the heat-treatable alloys than in the strain-hardened alloys. Consequently,they are used for structural
purposes in aircraft in preference to the strain-hardened alloys.

CORROSION

Pure aluminum (2S) is very resistant to atmospheric corrosion but when alloying elements are added, the corrosion
reisistance is decreased. One strain-hardened alloy (3S) and two heat-hardened alloys (53S and 61S) are as corrosion-
resistant as commercially pure aluminum, but all the other alloys are somewhat inferior. 52S is more resistant to salt-
water corrosion than 2S but not to atmospheric corrosion. Itis customary in Naval aircraft work to protect all aluminum
alloys with a protective coating of paint. A good protective coating is particularly important when the airplane will be
subjected to severe corrosion conditions, as in the case of a seaplane.
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Fig.7.2.Grumman Monocoque Fuselage; R301 and 14ST Clad Aluminum Alloy

One type of corrosion of aluminum alloys is the pitting of the surface, which is analogous to the rusting of iron. This
eating away of the surface is accelerated in the presence of moisture, particularly salt water. If a dissimilar metal or
impurities are also present, an electrical action is set up that eats away the aluminum alloy. All other metals used in
aircraft except magnesium are above aluminum in the galvanic series, so that in any action set up the aluminum is the
anode and will be attacked. Experience has shown that this type of corrosion occurs most often in parts of the structure
that are poorly ventilated, and in inaccessible corners of internal joints.

Intercrystalline corrosion is a much serious type of corrosion, since it greatly reduces the strength and destroys the
ductility of the metal. This type of corrosion is apparently limited to aluminum alloys containing copper, suchas 17S
and 24 S. The resistance of these materials to this type of corrosion is lowered by incorrect heat treatment or by slow
or delayed quenching. Itis imperative that quenching of this type of material be done immediately in cold water, to
avoid intercrystalline corrosion (clad 75ST may be given a slower quench without affecting corrosion). This type of
corrosion gives practically no surface indication, but spreads through the interior of the metal along the grain
boundaries. All type os corrosion must be guarded against in aircraft construction due to the light gage of material
used.

ALCLADALUMINUMALLOYS

“Alclad” is the name given to standard alloys, such as 17S and 24 S, when they have been coated with a thin layer of
aluminum or another aluminum alloy which is alloyed to and integral with the base metal core. The name Alclad, a
registered trade-mark, usually refers to products of the Aluminum Company of America. “Pureclad” is the equivalent
name for material mmanufactured by the Reynolds Metals Company. Due to the fact that pure aluminum is highly
resistant to corrosion, it protects the alloy sandwiched in between the two surface layers. The aluminum covering is
electropositive to the underlying alloy and, consequently, also protects it by means of electrolytic action. This fact
is important, becuase the soft aluminum covering is easily scratched and the edges of the sheet are not coated with
aluminum, so that corrosion might occur in these places if it were not for the electropositive aluminum coating. No
painting of Alclad is necessary to protect it from corrosion unless it is subject to very severe service conditions such
as underwater or bilge locations in seaplane float construction. In such casesitis deirable to anodically treat the alloy
before painting, in order to provide a good bond for the paint.

At the present time only sheet and wire are obtainable as Alclad materials. The aluminum coating is put on the alloy
by arolling process which makes it an integral part of the metal. In the case of wire, which is more likely than sheet to
be subject to abrasion, an aluminum alloy coating is used in place of the soft, pure aluminum. This alloy coating is also
electropositive to the underlying alloy and protects it from corrosion.

14S clad, R301 and 75S clad are relatevily new materials which are coated with corrosion-resistant aluminum alloy that
is electropositive (anodic) to the base alloy. The cladding on 14S and R301 is a magnesium silicide of 53S composition
; the coating on 75S is of a different composition, containing zinc, as shown later in the table of chemical compositions.
The average casting thickness per side for the various clad materials is as follows :

Alclad 17S and 24S-5% under 0.064 inch thidié % 0.064 inch and over.

R301-10% under 0.025 inch¥2% 0.025 to 0.039 inch; 5% 0.040 to 0.101 inc¥2 % over 0.101 inch.
Clad 14S- 10% under 0.040 inch; 5% 0.040 inch and over.
Clad 75S- 4% for all thicknesses.
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Fig.7.3.Bow of Mallard Hull;1ST (R301) Clad ALuminum Alloy

A given thickness of clad material will not be as strong as the same thickness of the standard alloy. This reduction in
strength is due to the strength of the coating being less than that of the base or core material. the exact strengths of
clad and standard alloys are tabulated later in this chapter. Clad material has one great advantage, however, as regards
strength, and that is the fact that after years of services it still retain most of its original strength. The standard alloys,
even though protected by paint, may lose a great deal of their strength and nearly all of their ductility, due to corrosion.
Corrosion in modern airplanes is usually locafized to poorly drained spots but may have serious effects on the strength
of the airplane. This retention of strength is particularly important in this thin sections used in aircraft construction.

As explained later under Heat Treatment, it is important that Alclad be held only the minimum time at the soaking
temperature. These precautions are necessary to prevent the diffusion of alloying constituent from the core to the
cladding, thus reducing corrosion resistance.

EXTRUSIONS
Inaircraft construction channels, angles, T-sections, Z-sections, and many other special structural shapes are required.

These shapes are all obtainable in aluminum alloy by an extruding process. In this process a cylinder of aluminum alloy
is heated between 758nd 850F, and is then forced by a hydraulic ram through an aperture in a die. The aperture is

= ...----;--u-- .. 3

Fig.7.4. Edo Seaplane Float;Alclad

the shape desired for the cross section of the finished extrusion. The extrusion is then straightened by stretching it
undertension. Extruded material has performed satisfactorily but it does not have so fine a grain, nor isithomogeneous
asrolled or forged material.

Extruded shapes may be purchased in 14 ST, 17ST, 24ST, 53ST, 61ST, and 75ST material for aircraft purposes. The
manufacturers have on hand a great many dies covering most of the commonly used sections. When a great many dies
covering most of the commonly used sections. When a designer desires to use a new section, the manufactureer will
make a new die for a very moderate cost and produce the necessary section. An extrusion pool has been established
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by a number of aircraft manufacturers and members are free to use any extrusion die in the pool by securing written
permission from the aircraft manufacturer who purchased the die originally.

FORGINGS

Aluminium alloys may be forged to close limits to provide light, strong fittings, or other structural parts. These forgings
have a uniform structure and are free from blowholes, hardsports, or cavities. Only a few thousandths of an inch need
be allowed for finish machining. In forging, the metal is heated to the proper forging temperature for the partin question
and then hammered, pressed, drop forged, or upset to shape. Pressed forgings have a fine finish and can be held to
close tolerances. The present limit on size is approximately 18 inches in length but this will be greatly increased when
the new 18,000-ton press at Wyman-Gordon, which is also mentioned in the chapter on Magnesium Alloys, is operating.
At present pressed forgings are available in circular shapes up to 6 % inches in diameter. At the temperatures used,
the metal is not hot enough to flow easily, so tremendous power is required to form it. A higher temperature cannot
be used because the metal becomes hot-short and crumbly, and is ruined for further heat treatment. The power needed
exceeds that used in forging steel. In laying out forgings a draftstfouild be provided. The shrinkage allowance

varies. The manufacturer should be advised of the finished dimensions desired. It is also important in forging design
to avoid abrupt changes in section and to specify liberal fillets.

a 1 &
I RTLLIEE

&

-+

L3

Fig.7.5. Wing Box Beam

The aluminum alloys commonly used for aircraft forgings are 14ST, 17ST, 18ST, 25ST, 32ST, A51ST, 53ST, and 75ST.
The most easily worked and the cheapestis A51ST but it has the lowest mechanical properties, and is used mostly for
complicated engine forgings. 53ST has low mechanical properties but is very corrosion-resistant. 25ST works fairly
easily and has properties similar to 17ST, which is hard to work but has somewhat better corrosion-resistant qualities.
Forgings made from 25ST are used for aluminum-alloy propeller blades. Good mechanical properties are found in 14ST,
and it is generally used in aircraft construction in applications where high strength is required. 75ST has the highest
physical properties and is ideal for highly loaded structural parts.

Because of their superior resistance to corrosion 14ST, 17ST, and 75ST are used in airplane structures. For engine parts
A51ST and 25ST are used because the sections are heavy and frequently oily. Propellers made from 25ST have
performed satisfactorily in service for years. 53ST press forgings are ideal for tank flanges which are welded in place.

SPOT-WELDING ALUMINUMALLOYS

Electric spot and seam welding of aluminum alloy has been generally adopted for joining nonstructural and
semistructural parts. Spot welding has displaced riveting in many applications, due to its speed, lower cost, and
elimination of projecting rivet heads. It has already been used sucessfully in welding fuel tanks. Other common uses
are the attachment of stiffeners to cowling, stringers to fuselage and wing skins, and in the assembly of brackets and
shelves. Spot welding is generally used in the fabrication of primary structural parts of airplane.

Spot-welding machines must have very accurate current, time, and pressure control. Machines in services at the present
time have an amperage output of between 30,000 to 40,000 amperes and are capable of weldingdiveHE8ts.

The throat ofthe machine may be as great as 72 inches. All four surfaces of the material to be welded must be absolutely
clean. A wire brush hooked up to an air drill is one satisfactory method of cleaning such surfaces. The brush must not
be so stiff, however, that it will remove the aluminum coating from Alclad. A fine grade of abrasive cloth, or fine steel
wool may also be used. A hydrofluoric acid etching solution can also be prepered for this purpose.
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Clad alloys and 52S material are most satisfactory for spot welding. When resistance to corrosion is important and an
extruded shape must be used, 53ST material should be selected if its physical properties are satisfactory. Clad material
spotweldedto 14ST, 24ST, or 75ST extrusions has satisfactory corrosion resistance for aircraft use. Anodically treated
material cannot be spot welded. For this reason 17ST and 24ST material must be spot welded first and the assembly
anodically treated. Adequate protection against corrosion cannot be obtained on the faying surfaces if this is done.
For this reason clad material is preferred, particularly for forming structural assemblies that are to be spot welded. More
reliable welds are also obtained with clad materials.

Itis possible to spot weld through wet zinc chromate primer. When maximum corrosion resistance is necessary between
the faying surfaces of 17ST or 24ST they should be coated with zinc chromate primer just prior to spot welding.

Spot welds should be putin shear only, since they are relatively weak in tension. They are usually spaced apart about
8 times the minimum sheet thickness and 4 times this thickness from the edge of the sheet. For maximum efficiency three
rows of welds are necessary. With this arrangement it is believed an efficiency of 70% is obtainable with clad sheet
and 100% with 52S material. In either the soft or ¥2 hard temper, 52S has been used for fuel tanks.

HEATTREATMENT

There are two types of heat treatment applicable to aluminum alloys. One is called solution heat treatment, and the other
is known as precipitation heat treatment. Some alloys, such as 17S and 24S, develop their full properties as a result of
solution heat treatment followed by about 4 days aging at room temperature. Other alloys, such as 14S, 75S, and R301,
require both heat treatments.

Solution heat treatment is so named because during this treatment the alloying constituents enter into solid solution
in the aluminum. It has been found that these alloying elements which increase the strength and hardness are more
soluble in soild aluminum at high temperatures than at low. After the metal is held at a high temperature for a sufficient
time to complete the solution, it is quenched rapidly in cold water to retain this condition.

Precipitation heat treatment consists of aging material previously subject to solution heat treatment by holding it at
an elevated temperature for quite a long period of time. During this temperature a portion of the aloying constituents
in solid solution precipitate out. This precipitation occurs at ordinary room temperatures in the case of 17S and 24S
material. The precipitate is in the form of extremely fine particles which, due to their “keying” action, greatly increase
the strength. The “natural aging” of 17S and 24S material at room temperatures is 90% to 98% complete after 24hours,
and fully complete after four days. 24S develops greater strength than 17S immediately after quenching, ages more
rapidly, and is considerably less workable.

Fig-7.6. Controllable-pitch Propeller;25ST Aluminum-alloy Blades
It has been found advisable to form aluminum alloys within one hour after solution heat treatment, before the aging
has progressedtoo far. During this period the metal may be worked with ease and without danger of cracking, especially
17S, 24S, and 75S alloy. It has been found that the aging of a heat-treatable alloy may be ratarded for as much as 24
hours if it is kept at or below a temperature dF32\ging can be retarded for longer periods if a lower temperature is
maintained. In practice, anicebox containing dry ice or a refrigerating unitis used to hold rivets or small pieces of sheet
until the shop is ready to work them.

Inthe solution heat treatment of aluminum alloys itis extremely important to hold the temperature within narrow limits
These limits are usually about’®Q, as in the case of 14S material, when the heat-treatmentrange is 930-950F. The heat-
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treatmentrange of 24S material is 910 %3&xceeding the upper temperature limit may cause incipient melting of the
eutectic and result in serious blistering. Clad 14S and R301 are exceptions to this restriction and can be heat treated
20-30F above their normal heat-treatment range of 930R%dthout damage. Too high atemperature, however, may
cause eutectic melting. If the temperature is too low, complete solution will not take place, and the full properties of
the material may not be developed. Sloution heat treatmentis usually done in a salt bath heated by gas, oil, or electricity,
orin an electric air furnace.
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Fig.7.7.Hull Bulkhead and Bottom.

The salt bath is composed of fused sodium nitrate, or a mixture of 50% sodium nitrate and 50% potassium nitrate. The
50-50 solution must be used if the bath is also going to be used for annealing. The most important point in connection
with the furnace selected is that it must maintain an even temperature throughoutits interior. All parts of the work being
treated must be subjected to the same temperature. It is common practice to raise and lower the load, always keeping
it submerged in the salt bath, to obtain circulation of the liquid and assure a uniform temperature. In the electric air
furnace, provision should be incorporated for circulating the air.

The length of time that material must be soaked at the proper temperature depends upon the nature of the material, the
prior heat treatment of the material, the thickness of the material, and the type of heat-treating equipment. Heavier
material requires alonger soaking period. When various thicknesses are treated at one time, the soaking time necessary
for the heaviest material should be used. The lighter material will not be injured by a moderately long soaking. This

is not true of clad material which must be heated as rapidly as possible and soaked for the shortest possible time;
otherwise, the alloying elements of the base material will diffuse through the cladding and destroy the corrosion
resistance. For this reason clad material should not be reheat treated in thicknesses up to 0.049 inch, and not more than
twice in thicknesses up to 1/8 inch. The standard alloys can be reheat treated any number of times without affecting
them.

Table7.1 gives the time recommended for soaking wrought material, but these periods may vary slighty for different
heating equipment. Soaking time beigns when the temperature of the bath or furnace has reached the minimum heat-
treatment temperature after inserting the load.

TABLE7.1. SOAKING TIMEFOR SOLUTION TREATMENT -WROUGHT ALUMINUMALLOYS
A:WROUGHT MATERIALS EXCEPT FORGINGS.

Alloy Time after load reaches minimum temperature (minutes)
Upt00.032inch 0.033-0.125 inch 0.126-0.250 inch Over0.250inch

14S 30 60
14Sclad 7 15 25 45
17S 20 20 30 60
24S 30 30 40 60
24Sclad 20 30 40 60
53S 20 30 40 60
61S 20 30 40 60
75S 25 30 40 60
75Sclad 20 30 40 60
R301 7 15 25 45
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B.FORGINGS
Alloy Time (hours)
Upto 2 inches thick Over 2 inches thick

14S 0.5-6.0 2-12

17s 0.5-6.0 2-12

25S 3.0-6.0 4-12

32S 0.5-6.0 2-12

A51S 0.5-6.0 2-12

53S 0.5-6.0 2-12

75S 6.0 6

After soaking, the work is removed from the bath or furnace and quickly quenched in cold water. Itis extremly important
that not more than a few seconds elapse before quenching the hot material, or the corrosion resistance and strength
will be seriously affected. In many plants a hood is placed over the work while transferring it from the furnace to the
guenching bath, to prevent cooling. Itis also important that the quenching bath be at a temperaturéfaldmeds

the hot work is immersed. The bath must be large enough tp prevent the water temperature from rising %bove 100
While the work is cooling. If these conditions are met in the quenching bath, the corrosion resistance of the material
will not be destroyed. It is advisable in the design of the quenching bath to provide for continuous running water and
draining. These will aid in keeping the temperature of the bath low and will prevent the salting up of the bath caused
by quenching material heat treated in a salt bath.

Fig.7.8. Tail Surfaces; Aluminum Alloy

Quenching may also be accomplished by the use of high-velocity and high-volume jets of cold water for thoroughly
flushing the material. This method is particularly good for quenching massive objects in that it prevents the adherence
of steam pockets.

When quenching in cold water, will badly distort a finished part and it will not be subjected to severe corrosion in
service,it can be given a mild quench in oil or hot water, or quenched by water spray or air blast. This method should
only be used for clad material and with the knowledge that the full physical properties will probably not be developed
by the milder quench.

Forgings and castinfgs are normally quenched by immersion in water at 1%0;2(h®esss their shape is such that
cold-water quenching will not cause cracking or excessive warpage.

Rivets must be quenched by dumping in cold water. Other small parts, such as spacers and washers, may be quenched
in a tray or container designed to permit a free flow of quenching water.

Material heat treated in salt baths must be rinsed after quenching to ensure the removal of all the salt. Warm water is
used for rinsing, but it must not exceed T he use of hot water for rinsing adversely affects the corrosion resistance
and accelerates aging of the material. This latter pointis particularly important when itis desired to work and form material
immediately after heat treatment. In case where severe forming must be done, it might be advisable to do it right after
quenching, and then rinse the material later. By this means it would be possible to work the material in the period
before age-hardening sets in.
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TABLE 7.2, HEAT TREATMENT OF ALUMINUMALLOYS
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Solution heat treatment Precipitation heat treatment
Alloy
Temperature °F)| Quench Temper Temperature CF) Aging Time | Temper
14S 925-950 Coldwater | 14Sw _ f 14ST
17S 925-950 Coldwater | ---- Room 4days 17ST
24S 910-930 Coldwater | ---- Room 4days 24ST
255 950-970 Coldwater | 25SW 335-345 Birs. 25ST
32S 940-970 Coldwater | 32SW 335-345 Birs. 32ST
A51S 950-1010 Coldwater | A51SW 345-355 ghrs. A51ST
535 960-1010 | Coldwater | 53SW - I 53ST
61S 960-1010 | Coldwater | 61SW - I 61ST
75S 860-880 Coldwater | 75SW 245-255* 24 hrs. 75ST
75Sclagl  860-930 Coldwater | 75SW 245-255* 24 hrs. 75ST
f 925-950 Cold water ﬁ f 310-330 18 hrs.

*Other aging treatments known as interrupted and progressive aging treatments may be used. Interrupted aging consigsabf heatin
212°F for 4 hours, cooling to room temperature, and then heating & .3fth 8 hours. Progressively aging consists of heating 212

for 4 hours, increasing the temperature to°B15and holding it for 8 hours. Some of these treatments are patented.

Precipitation heat treatment of aluminum alloys consists in heating the material for from 8 to 24 hours at atempertaure
around 30@F. In practice an oven heated by steam coils or an electric furnace is used for heating.

e

Fig.7.9.Fuel Tank- Droppable; 61SWAluminum Alloy

e i

The heat treatments required to develop the full physical properties of various types of aluminum alloys used in aircraft
construction are summarized in Table 7.2.

HEAT TREATMENT OF ALUMINUM-ALLOY RIVETS

Rivets made from 17S material are very commonly used in aircraft construction. These high-strength riverts may be
identified by a small tit left on the head of the rivet. This identification is necessary to prevent substitution of worker
rivets made from 2S or 3S material. From the strength viewpoint it is necessary that the 17S riverts develop the full
strength of the materialinthe 17ST temper. Itis difficultin diameters over 1/8 inch to drive a 17ST rivet without cracking
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the head due to the hardness of the metal in this temper. But it has been found practical to heat treat 17ST rivets and
then drive them within one hour before they have age-hardened. 24ST riverts age harden within one hour 20 minutes.
It is necessary either to heat treat small batches of rivets at frequent intervals to stay within the time limitation or to
keep the riverts in an icebox to retard the aging. This latter method will keep the riverts soft for 48 hours and is very
generally employed in the aircraft industry.

The actual heat-treatment operation for rivets is similar to that described above for structural material, but the technique
employed is quite different because of the small size of rivets and the large quantities that must be treated. Itis customary
to use a steel tube (from 1 to 2 inches in diameter) with a closed bottom and a loose fitting cap. A quantity of rivets
is placed in this tube, the cap is placed on it, and the tube is immersed vertically in a salt bath. There itis held soaking
at the heat treating temperature for 40 minutes. The top layer of rivets should be at least 4 inches below the surface
of the salt bath, and the cap should be tight enough to exclude the entrance of cold air. The cap must be removed while
the tube is still submerged and the rivets poured into the quenching bath to facilitate their removal. No rinsing of the
rivets poured into the quenching bath without delay The rivets are poured into a wire basket in the quenching bath
to facilitate their removal. No rinsing of the rivets is necessary since the steel tube container protects them from contact
with the salt bath. As stated above, the heat-treated rivets must be used within one hour of quenching or placed in
an icebox to retard aging. Rivets may be reheat treated not more than 15 times.

In order to check the heat treatment and aging of the rivets, it is customary to check the hardness of a few rivets from
each batch after they have aged for 24 hours. When subjected to a Rockwell test, usiimgcé bédlband 60-kilogram
load, the shank of the rivet must show the following minimum hardness :

Rivet diameter (inch) Rockwell hardness

/ 73
/ I6)
/ 78
/ 82
/ 83

As explained under Hardness Testing, this test should not be considered too reliable.

Annealing

The heat-treatable alloys may be annealed to remove the strain-hardening effects of cold working or to soften heat-
treated material that must be severely formed. Oftentimes the forming is too severe or will take too long to permit its
being done within ¥z hour after heat treatment, and in these cases the material must be annealed, formed, and then heat
treated. Annealing of heat-treatable alloys must be carried out with great care as regards the temperature and the rate
of cooling. If the temperature is too high, the material will be partially heat treated and will not attain its full softeness
Under these conditions it is important to cool the material slowly to destroy as much of the heat-treating effect as
possible.

To anneal material which was originally in the soft state and was strain hardened by cold working, it is only necessary
to heat it to a temperature of 640-870and cool it slowly in air. This operation would be necessary in a case where

so much forming had to be done that the material would strain-harden and prevent further working before the job was
done. This annealing treatment is satisfactory for all alloys except 75S, which can be strain-relieved by soaking it at
% to 2 hours and air cooling. Normally it is better to fully anneal 75S as described in the last paragraph.

To anneal material in the heat-treated temper when maximum softness is not required, the method described in the
preceding paragraph may be used. This treatment will not removed all the effects of heat treatment, but it is usually
satisfactory where only a moderate amount of forming is to be done.

To fully anneal heat-treated material and remove all effects of the prior heat treatment, the material must be heated to
a temperature of 750-800°F, and soaked at this temperature for two hours. It must then be cooled at a slow rate (not
exceeding 50°F per hour) until it has reached 500°F., after which it may be air cooled. The rate of cooling is adjusted
by leaving the material in the furnace and allowing the furnace to cool slowly. Inthe case of 75S alloy the work must
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be held at 450°F. for at least one hour to stabilize it against age hardening, unless it will be formed within 5 hours after
cooling. Itis apparent that this method of annealing is costly due to the long soaking period and the tying-up of the
furnace while the material is cooling. Itis only necessary when severe forming is to be done. One such case is the
flattening of the end of a tube. If the tube is flattened so that both faces touch each other and no radius exists at the
flattened edges, it is likely that these edges will crack unless the tube has been given the full annealing treatment.

Fig-7.10. Engine ring Cowl; Aluminum Alloy.

Heat-treatable alloy are never installed in the airplane in the annealed condition because of their poor corrosion
resistance and strength in this condition. After forming they must always be heat treated.

Itis sometimes necessary to anneal strain-hardened alloys, such as 3S and 52S, in order to complete forming operations.
The method is described in the following section, Strain-Hardened Alloys.

STRAIN-HARDENEDALLOYS

The strain-hardened alloys which are commercially available are 2S, 3S, 52S, and 56S. All of these alloys are commonly
used in aircraft construction, but they are not used for primary structural purposes because their strength is not as
high as other available materials. How ever, they are readily, bent, and formed, and welded and, for these reasons, are
used for tanks, cowling, and fairings. In tubular form these materials are used for electrical conduit and for fuel and oil
lines.

CHEMICALCOMPOQOSITION
2S 3S 52S 56S
Aluminum (min.) 99.0% 97.0% 96.0% remainder
Manganese 1.0-15 0.05-0.20
Magnesium 2.2-2.8 4556
Chromium 0.15-.35 0.05-0.20
Copper (max.) 0.2 0.07 0.10

Small amounts of impurities, particularly iron and silicon, are also present. Commercially pure aliminum (2S) has up to
1% of these impurities.

PHYSICALPROPERTIES.
2S 3S 52S
Density (Ib./ cu. in.) 098 .099 096
Elect. conductivity (% of copper) 58 1 40
Modulus of elasticity 10,300,000 p.s.i.

It will be noted from Table 7.3 that the tensile strength, yield strength, and fatigue strength increase with the temper
or hardness of the material. There is also a distinct gradation of strength between the three materials. In selecting a
material itis usually preferable to choose one that will give the required strength in the softest temper. Thus the material
that can be most easily worked is obtained.

Annealing
The strain-hardened alloys cannot be heat treated to improve their properties. Higher strengths are obtainable only
by cold working. In fabrication or forming, these materials will harden too much if worked severely, and it is then
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necessary to soften them before further working. They can be softened by a simple annealing treatment which consists
in heating the material to permit recrystallization. Softening due to recrystallization is practically instantaneous if the
material is heated to a high enough temperature. For 2S and 52S material this temperature is 650°F., while for 3S material
itis 750°F. The metal should not be heated too much above this temperature. Annealing may also be done by heating
the metal for alonger period of time at a lower temperature. In either case the rate of cooling is not important, provided
it is not so rapid as to cause warpage.

TABLE 7.3STRAIN-HARDENED ALUMINUMALLOY -MECHANICAL PROPERTIES.

Alloyand Uts Yield strength *Elongationin Brinell Shearing Fatigue+
temper (p.s.i.) (p.s.i.) 21in (%) hardness strength (ps.i) strength(ps.i)
(500 kg 10mm)

250 13,000 5,000 35 23 9,500 5,000
2S5 / H 15,000 13,000 12 28 10,000 6,000

2S5 / H 17,000 14,000 9 32 11,000 7,000

2S5 / H 20,000 17,000 6 38 12,000 8,000
2SH 24,000 21,000 5 44 13,000 8,500
35S0 16,000 6,000 30 28 11,000 7,000

3S / H 18,000 15,000 10 35 12,000 8,000

3S / H 21,000 18,000 8 40 14,000 9,000

3S / H 25,000 21,000 5 a7 15,000 9,500
3SH 29,000 25,000 4 55 16,000 10,000
5250 29,000 14,000 25 45 18,000 17,000
52S / H 34,000 26,000 12 62 20,000 18,000
52S / H 37,000 29,000 10, 67 21,000 19,000
52S / H 39,000 34,000 8 74 23,000 20,000
52SH 41,000 36,000 7 85 24,000 20,500
S56S*** 24,000

* Elongation values are for 1/16 inch sheet. Thinner sheets have less elongation.
**Based on 500,000,000 cycles of reversed stress, using R. R. Moore type of machine and specimen.

***Cold-worked rivet stock.

Itis common shop practice to anneal strain-hardened alloys locally when they become too hard by playing a welding
torch on the part to bring it up to heat and then allowing it to cool. Care must be taken not to overheat or burn the metal.

WORKING PROPERTIES

When the proper temper is selected, all the strain hardened alloys can be satisfactorily worked to the desired form for
their aircraft use. The easiest to form by drawing, spinning, or stamping is 2S material. Only slightly more difficult to
form is 3S material, and it has better physical properties. For this reason it has superseded 2S material almost entirely
in aircraft work. For spinning ring cowls 3SO or 52S0O ,material is used. The material strain-hardens during the spinning
and becomes equivalent to about 3S %2 H or 52S % H temper. 52S %2 H is generally used for engine cowling because
of its ease of forming and greater tensile and fatigue strength. Wherever its forming properties are satisfactory for the
purpose 52S is rapidly displacing the other strain-hardened alloys. The high fatigue strength of this material is
particularly important in reducing cowling cracks.
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The following table gives the bending qualities of the strain-hardened alloys. These bend radii will vary somewhat with
the tools used, the particular operation, and the technique employed.

T Ol —

Fig-7.11. Oil Tank; 32S Y2 H Aluminum Alloy

It is difficult to predictin advance just which material and temper will work best in a new application.Itis recommended
that several possible samples be obtained and worked under the actual shop conditions before a final selection is made.
itmust be borne in mind thatitis always difficult for a sheet metal worker to get the most out of a new, unfamiliar material

TABLE 7.4, APPROXIMATE RADIIFOR 90 °COLDBEND

Approximate thickness (t

Alloy 0.016 in. 0.032 in 0.064 in 0.128 in 0.189 in
250 0 0 0 0 0
ZS/H 0 0 0 0 0-1
ZS/H 0 0 0 0 0-1

ZS/H 0 0 0-1 /t-l/t -2t
2SH 0-1 / t-1 / t -2t 1 / t-3t 2t-4t

30 0 0 0 0 0
3S / H 0 0 0 0 0-1
3S / H 0 0 0 0-1 0-1t

3S / H 0-1t 0-1t / t-1 / t 1t-2t 1 / t-3t

52S / H 0-1t / t-1 / t -2t 1 / t-3t 2t-4t
525H / t-1 / t 1t-2t 1 / t-3t 2t-3t 3t-5t
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Welding
The strain-hardened alloys are normally joined by gas welding in aircraft work. Electric arc welding is faster and causes

less distortion, but the material must be at Ie/z(stinch thick. This type of welding is seldom used in aircraft

construction. Welding is done by either the oxyacetylene or the oxyhydrogen flame. Skilled aircraft welders can
successfully weld 0.020 inch aluminum alloy with an oxyacetylene flame.

Most of the welding on strain-hardened aluminum alloys is done in the fabrication of fuel and oil tanks. These tanks
are often subjected to a 15-hour vibration test after fabrication, to check the design, the welds, and the quality of the
material. Leaks caused by failure of welds or cracked material are cause for rejection. Seams to be welded are not butted
directly together but are flanged slightly, the faces of the flanges butted together, and then the entire flange burnt down
tothe level of the sheet properin the welding operation. By this method a continuous, sound, thorough weld is obtained.

Awelding rod of pure aluminum, or of the same composition as the metal being welded, may be used. In aircraft welding
a rod containing about 95% aluminum and 5% silicon is found to be best. Due to the formation of an oxide film on the

surface, itis necessary to use a flux in welding aluminum alloys. It is sometimes necessary to weld two or more of the
strain-hardened alloys together. This can be done satisfactorily if the 5% silicon welding rod is used.

After welding, the material on either side of the weld is in the annealed condition and the weld itself is a cast structure.
The strengthin the region of the weld is the same as the material in the soft temper. Unless the welds are ground down,
they will develop greater strength than the adjoining metal. Welds can be hammered to flatten them without reducing
their strength. In fact, the working should improve it somewhat.

Corrosion
2S aluminum s highly resistant to atmospheric corrosion. The addition of various elements to aluminum to form alloys
changes the corrosion resistance characteristics.

3S is somewhat inferior to 2S material in resisting atmospheric corrosion.

52S material will resist salt-water corrosion even better than 2S. It will retain its mechanical properties better, as well
as its surface appearance. 56S aluminum-alloy rivets contain 5% magnesium and no copper and have practically no
corrosion action on magnesium alloys.

In aircraft work it is considered good practice to protect all aluminum alloys with paints. Itis essential that the material
be given a surface treatment first. This treatment forms an oxide on the surface, which aids in protecting the surface,
and also provides an excellent base for the paint. painting usually consists of one coat of a good primer, followed by
two coats of lacquer or enamel.

When tanks are fabricated by welding itis essential to remove all traces of the flux, which is corrosive towards aluminum
alloys. This flux should be removed as soon aspossible after completion of the welding. It may be removed by immersing
the work in a tank containing a warm 5% sloution of sulphuric acid, followed by a thorough rinsing in clear, warm water
and then drying. All accessible welds should be scrubbed with a stiff bristle brush before or during the water rinse.
In the case of tanks, the rinsing water should be agitated in order to clean the interior welds that are not accessible for
scrubbing.

Available Shapes

From time to time as the demand arise, the aluminum alloys are made available in new forms. At present it is posssible
to obtain the strain-hardened aluminum alloys in the various forms.

Uses

As stated previously, strain-hardened alloys are commonly used in aircraft construction for cowling, fairings, tanks,
electrical conduits, and fuel and oil lines. No one alloy excels the others for all purposes, but must be considered in
connection with the particular application. The following alloys and tempers have been successfully used for the
purposes described :

3SY%H for welded fuel tanks, and for general engine cowling.

52S0 and 52S ¥ H for cowling and fairings subject to severe vibration in service including ring cowl spinnings.

2SY%H tubing for electrical conduit.

52S0 tubing for fuel and oil lines.
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3 SO for ring cowls and other parts that are formed by spinning.
56SY4H rivets are used almost exclusively in magnesium-alloy assemblies.

STANDARD SHAPES-STRAIN-HARDENED ALLOYS

Shape 2S 3S 52S 56S
Sheet * * *

Plate * * *

Rod and bar * * *

Vvire * * * *
Extrusions * *

Tubing * * *

Rivets * * *

Sheetis 0.250 inch or less in thickness; plate is over 0.250 inch. Sheet can only be obtained up to 0.162 inch thick in
the 3/4 H temper and up to 0.128 inch thick in the full H temper.

Bar stock is similar to plate, but is obtainable only up to 10 inches in width.
Cold-finished rod is obtainable from 3/8 to 1 %zinches in diameter. Rolled rod is obtainable up to 8 inches in diameter.

Wire can be obtained drawn anywhere from 36 gage up to 3/8 inch diameter. On special order, wire finer than 36 gage
is obtainable.

Tubing can be obtained in practically diameters and wall thicknesses.

HEAT-TREATABLEALLOYS

The heat-treatable aluminum alloys are used for aircraft structural purposes because of their relatively high strength
and light weight. They are available in many structural forms and can be worked with production tools. The alloys
commonly used in the manufacture of aircraftare 14S, 14S clad, 17S, 24S, 61S, 75S and R301. All of these are available
in clad forms except 61S, which is very corrosion resistant without cladding.

Fig.7.12.Wing Ribs

Until recently 17S and 24S, which in both the bare and clad forms were used almost exclusively. The development of
high-strength alloys, such as 14S, R301, and 75S, and their commercial availability in standard forms have resulted in
their widespread adoption in new designs. 14S clad and R301 are identical- the products of two manufactures who have
named them differently. They are available in sheet form only in the clad condition; bare 14S is also available in many
other forms but R301 is not. 75S alloy is available as clad or bare sheet, and in many other forms in the bare condition.
Itis the strongest of the aluminum alloys. 61S has recently been quite generally adopted for severely formed parts which
do not require extremely high strength such as cowling.
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Chemical composition

Table 7.5 gives the chemical composition of the heat-treatable aluminum alloys used in aircraft construction. It will be
noted that 14S clad and R301 are identical. They are, in fact, covered by one Army-Navy Aeronautical Specification AN-
A-22.

Physical Properties
Modulus of elasticity = 10,300,000 p.s.i.

Alloy Weight (Ib./cu. in.)
14S 0.101
17S 0.101
24Ss 0.100
255 0.101
A51S 0.097
53S 0.097
61S 0.098
75S 0.101

TABLE 7.5, HEAT-TREATABLE ALUMINUM * ALLOYS-CHEMICAL COMPOSITION (%)

Alloy Manganese Magnesium Chromium Copper Silicon Zinc
designation

14s 04-12 0.2-0.8 0.25 3.9-5.0 05-1.2 0.25
14S(cladding) 0.75 0.8-15 0.35 0.10 0.35-1.0 0.20

17s 04-1.0 0.2-0.75 35-45

A17S 0.3 25

24S 0.3-0.9 1.25-1.75 3.6-4.7

24S (cladding) 0.05 0.1 0.1

255 04-1.2 0.02 3.9-50 05-1.2

32S 0.2 0.8-1.3 0.10 05-1.3 11.5-135 0.25

A51S 0.2 0.45-0.8 0.15-0.35 0.3 06-1.2

53S 11-14 0.2-0.3 0.05 0.5-0.9

61S 08-12 0.35 0.4-0.8

75S 0.10-0.30 21-29 0.15-0.40 1.2-2.0 05 51-6.1
75S (cladding) 0.10 0.10 0.10 0.7 0.75-1.25
R301 04-1.2 0.20-0.8 0.25 3.9-5.0 05-1.2 0.25
R301(cladding) 0.75 0.8-15 0.35 0.10 0.35-1.0 0.20

R303 0.10 21-3.0 0.1-0.35 0.8-1.8 05 59-7.1

Aluminum is remainder. Small amounts of iron and other impurities are also present

*Element percentage is maximum except where indicated as a range

Table 7.6, lists the mechanical properties of the heat-treatable alloys used in aircraft constuction. It recommended that
this table be used only for reference puposes; ANC-5, Army-Navy specification, or the manufacturer of the mateial be
consulted when a design must be based on the allowable strength. Manufacturer of materials will always furnish a
minimum guaranteed strength for mateiral in the form that is to be used.

Clad 24S is normally aged at room temperature. It has been found, however, that an artificial aging treatmentit 365-380
for approximately 6 hours will greatly improve the mechanical properties. When given this treatment the material is
identified as a clad 24S-T8 alloy. A second numeral is added after the 8 to indicate the percentage of cold work imposed
on the material prior to the artificial aging treatment.

There are four commonly used tempers of this alloy, as follows :

Clad 24S-T80
This temper is solution heat treated, is not cold worked, and is artificially aged. It is used for parts formed from annealed
sheet which cannot be stretched (cold working), after solution heat treatment because of their shape.

Clad 24S 7181
This temper is solution heat treated, is straightened at the mill by stretching (cold working), and is artificially aged either
at the mill or by the aircraft manufacturer. This temper is used for parts requiring moderate formability.
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Clad 24S - T84
This temper is solution heat treated, is cold worked about 4% by stretching or forming, and is artificially aged. It has
higher properties than the T80 to T81 tempers and is used for stiffeners and stringers.

Clad 24S- T86

This temper results from artifically aging Clad 24ST sheet or plate. It is used for wing skins and in similar locations
requiring no forming.

Artificial aging is applicable to extruded 24S as well as to clad sheet stock but the corrosion resistance is slightly
reduced.

Clad 24S-T8
Tempers have better corrosion resistance than bare 24ST material aged at room temperature.
Clad 24S-T81
is available from the mill in thickness up to 0.188 inch; clad 24S-T86 is available from the mill in thickness up to 0.500 inch
TENSILE PROPERTIES
Thickness (inch) emper Tersile strength (p.s.i.) Yield strength (p.s.i) Elongation (%)
Less than 0.064 T80 60,000 47,000 8
T81 64,000 56,000 5
T84 67,000 63,000 5
T86 68,000 65,000 4
0.064 T80 62,000 49,000 8
to T81 67,000 59,000 5
0.500 T84 70,000 66,000 5
T86 71,000 68,000 4
Heat Treatment

As the name implies, the heat-treatable alloys can be heat treated to improve their physical properties. In aircraft work
they are used only in the heat-treated state. As explained earlier in this chapter, the material is sometimes annealed to
improve its forming qualities, but it is always heat treated after forming.

The structure of many airplane built now-a-days consists of both clad 14S(R301) and 24S material. In heat treating these
materials itis advisable that they be done separately since their heat-treating temperatures are different. The temperature
for 14S material is 930-99B., for 24S materialitis 910-9%8 If 24S material is treated above ®30there is a possibility

of surface blisters from overheating and also of extensive damage due to eutectic melting. The fabricating shop should
definitely identify the type of aluminum alloy when itis sent to the heat-treating shop so that no costly errors are made.

Working Properties

Heat-treatable alloy 24S, eitherin standard or alclad form, is commonly used in aircraft construction. 24S is slightly more
difficult to form than 17S (which was the standard aircraft structural material until recent years), but has superseded
17S because of its higher yield point.

These alloys can be formed to any structural shape used in aircraft construction, or they can be bent, drawn, or rolled
as necessary, provided the proper temper is selected. For severe forming operations requiring over 20 minutes for
completion, it is necessary to use the material in the “SO” temper. If the forming operation can be completed quickly,

it is customary to heat treat the work and form it within one hour before it has aged. The first 20 minutes of this hour
is by far the best time to form the material. By this method heat treatment of the completed work is avoided. When work
has been formed in the annealed state and then heat treated, it will distort badly. It must be straightened out before it
can be used. The distortion is caused by the severe cold-water quench.



Table 7.6, Heat-Treatable Aluminum Alloys - Mechanical Properties

Alloy and Form and thickness U.ts. Yield Elongation Brinell Shear Fatigue

temper of maerial (p.s.i.) strength in2 hardenss strength strength
(p.s.i.) (%) (500 kg.- 10 min.) (p.s.i.) (p.s.i.)

14S0O Extrusion — and over 35,000* 12

14SwW Extrusion—and over 50,000 32,000 12

14ST Extrusion— and over 60,000 50,000 7

14ST Forgings 65,000 50,000 10 125 39,000 12,000

14S0O Clad sheet 30,000* 16

14SwW Clad sheet-0.039 and under 56,000 37,000 14 38,000

14SwW Clad sheet- 0.040 and over 57,000 37,000 15 38,000

14SwW Same- reheat treated 55,000 34,000 15 38,000

14ST Clad sheet- 0.039 and under 63,000 56,000 7 40,000 12,500

14ST Clad sheet- 0.040 and over 64,000 57,000 8 40,000 12,500

14ST Same- reheat treated 62,000 54,000 8 40,000 12,500

17ST Bar- 0.750 and under 53,000 30,000 16 92 32,000 15,000

17ST Bar- 0.751 and over 50,000 28,000 16 87 30,000 15,000

17ST Extrusion 50,000 30,000 12 87 30,000 15,000

17ST Forgings 55,000 30,000 16 Q0 33,000 12,000

17ST Rivet 30,000

17SO Bare sheet 35,000* 12

17ST Bare sheet 55,000 32,000 18 9% 33,000 15,000

17ST Clad sheet 50,000 27,000 15 30,000

17SRT Bare sheet 55,000 42,000 12 100 33,000

17SRT Clad sheet 50,000 37,000 10 30,000

17ST Tubing-as received 55,000 40,000 9 33,000 15,000

17ST Tubing heat treated 55,000 30,000 9 27,000 12,000

A17ST Rivet 25,000

24ST Bar-up to 3” 62,000 40,000 14 100 37,000 14,000

24ST Extrusion- as received 57,000 42,000 12 9% 34,000 14,000

24ST Extrusion- reheat treated 57,000 38,000

24ST Rivet 35,000

2450 Bare sheet 35,000* 12

9/
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24ST
24ST
24SRT
24SRT
24ST
24ST
255T
325T
A51ST
53ST
53ST
53ST
53S0
535w
53ST
61ST
61ST
61S0
61SW
61ST
7550
75ST
75ST
7550
7550
75ST
75ST
75ST
75ST
7550
75ST

R301
R303

Bare sheet

Clad sheet

Bare sheet

Clad sheet

Tubing- as received
Tubing- reheat treated
Forging

Forging

Forging

Bar-extrusions

Forging

Rivets

Sheet or tubing

Sheet or tubing

Sheet or tubing

Bar

Extrusions

Sheet or tubing

Sheet or tubing

Sheet or tubing

Extrusions

Extrusions

Forgings

Bare sheet

Clad sheet

Bare sheet- 0.039 and under
Bare sheet-0.040 and over
Clad sheet- 0.039 and under
Clad sheet- 0.040 and over
Tubing

Tubing

Clad sheet
Bare or clad

62,000
56,000
65,000
58,000
62,000
62,000
55,000
52,000
44,000
32,000
36,000

19,000*
28,000
35,000
42,000
38,000
22,000*
30,000
42,000
40,000*
78,000
75,000
40,000*
36,000*
76,000
77,000
70,000
72,000
40,000*
70,000

40,000
37,000
50,000
46,000
42,000
10,000
30,000
40,000
34,000
25,000
30,000

16,000

28,000
35,000

35,000

16,000
35,000

70,000
65,000

65,000
66,000
60,000
62,000

58,000

15
15
11

16
5
12
10
14
22

15
10

10

10
16
16
10
6
6
10
10
10
e
8
7
8
10
10

100

110

135

37,000
34,000
39,000
35,000
37,000
37,000
35,000
38,000
32,000

24,000
22,000

46,000

46,000
46,000
44,000
44,000

(Identical with 14S clad sheet in physical properties and chemical composition)
(Equivalent to 75S alloy)

14,000

14,000
14,000
12,000

22,500

22,500
22,500
13,000
13,000

* All values for annealed material are maximum permissible.
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St

Fig7.13. Wing-tip Float and Bracing;Aluminum-alloy Sheet and Tubing

14S0 clad (R301-0) sheet can be formed in the same manner as 24S0 sheet. Difficult forming operations-stretching, deep
drawing, etc. can be done, but the subsequent cold-water quench will distort the work and necessitate straightening.
Freshly quenched 14SW clad (R301 - W) material has only slightly less formability than the annealed material .1t can
be stretched or drawn but must be worked within 1 hours of quenching. In the “as received” SW condition, moderate
forming can be done. The use of male and female steel dies is advisable in pressing material in this condition. 14ST (R301-
T) material requires large radii for forming but dimples satisfactorily. When necessary to improve its formability in this
temper, it can be heated to 350for as long as 30 minutes without materially affecting its properties.

75S0 material, either bare or clad, can be stretched or rubber-formed in the hydraulic press but requires high pressures.
It can be dimpled satisfactorily but distorts on quenching. Severe double-curvature forming is sometimes done partially
in the SO condition and finished in the freshly quenched SW condition. In this condition the material forms about as
well as freshly quenched 24S. It should be worked within one hour of quenching but can be dimpled satisfactorily (using
24 ST tools) for several days after quenching. Due to its high yield strength and low plastic range, 75 ST has very poor
forming characteristics and is inferior to 24ST. It has a high notch sensitivity and deep scratches and tool marks must
be avoided. Cold dimpling of 75ST has had only limited success on an experimental basis. Hot dimpling has been
successful. In this method an electronic timer is used to apply dimpling pressure immediately after the area is heated
electrically. Hot forming at temperatures up to #25wvith less than a 5% loss in strength and very little effect on
elongation is practicable. Use of electrically heated forming dies, and heating the work and quickly forming it before
the heat dissipates, have both been successfully used.

61Sinallits tempers has excellent formability. Itis frequently purchased, formed, and used in the 61 SW condition. When
this is done no heat treatment is involved.

The table 7.7 lists the bend radii for various thicknesses and tempers of the heat-treatable alloys. The bend radii are
a good criterion of the relative forming properties.

The heat-treatable alloys machine beautifully.

Welding

The heat-treatable alloys cannot be welded with the oxyacetylene torch without destroying their mechanical properties.
Even if subsequently heat treated after welding, the original mechanical properties cannot be restored. These alloys
are difficult to weld in any event and are generally considered unweldable for silicon rod (43S) and is welded up into
ducts and cowling.

Prior to the introduction of electric spot welding these alloys were joined only by reverting or bolting. As described
earlierin this chapter, electric spot welding is rapidly displacing reverting for nonstructural parts and is being extended
to structural parts.

Riveting

Aluminum alloy rivets for structural parts may be grouped in two classifications : those requiring heat treatment just
before driving, and those that can be driven as received. Heat treatment is required by 17S and 24S rivets, whereas
Al17ST, 53S0, 53SW, and 53ST rivets can be driven as received.
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On extremely important work where every pound of rivet strength is necessary 17S and 24S rivets are used. Because
of their better heading qualities 17S rivets are used more often even in 24S structural assemblies. While 17S rivets can
be driven within one hour of heat treatment, 24S rivets must be driven within 20 minutes of treatment. The aging of both
these types of revert can be retruded by storing in an ice box. The 17S rivets are identified by a small raised tit in the
centre of the head; 24S rivets have two small radial dashes at the ends of a diameter on the periphery of the load.

A17STrivets do not have as good strength as 17S or 24Srrivets, but are very generally used even in structural assemblies,
such as metal-covered wings and fuselages. They are particularly good for field repairs since no heat treatment is
necessary. The A17ST rivets have a small dimple at the center of the head. From an appearance standpoint 53S rivets
of the appropriate temper are best for reverting 25S or Alclad material. Electrolytic corrosion will not attack these metals
adjacent to 53S rivet heads even when unpainted.

TABLE 7.7, APPROXIMATE RADIIFOR 90 °COLD BEND
Approximate thickness)( =

Alloy

0.016 in. 0.032 in. 0.064 in. 0.128 in. 0.189 in.
14S0 clad
(R301-0) 0 0 0 / t / t
14SW clad
(R301-W) 1 / t 2t 2 / t 3t 3t
14ST clad
(R301-T) 2 2t 3t 4t 4t
24S0 0 0 0 0 (0511
24ST 1 / t-3t 2t-4t 3t- 5t 4t-6t 4t - 6
24SRT 2-4t 3t-5t 3t-5t 4t-6t 5t-7t
53S0 0 0 0 0 0
53SW 0-1 / t-1 / t 1t-2t 1 / t-3t 2t-4t
53ST / t-1 / t 1t-2t 1 / t-3t 2t-4t 3t-5t
61S0O 0 0 0 0 0-1t
61SW 0-1 0-1t / t-1 / t 1t-2t 1 / t-3t
61ST 0-1 / t-1 / t 1t-2t 1 / t-3t 2t-4t
75S0 clad 0 0 o1l / t-1 / t 2t
75SW clad / t / t-1t 1t-1 / t 1 / t-2t 2t
75ST clad 8 3 / t 3 / t-4t 4 / t-5t 5t

Alclad 24S can be bent over slightly smaller radii than the corresponding temper of the standard alloy.

Radii given for 24ST are for the fully aged condition.

Much smaller radii can be used if formed immediately after quenching.

14SW clad (R301-W) radii are for material as received. When such material is freshly quenched the values for 14SO clgdcéR301-O

be used.

75SW clad radii are for freshly quenched material.

It is unstable in this condition and cannot be purchased.
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The strength properties (in pounds per square inch) of these various rivets are as follows :

17ST 24ST A17ST 53S 53sSwW 53ST

U.ts 55,000 62,000 38,000 18,000

25,000 35,000

Yield strength 30,000 40,000 18,000 15,000 14,000

28,000

Shear strength 30,000 35,000 25,000 12,000 18,000 22,000

Bearing strength 75,000 90,000 60,000 30,000 48,000 60,000
Corrosion

Clad material should be used whenever severe corrosion condition must be metin service. 53S material has excellent
corrosion resistance being comparable to pure aluminum, but its mechanical properties are not as high as those of the
other heat-treatable alloys. Consequently itis not practical to use 53S if great strength is a primary requisite 61S material
also has excellent corrosion resistance and is considerably stronger than 53S. The other heat-treatable alloys have about
equal corrosion resistance, except 25S which is somewhat inferior. Clad 14ST and R301-T have somewhat less corrosion
resistance than clad 24ST. The heat-treatable alloys do not have such good corrosion resistance as the strain-hardened
alloys.

Fig.7.14. Retractable Landing Gear; 14ST Aluminum-Alloy Forging

It is standard practice in aircraft designed to operate under severe corrosive conditions to anodically treat aluminum
alloys and then to apply one coat of primer and two coats of paint. Joints and fittings subject to corrosive conditions
are often additionally coated with hot beeswax or paralketone as an added protection.

17ST and 24ST are much more corrosion resistant than 17S0O and 24S0O. If these alloys are heated above 375°F. their
corrosion resistance is also lowered. Heating has the same effect on the alloys that require precipitation heattreatment,
and for this reason these alloys in the ST temper are inferior to the same alloys in SW temper. However, 53ST is only
slightly inferior to 53SW. Baked enamelfinishes are notrecommended for aluminum alloys, because itis questionable
whether the added paint protection is equivalent to the basic corrosion resistance that is lost due to the baking
temperature.

53S and 61S material have good corrosion resistance in all tempers.
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Available Shapes

The alloy most often used in aircraft construction may be obtained in practically all standard forms. As explained in
the paragraph on Extrusions, the designer may even specify the shape he wants and the manufacture will supply it. Some
of the other alloys are available only as forgings. The table 7.8 summarizes the standard commercial forms of the heat-
treatable alloys.

Sheet used in aircraft work usually falls between 0.014 and 0.120 inch in thickness. It is usually purchased in seven
standard sizes asfollows: 0.020 x 36" x 144”,0.025” x 36"x 144”,0.032" x 36" x 144”,0.032"x 48"%x144"”,0.040

x48"x 144" 0.051"%x 48" x 144",0.064"x 48" x 144"

Annealed-temper coiled strip is available at a considerable price saving compared to flat sheet.

Plate is purchased in much smaller pieces, usually 1 x 2 feet, since it is used for fabricating small fittings.

Rod can be obtained up to 8 inches diameter.

Bar can be rolled to a maximum cross-sectional size of 3 x 10 inches.

Bar 10 inches wide is often used in place of plate for fittings.

Tubing is available in many round and streamline sizes. A table of standard tubing sizesused in aircraft construction
is given in the Appendix.

Square tubing is also available and is often used.

TABLE 7.8, STANDARD SHAPES-HEAT-TREATABLEALLOYS

14S Alclad Alclad
Shape 14S clad 17S 17S Al7S 24S 24S 25S
Sheet * * *
Plate * * *
Rod and bar * * *
Vvire * * *
Extrusions * * *
Tubing *
Rivets * * *
Forgings * * *
Rolled shaped *

STANDARD SHAPES-HEAT-TREATABLEALLOYS (CONTINUED)

75S
Shape 32S A51S 53S 61S 75S clad R301 R303
Sheet * * * * *
Plate * * * *
Rod and bar * *
Wire *
Extrusions * * * *
Tubing *
Rivets *
Forgings * * * *
Rolled shapes *
Uses

The heat-treatable alloys are used for practically all structural purposes in aircraft. They are used only in the heat-
treated temper but they are often formed in the annealed temper and then heat treated.

14S extrusions and forgings are used for primary structure requiring high strength .

14S clad (R301) sheet is used for structural sheet-metal parts, including wing and fuselage skins, and may or may not
be aged to 14ST-depending on the strength required.



82 Aircraft Metallurgy

17ST was the standard aircraft structural material until about ten years ago but is no longer produced in sheet, plate,
or tubing form. 17 ST rivets are still commonly used.

A 17STrivets are frequently used to avoid the necessity for heat treatment. They are particularly useful infield repairs.

24ST has completely replaced 17ST as the standard aircraft structural material butitis currently being displaced by 14ST
(R301) and 75ST (R303), which have still higher physical properties. Alclad 24ST is frequently used when corrosion
is important, as in covering seaplane floats and hulls. 14 ST clad (R301) has satisfactory corrosion resistance for this
application also.

Fig.7.15.Forward End of Monocoque Fuselage Showing Tank Installation; Aluminium Alloy

TABLE 7.9, ALUMINUMALLQOY SPECIFICATIONS-WROUGHT

Alloy designation Form AN Aero Specification Federal Specification

2S Bar QQ-A-411
Sheet QQ-A-561
Tubing WW-T-783

3s Bar QQ-A-356
Sheet QQ-A-359
Tubing WW-T-788

14S Extrusion AN-A-8
Forgings QQ-A367-C15

14Sclad Sheet AN-A-22

17s Bar QQ-A-351
Forgings QQ-A367-C1.1
Sheet QQ-A-353
Tubing WW-T-786

Alclad 17S Sheet QQ-A-361

Al7S Rivets AN-R-19
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24Ss Bar QQ-A-354
Sheet AN-A-12
Tubing AN-T-80
Alclad 24S Sheet AN-A-13
255 forgings QQ-A367-C1.2
32S Forgings QQ-B67-C1.6
A51S Forgings QQ-A367-C1.3
52S Bar QQ-A-315
Sheet QQ-A-318
Tubing WW-T-787
53S Bar QQ-A-331
Forgings QQ-A367-C1.8
Sheet QQ-A-334
Tubing WW-T-790
56S Rivets AN-R-19
61S Extrusions QQ-A-325
Sheet QQ-A-327
Tubing WW-T-789
75S Extrusions AN-A-11
Forgings
Sheet AN-A-9
75Sclad Sheet AN-A-10
R301clad Beet AN-A-22
R303 Extrusions AN-A-37

25ST forgings are used for propeller blades and engine parts.

32ST forgings are used for aircraft-engine pistons and parts requiring good strength and hardness at elevated
temperatures. 18ST is also used for engine pistons. It forges and machines more easily than 32ST but does not retain
as high properties at elevated temperatures.

A51ST forgings are used for complicated engine parts and for aircraft fittings, where the mechanical properties of this
alloy are adequate for the purpose.

53S material is used when corrosion resistance is of primary importance.
61S is arelatively new material with good strength and excellent forming characteristics. Itis rapidly finding favor for
stamped and pressed sheet-metal parts. It should be fabricated in the ST condition wherever possible, to avoid the

necessity for artificially aging the material from the SW temper. 61SW is frequently used for cowling panels.

R303 and 75S are the strongest aluminum alloys. They are ideal for wing-beam cap strips, fittings, and sheet parts not
requiring much forming.

R301 is identical with 14S clad and is used interchangeably.

ood
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CHAPTER-8
MAGNESIUM ALLOYS

Magnesiumi is the lightest of the structural metals available for aircraft construction. Pure magnesium weighs only 65%
as much as aluminium. Itis a silvery white metal that is relatively soft, and does not have the strength or other properties
required for structural use. Inits pure state magnesium has been widely used for flashlight powder, and a magnesium
alloy was used for the cases of incendiary bombs. This latter use resulted in the construction and expansion of numerous
magnesium plants during the war. A Peak production of 21,000 tons of magnesium per moth was reached early in 1944,
This production rate was subsequently reduced when new types of bombs not using magnesium were developed. This
enormous capacity was kept available in active or standby status, however, and may well be utilised in the near future
as the structural applications of magnesium alloys increase.

Magnesium is commonly alloyed with aluminum, zinc, and magnesium, to create usable structural materials. Magnesium
alloys have a specific gravity of 1.8, as compared to 2.7 for aluminum and 7.9 for steel. The light weight and relatively
high strength of magnesium alloys results in a strength/ weight and relatively high attractive in aircraft design. There
are also many places in aircraft construction, such as fairings, ducts, doors, brackets, bilkheads and partitions, and
similar locations, where strength is secondary and a minimum thickness of material is all that is necessary. The use of
magnesium alloys in these locations will effect an appreciable weight saving.

Magnesium alloys are non sparking and nonmagnetic; this characteristics permits their use adjacent to magnetic
compasses. These alloys machine very well, can be gas, arc, or spot welded, and can be fabricated into many shapes,
although special techniques are usually required.

Magnesium alloys are available as sand, permanent-mold, and die-castings; press and hammer forgings; extruded bar,
rod, shapes, and tubing; and rolled sheet, plate, and strip. A number of alloys with varying characteristics are available
in each form. These characteristics must be considered in choosing the best for a specific application. In the following
pages the important characteristics of the commonly used alloys and their typical applications are described.

At present there are three main fabricators of magnesium alloys in the United States : Magnesium Division of the Dow
Chemical company, American Magnesium Corporation, a subsidiary of the Aluminum Company of America; Magnesium-
Aluminum Division of Revere Copper and Brass Incorporated. Each of these companies manufactures similar alloys
but each has its own method of designation them. Army-Navy aeronautical specifications have been issued describing
the commonly used alloys. Since the designation of the fabricators as well as the AN aero specifications have been
listed in the tables in this chapter. Table 8.1 has been prepared to indicate the specifications and designations of
magnesium alloys of similar type. For completeness S.A.E. and A.S.T.M specifications have been included.

PUREMAGNESIUM

Magnesium is never found in its native state. There are several common ore sources from which itis extracted, namely
: magnesite (magnesium carbonate) which contains 500 pounds of magnesium per ton ; dolomite (magnesium calcium
carbonate) which contains 240 pounds of magnesium per ton; carnallite (magnesium and potassium chloride) which
contains 160 pounds of magnesium per ton. These ores are found practically all over the world. Magnesium constitutes
2.24% of the earth’s crust and is fifth in abundance of the metals in the earth, following silicon, aluminum, iron, and
calcium in the order named.

Inaddition to thatin the magnesium ores, there is an infinite supply of magnesium in ocean water. Magnesium chloride
makes up about 11% of the total salt content and magnesium is about 0.125% by weight of ocean water. The Great Salt
lake in Utah contains 0.56% magnesium. One pound of metallic magnesium is recoverable from every 770 pounds of
ocean water.

Production Methods
Magnesium was first produced in 1808 by Sir Humphrey Davy, who reduced magnesium from magnesium oxide with
potassium vapor and also by the electrolysis of anhydrous magnesium chloride.

The first production of magnesium on a commercial basis began in 1914. There are three basic methods used at the
presenttime of the reduction of magnesium from its source. These are the electrolytic process; the ferrosilicon process
(Pidgeon); and carbothermic process (Hansgirg).



Table 8.1, Magnesium Alloys- Specifications and Uses

S.A.E. A.S.T.M.
Form AN aero No AM.S Designation Alloy American Dow. General use
Magnesium Reverse
Sand castings AN-QQ-M-56 (A)| 50 B80-44T AZ63 AM265 H General casting use
AN-QQ-M-56 (B) B80-44T M1 AM403 M Weldable-tank flanges
AN-QQ-M-56 (C)| 500 4434 B80-44T AZ92 AM260 C Pressure-tight castings
Permanent- 503 4434 AM260 C Strong-good corrosion characteristics
mold Castings 502 AM240 G casts well- inferior corrosion
Die castings AN-M-16 501 4490 B94-44% AZ90 AM263 R Housings.fittings,instrument parts
Extruded bar, AN-M-24 520 4350 B107-44T AZ61X AM-C57S J1 General purposes- good strength
rod, and AN-M-25 B107-44T AZ80X AM-C58S o1 Highest strength
shapes AN-M-26 522 B107-44T M1 AM3S M Weldable- light stresses
AN-M-27 52 B107-44T AZ31X AM-C52S FS-1 Cold forming
Extruded tubing| AN-T-71 520 AM-C57S J1 Best strength- high notch sensitivity
AN-T-72 52 AM-C-52S FS-1 Medium strength- extrudes well
AN-T-73 522 AM3S M Welding-high resistance to salt water
Forgings AN-M-20 531 4350 B91-44T AZ61X AM-C57S J1 Intricate shapes-press forged
AN-M-21 532 4360 B91-44T AZ80X AM-C58S o1 High strength- difficult to forge
AN-M-22 533 AM3S M Weldable- easily forged- low cost
AN-M-23 53 B91-44T AT35 AM65S D-1 Easily forged- fair corrosion resistance
B91-44T AZ31X AM-C52S FS-1 Easily forged
Sheer and strip AN-M-28 511 4380 B90-44T AZ61X AM-C54S JS-1 High strength- welding
AN-M-29 510 B90-44T AZ31X AM-C52S FS-1 Cold forming- welding -tough
AN-M-30 51 4370 B91-44T M1 AMS3S M Deep drawing- welding- low cost
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AN Aero specifications must be used in Army and Navy airplanes.
S.A.E. is abbrevation for society of Automotive Engineers.

A.M.S. are S.A.E. Aeronautical Material Specifications.

A.S.T.M. is abbrevation for American Society for Testing Materials.
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The electrolytic process electrolyses molten magnesium chloride which is obtained from brine, from sea water, or from
one of the ores. The pure magnesium collects at the cathode. Magnesium ingot produced by this method may, if required,
have a minimum purity of 99.88%.

The ferrosilicon or Pidgeon process is a thermal reduction process in which temperatures as high as 2150°F. are used.
This method was adopted for many of the new plants constructed during the war because it uses a minimum of electric
power. The process consists of reducing magnesium oxide in a vacuum with heat by means of ferrosilicon (an alloy
ofiron and silicon containing about 75% silicon). The magnesium oxide is prepared by calcining magnesium carbonate
obtained from dolomite. Magnesium produced by this process may have a minimum purity of 99.99%.

The carbothermic or Hansgirg process for the reduction of magnesium is also a thermal process. It consists of heating

magnesium oxide (previously reduced form dolomite and sea water) in the presence of coke at a high temperature. The
product of reaction are magnesium and carbon monoxide. The magnesium vapor, at 3500-4000°F., is shock chilled by

cold natural gas, causing condensation of the magnesium as a very fine dust. Magnesium produced by this process
may have a minimum purity of 99.99%.

Physical Properties.Pure magnesium has the following properties :

Specific gravity 174

Density 0.064 Ib./cu. in.
Melting point 1204F

flame temperature 8760F.

Electrical conductivity :

Volume basis 38 % of copper.

Mass basis 197 % of copper

Mean coefficient of thermal expansion, per inch per degree Fahrenheit

(32-750F.) 0.0000166 inches

Modulus of elasticity 6.500.000 p.s.i.
MAGNESIUMALLOYS

The advantages of these of magnesium alloys in aircraft construction have not yet been fully realised by aircraft
designers. The increased availability of these alloys in a variety of forms, their excellent strength/ weight ratio, and the
improvementin protective systems against corrosion will soon resultin their general use in aircraft design. These alloys
have,however certain disadvantages which the designer must allow for if failures are to be avoided. These alloys are
very poor as regards toughness and notch sensitivity in fatigue, and some alloys are susceptible to stress-corrosion
cracking. Suitable heat treatment, good design, and the proper choice of alloy for a given application will minimise these
disadvantages.

Fig-8.1. Stratosphere Gondola; Magnesium-alloy Sheet

The fabrication of wrought magnesium-alloy parts will require new shop tools and tecnique. The reason is that many
forming operations can only be done at elevated temperatures fr8to Z80 F. The close-packed hexagonal crystal
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structure of these alloys permits only a small amount of deformation at room temperatures. Zinc has a similar crystal
structure. Copper and aluminum have what is known as face-centered cubic crystal structure and as a result are very
ductile and easily worked at room temperature. As the temperatures of magnesium alloys is raised &hakieyt50

may be more severely worked than most other metals at room temperatures. The use of heat also allows parts to be
completely drawn or fabricated in one operation, where as in other metals several anneals and redraws might be required.
Springbackiis negligible in parts formed at high temperatures. In general, magnesium-alloy parts can be formed in more
intricate shapes than aluminum-alloy parts if the shop is properly equipped.

The directional properties of magnesium-alloy sheet are very pronounced. This condition is often referred to as
preferred orientation. It evidences itself by a difference in properties, such as tensile strength and eleongation, in
different directions. In magnesium alloys the greatest tensile strength and elongation will be found at right angles to
the direction of rolling, or across the grain as it is commonly called. In general, the poorest properties are parallel to
the direction of rolling, or with the grain-except the yield strength of hard rolled sheet, which is sometimes higher with
the grain. The physical properties tabulated in this chapter are along the grain or the lower of the two directions. It should
be noted thatin magnesium alloys the maximum tensile strength and the maximum elongation always occur in the same
direction, which is contrary to most other alloys. Because of the greater elongation across the grain it is possible to
make sharper bends when the bend line runs parallel with the grain. As would be expected, hard rolled magnesium-alloy
sheet has considerably greater differences in properties across and along the grain than annealed sheet has.

Chemical Composition

The chemical compositions of the commonly used mnagnesium alloys given in Table 8.2 . Since the same basic alloy
is used in different forms such as forgings, extrusions, and sheet, all the AN aero specifications that apply have been
listed opposite each alloy. Nominal percentages of each element have been listed; individuals specifications should
be consulted if detailed chemical compositions are desired.

TABLE 8.2, MAGNESIUMALLOYS-CHEMICAL COMPOSITION

Specification
AN aero American Dow, Aluminum | Manganese| Zinc | Tin Magnesium
Magnesium| Revere
AN-QQ-M-56 (C) 260 C 9.0 0.1 20
AN-M-27,29;AN-T-72 C52S FS-1 3.0 03 10
240 G 100 01

AN-QQ-M-56 (A) 265 H 6.0 0.2 3.0
AN-M-20,24;AN-T-71 C57S J-1 6.5 0.2 10
AN-M-28 JS-1 5.0 02 10 Reainder
AN-QQ-M-56 (B);
AN-M-22,26,30; AN-T-73 403,3S M 15
AN-M-21,25 C58S 01 85 02 05
AN-M-16 263 R 9.0 0.2 0.6
AN-M-23 65S D-1 35 05 50

Suffix - 1 or prefix C on alloy indicates that iron and nickel impurities are reduced to lowest concentration (haf&%um)

The common impurities found in magnesium alloys are iron, nickel, and coper. These impurities affect the corrosion
resistance of the alloy and must be held to a minimum.

MAGNESIUM-ALLOY CASTINGS

Inrecent years 80% of the magnesium alloy products have been castings. The excellent mechanical properties of these
castings permit their substitution for aluminum -alloy castings on an equal-volume basis, with a resultant weight
reduction of about one-third. In highly stressed castings, adding of fillets and increase of section may reduce saving
to one quarter. Patterns or dies designed for use with aluminum alloys can often be used for magnesium. Magnesium
alloys have good casting characteristics and may be cast in intricate shapes. Practical castings have been made that
weigh hundreds of pounds, while others weigh only a few ounces. Magnesium alloys are available as and, permanent-
mold, and die castings. The type of casting chosen depends upon the quantity, size, intricacy, shape, strength, finish,
or other requirements of the intended application. The three available types of castings are described in detail in the
following pages.

Magnesium-alloy castings are used extensively in aircraft construction in such application as wheels, brake pedals,
control columns, bell cranks, instrument housings, engine housings, bomb-rack supports, gear-box housings, and other
miscellaneous brackets. Their satisfactory service record in these applications will result in the increased use of
magnesium-alloy castings in the future.
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These alloys are available in various chemical compositions and physical conditions. The choice of alloy depends upon
the properties required for the intended application. The available casting alloys and their mechanical properties are
listedin Table 8.4.

As mentioned above, aluminum-alloy casting patterns may generally be used for magnesium castings, since the
shrinkage factors for these two metals are very similar. How ever, in magnesium-alloy castings subject to high stresses,
larger fillets and radii should be used, stud bosses should be increased, and critical sections strengthened. Section
changes should be gradual to reduce stress concentrations, and notches should be avoided. In general the notch
sensitivity of the magnesium alloys to fatigue is even greater than that of aluminum, and more care must be taken to
avoid stress concentrations. In magnesium castings it is also desirable to use stud lengths of the order of 2% to 3times
the diameter, and to use inserts for bolts or studs that must be frequently removed in service.

Heat Treatment of Castings
Magnesium-alloy castings can be stabilized, solution heat treated, solution heat treated and stabilized, or solution heat
treated and aged. All these heat treatments improve the properties of the casting in one way or another.

Solution heat treatmenputs alloying ingredients into solid solution and increases the tensile strength and ductility.

Aging, after solution heat treatment, precipitates alloying ingredients and results in high yield strength and hardness.
Aging also minimizes growth at elevated temperatures.

Stabilizingof cast material provides higher creep strength and less growth at elevated temperatures. In addition to these
effects, the yield strength is increased when solution-heat-treated material is stabilized. Stabilizing is really a high-
temperature aging treatment that can be done more quickly- than full aging.

The time and temperatures required for the various heat treatments are given in Table 8.3. Type Il and llI-aalloys require
apretreatment of not less than two hours’ duration during which time the temperature of the furnace should be increased
slowly from 640F to the heat-treatment temperature. Heating slowly through this range avoids fusion of the lower
melting eutectics in the alloy before they are absorbed into solid solution in the heat-treatment operation. The presence
of small amounts of calcium in an alloy reduces the danger of partial fusion and pretreatment is unnecessary. Type lllI-
b in Table 8.3 is such an alloy.

TABLE 8.3, MAGNESIUMALLOY CASTINGS-HEAT TREATMENT

Alloy designations
AN-QQ-M-56 | American Dow Types, heat- Solution Aging Stabilizing
compoasition Magnesium treatspec (hours at (hours at (hours at
AN-H-25 temperature) temperature) temperature)
A AmM240 G I 18 at 78CF. 10at32%
AM265 H I (as cast--- stabilized A.C.S.) 18 at 3%0
4 at 500F.
A AM265 H I 10at 730F. 14 at 420F; 4 at500
18 at 350F.
C-sand cast | AM260 C ll-a 18at77¢F. 18 at 356F 4 at 500F
C-sand cast AM 260 l-b (as cast---stabilized A.C.S.) 8 at 385
C-sand cast | AM260 I-b 14 at 780F. 12 at 156F.; 8at325.
20 at 350F.
C-permanent
mold AM260 C l-c (as cast---stabilized A.C.S.) 10at3R5
4 at 500F
C-permanent AM 260 C li-c 18at770F 10 at23%. 4 at 500F
mold - 350F

Army-Navy aeronautical Specification AN-H-25--- process for Heat Treatment of Magnesium-Alloy Castings describes
acceptable furnace equipment and heat-treatment practice. For solution heat treating an electrically heated air chamber
with forced circulation is preferred. A 0.3% sulfur dioxide atmosphere should be maintained in the furnace. Aging and
stabilizing furnaces may be of any type.



Fig. 8.4, Magnesium-alloy Castings-Mechanicasl Properties

Specification Tension
Form | |AN American Dow U.ts. Yield Elongation | Compression| Brinell Shear Fatigue | Impact
aero Magnesium (p.si)|  (p.s.) (%) yield(p.s.i.) hardness (p.s.i.) (p.s.i.) Izod (ft./ib) [ Condition
(500Kg. /10mm.
A-AC AM265-C H-AC 24,000( 10,000 4 14,000 50 18,00d 11,00¢ 3 oast
9 A-ACS| AM265-T51 H-ACs | 24,000 10,000 2 11,000 Asast-stabilized
2 A-HT AM265-T4 H-HT 32,000| 10,000 7 14,000 55 19,00 14,00¢ 5 Solution heat treated
éfg $|A-HTA| AM365-T6 H-HTA | 34,000| 16,000 3 19,000 73 20,00( 13,00¢ 2 Heat treated-aged
gga i A-HTS [ AM265-T7 H-HTS | 34,000| 13,000 4 59 13,000 Heat treated-stabilized
2 £ g[|9|B-AC AM-403 M-AC 12,000 3 4,500 33 11,000 9 Asast
& §§ Z|cAC AM260-C C-AC 20,000 10,000 1 14,000 65 18,000 11,000 1 cast
3 C-ACS| AM260-T51 | C-ACS | 20,000 11,000 11,000 Asast-stabilized
C-HT AM260-T4 C-HT 32,000 10,000 6 16,000 63 20,000 14,000 4 Solution heat treated
C-HTA| AM260-T6 C-HTA| 34,000] 18,000 1 23,000 84 21,00( 13,00¢ 1 Heat treated-aged
C-HTS | AM260-T7 C-HTS | 34,000 16,000 1 75 13,000 Heat treated-stabilized
AM240-C G-AC 18,000| 10,000 1 13,000 54 17,000 10,00¢ 2 oast
AM240-T4 G-HT 34,000| 10,000 6 12,000 52 19,00 12,00¢ 4 solution heat treated
AM240-T61 | G-HTA | 34,000 17,000 19,000 69 21,000 10,00¢ 2 Heat treated-aged
Die
casting | ANHWH16 AM263 R 30,000 20,000 2 20,000 60 20,00( 14,00¢ 2 oast

Yield strength is defined as the stress at which the stress-strain curve deviates 0.2% from the modulus line.
Alloy C is used for both permanent-mold and sand castings.
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Fig.8.2. Sand-cast Magnesium Parts

Sand Castings.

The largest use of magnesium is in sand casings. The design of this type of casting is essentially the same as for
aluminum castings. It is very important, however, to provide generous filleting at intersections or where sections of
different thickness blend together. Adequate filleting will minimize stress concentrations and willimprove metal flow
during the casting process, thus avoiding shrinkage cracks and porosity. Until experience is acquired in the design
and application of magnesium castings itis desirable to consult with the casting producer for advice on pattern design,
choice of alloy, heat treatment, and corrosion protection.

In the manufacture of casting patterns it is necessary to use a shrink rule to allow for the contraction when the molten
casting metal cools and solidifies. If the shape of the casting permits free contraction when the molten casting metal

cools and solidifies. If the shape of the casting a shrinkage facter-ofnch per foot should be used for magnesium

alloy castings, if free shrinkage is restrained by bosses, gates, risers, internal core, or casting shape a shrinkage factor
of inch per foot is used.

In sand casting of magnesium alloys, a minimum wall thickness-ofnch is obtainable for small areas bt inch

is more practicable. A nominal tolerance ©f— inch on wall thickness or dimensions affected by core shift is

customary.

Some magnesium casting alloys are subject to “growth” when used at elevated temperatures. This growth is an increase
indimensions slowly brought about at elevated temperatures by changes in the internal structure. It occurs particularly
in casting alloys in the solution heat-treated condition, which grow slightly until the amount of precipitation
corresponding to the temperature is in balance. These growth values do not exceed 0.00033 inch perinch and 0.00041
inch per inch respectively for casting-alloy types A and C of specification AN-QQ-M-56. These alloys should not be
used at temperatures above #0n the solution heat-treated condition. A temperature ofF3%€the maximum
recommended when the alloys are stabilized or aged.

Itis common practice in the design of magnesium castings to specify the use of steel or equivalent inserts for bushings,
bearings, or threaded parts. Inserts such as these can be cast into place. Cadmium-plated steel inserts are preferred
as they minimize alloying action with the molten cast magnesium, and they do not contaminate the scrap when remelted.
If brass, bronze, or other nonferrous inserts are used they should be chromium plated or sprayed with iron to reduce
the alloying action.
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Microporosity may occur in sections of magnesium-alloy castings. This porosity is caused by intergranular shrinkage
voids. Itis not visible on machined surfaces but excessive microporosity will impair strength and will permit leakage
under pressure. Porous castings can be impregnated to eliminate leakage. Specification AN-QQ-M-56 permits
impregnation only if specification approved and requires such castings to be stamped (IMP).

Local defects in magnesium-alloy castings can be repaired by welding if the flaw is in a nonstressed location. This type
of repair should preferably be made before heat treatment. An X-ray of the defect before and after welding should be
made to be sure no hidden flaws remain.

Army-Navy Aeronautical Specification AN-QQ-M-56 describes three types of magnesium-alloy sand castings,
identified as compositions A, B, and C. The mechanical properties of these casting alloys and the heat-treated
conditions in which they may be purchased are listed in Table 8.4.

Composition A is a general casting alloy of high strength. This alloy is used in 75% of the production in the United
States.

Composition B has good welding characteristics and corrosion resistance. It has low strength and should only be used
for lightly stressed parts. It cannot be heat treated to improve its strength. It is commonly used for such welded
applications as tank fittings.

CompositionsC has good castability and is less subject to microporosity than composition A. It is used particularly
for pressure-tight castings.

Magnesium-alloy castings may be used in the as-cast (AC) condition for nonstructural parts requiring only moderate
strength. For maximum ductility, elongation, and impact resistance the solution heat-treated (HT) condition should be
specified. This condition should not be used if the castings are to be used at temperatures #bava2®0astings

will grow. The solution heat-treated and aged (HTA) condition should be specified to minimize growth and to obtain
maximum strength and hardness. Growth can also be inhibited by stabilizing treatments as previously explained under
Heat treatment of Castings.

Magnesium-alloy sand castings are widely used for aircraft landing wheels, instrument housings, control columns, and
aircraft engine housings.

Permanent-mold castings

Permanent-mold castings are being specified more and more as their advantages become better known. In this type of
castings a metal mold made of cast iron or low-alloy die steel is used. These molds have long life and are thought of
as permanent when compared to sand-casting molds. As opposed to die casting, in which signifies the absence of
external pressure. It is of interest to note that permanent mold casting preceded sand casting. In ancient days tools
and weapons were cast in stone molds.

The manufacture of metal permanent molds is an expensive proposition and consequently a minimum production of
about 500 parts is required to justify this type of casting. The size of permanent-molds castings is also limited by the
problems of mold manufacture . At the present time, however, permanent mold castings up to 36 inches in length and
55 pounds in weight are being made successfully. The use of a metal mold instead of a sand mold permits closer control
of dimensions and better surfaces, and the castings require less machining. The saving in machining time and cost
should be considered when deciding on the type of casting to be specified.

Wall thickness of— inch for small areas nd— inch for large areas may be obtained in permanent-mold castings.

Dimensional tolerances as low as 0.01 inch can be held; btit inch is more commonly specified.

Permanent-mold casting is particularly adaptable to simple castings with uniform wall sections. Uniform sections allow
equalisation of the rate of solidification and result in sounder castings. Undercuts on the outside face of the casting
complicate the construction of the mold and are expensive. If undercuts or complicated coring are necessary itiscommon
practice to use cores in combination with a metal mold. These are referred to as semipermanent molds.

The mechanical properties of permanent-mold castings are essentially the same as those of sand castings. These
properties are listed in Table 8.4.
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Fig.8.3. Permanent-mold Cast Magnesium Aircraft Wheels

Magnesium alloys AN-QQ-M-56 compositions A and C and Downmetal alloy G (AM240) are generally used for
permanent-mold castings. Composition C is more widely used because of its good casting qualities, mechanical
properties, and corrosion resistance. Downmetal G (AM240) casts better than composition C but is inferior in other
characteristics. Composition A is used only for special applications, as it does not have such good foundry
characteristics as the other alloys.

Permanent-mold castings are particularly adaptable for use in engine nose sections, landing wheels, wheel flanges,
pistons, brackets, housings, and similar applications.

Die Castings

Magnesium alloys are well adapted to die casting. Die casting consists of forcing molten metal under high pressure
into a metal mold or die. The high-pressure cold-chamber process of die casting is preferred for magnesium alloys. In
this process molten metal is ladled into a receiving chamber in an injection cylinder. This receiving chamber is entirely
separate from the melting pot or furnace and is referred to as a “cold chamber”. The molten metal in the receiving chamber
isimmediately forced into the die by a hydraulically operated ram under high pressure. This pressure may run anywhere
from 5000 to 35,000 p.s.i., depending on the type and size of casting and on the equipment. In this process a minimum
ofimpurities is picked up in the molten metal since itis only momentarily in contact with the injection chamber and ram.

Dies and die-casting equipment are expensive and consequently high production of a part is necessary to reduce the
cost per piece. In some cases as few as 500 pieces will justify die casting on an over-all cost basic. Machining costs
are greatly reduced because of the accurate dimensions that can be held and the excellent finish. The thin walls and
sections that can be cast save much material. In large quantities, die castings cost less per piece than other types of
castings. The size of die castings is limited by available die-castings equipment. Parts up to 5 pounds in weight and
with a projected area of 250 square inches have been successfully die cast.

Wall thickness of— to — inch are best from casting considerations and to obtain maximum mechanical strength.

Walls as thin as— inch are possible for areas of 10 square inches or less. A maximum wall thickressrath

should not be exceeded. This limitation is necessary because heavy sections do not die cast well, owing to the fact
that the die immediately chills the molten metal in contact with it, and in a heavy section shrinkage porosity would result
as the interior of the section cooled more slowly. Cored holes with a diameter as small as 0.062 inch may be die cast.

Tolerances of 0.0015 inch per inch of length can be held. Normally a toleran€eGff5 inch for dimensions on any
portion of the casting on the same side of the parting line is specified; for dimensions that cross the parting line a
tolerance of 0.010inch is specified.
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Draft allowances are very important in die-casting design to permit high production rates and to obtain a good surface
finish. A minimum draft of 1on outside surfaces at right angles to the parting line is necessary to allow for ejection
of the casting without galling. A draft of&ill greatly improve the finish of cast surfaces. The tendency of the cooling
metal to shrink around internal projections necessitatédra® on these surfaces. Cored holes requifeleaft per

side. These holes must subsequently be drilled or reamed to size.

Die castings should be designed as simply as possible to avoid complications in production and increased cost.
Undercuts in particularly require loose die parts to permit removal of the castings. These loose parts must be replaced
for each new castings, which operation reduced the production rate. Generous fillets and gradual changes in section
are essential. Steel or nonferrous inserts may be castin place, as previously described under sand casting. These inserts
may serve as bearings or wear-resistant surfaces. External threads 16 per inch or coarser can be die cast if the thread
axis is in the parting plane. Itis described to cast such threads from 0.005 to 0.010 inch oversize on the pitch diameter

in order to allow sufficient stock for chasing the thread.

Specification AN-M-16 describes the die-casting alloy that is used almost exclusively. This alloy has good casting
characteristics and mechanical properties. It is used in the as-cast condition. The mechanical properties of this alloy
are listed in Table 8.4.

Magnesium-alloy die castings are used for small engine parts, instrument parts and housings, small landing wheels,
rudder and brake pedals, rocker-box covers, and similar applications.

WROUGHTMAGNESIUMALLOYS

Magnesium alloys are commercially available in the form of extrusions, forgings and sheet. Bars, rods, shapes, and
tubing are fabricated by the extrusion process; both press and hammer forgings in a number of different alloys are
available; and sheet, plate, and strip are procurable.

Magnesium alloys have the same ratio of modulus of elasticity to specific gravity as steel and aluminum. This agreement
indicates there is a place in the structural field for wrought magnesium alloys. The limited applications thus far made

in aircraft construction show significant weight savings are attainable by the use of magnesium alloys. Such savings
will not be as great as is the case for castings in which magnesium alloy can be directly substituted for a heavier material.
The mechanical properties of wrought magnesium alloys are not directly comparable with those of aluminum or steel
and some additional thickness is necessary if the magnesium-alloy part is to have equal strength. The relatively low
modulus of elasticityE= 6,500,000 p.s.i.) will result in greater deflections for the magnesium-alloy member if the
dimensions of the member itis replacing must be held. In such a case it would also be necessary to increase the thickness
and consequently the weight. For these reasonsiitis not possible merely to substitute magnesium alloy for aluminum
alloy and realize a full one-third saving in weight.

If a member is subject to bending stresses and its depth is not limited, the use of magnesium alloy will result in a
substantial weight saving. The reason lies in the fact that in a beam the weight goes up as the first power of the depth,
the bending strength increases as the square and the stiffness as the cube.

If the diameter of a tube is not limited, magnesium alloy is most efficient as compared to aluminum or steel for medium
or long tubes in compression. For geometrically similar tubes of the same weight and length, the increased section of
the magnesium-alloy tube will result in a much smaller slenderness ratio. This will permit a higher allowable stress
(comparative), which when multiplied by the greater cross-sectional areas will give atotal column load for the magnesium
alloy, which exceeds that for the other materials.

In many applications a minimum thickness or bulk of material is needed for handling or for other reasons. In these cases
the strength of the material is not critical. Fairings might be mentioned as one such applications. The use of magnesium
alloy under these circumstances would obviously result in saving weight.

Extrusions

Magnesium alloys can be readily extruded in a variety of forms, such as bars, shapes, and tubing. Bars, structural shapes,
and tubing are standard items and can be purchased from stock. Special shapes can be extruded to order but in this
case the customer must bear the cost of the extraction die. The cost of a die is quite inexpensive, how ever, usually not

exceeding $50 for a reasonable shape.

Bars can be obtained round, square, rectangular, or hexagonal. Structural shapes such as angles, | beams, channels,
and tees are obtainable in structural sections that are standard, except for larger radii which are used to minimize stress
concentrations. Tubing is obtainable as square, oval, round, or other regular hollow sections. Round tubing only is
standard.
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Extrusion billets vary from 2to 16 inches in diameter and from 12 to 32 inchesinlength. They are heated to &Found 700
and forced through the extruction die by aram pressure of 5000 p.s.i. Extrustion can be furnished up to 22 feetin length,
and longer on special order.Tubing is limited to maximum ratios of diameter to wall thickness of 20/1 for AN-T-71
materials, and 30/1 for AN-T-72 and AN-T-73 materials. The tolerance on tubing wall thicknd€8tswith a minimum

tolerance of 0.010 inch. The straightness of Extrusions can be held to 1 in 1000, which is equivaleimdi in 5

feet.

Fig.8.4. Miscellaneous Magnesium Extruded Shapes

The mechanical properties of magnesium-alloy extrusions are givenin Table 8.5. Army-navy aeronautical specifications
have been issued covering all the extrusion alloys used in aircraft construction. The specific characteristics of these
alloys other than mechanical properties are as follows :

AN-M-24. Thisis a general-purpose alloy with good mechanical properties. Itis susceptible to stress-corrosion cracking
if severely formed or welded. This can be relieved by an annealing treatmerffafd06ne hour. This alloy also has
a high notch sensitivity.

AN-M-25. This alloy has the highest strength and would normally be selected for primary structural applications. In
the aged and the heat-treated and aged conditions its compressive yield strength almost equals its tensile yield strength.
AN-M-26.This alloy has good weldability to material of the same composition. Itis moderately strong and is the cheapest
of the extrusions.

AN-M-27. This alloy has the best cold-forming characteristics and elongation. It also has good corrosion resistance.
AN-T-71. This specification covers extruded tubing made from the same alloy as AN-M-24

AN-M-72. This specification covers extruded tubing made from the same alloy as AN-M-27

AN-M-73 this specification covers extruded tubing made from the same alloy as AN-M-26.

These extrusions are being used successfully for structural members, floor beams, moldings, stiffeners, seat frame work,
etc. Alloys AN-M-24 and AN-M-25 are ideal for screw stock.

Forgings

Magnesium-alloy forgings are sound, pressure tight, and light in weight. They are made from extruded stock which is
a fine grained, partially worked, sound material. Forgings should be specified instead of castings if shock resistance,
pressure tightness, and great strength are required. The forgings alloys are all weldable.
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Table 8.5, Magnesium-alloy Extrusions-Mechanical Properties

Specification ension
Form AN aero American Dow U.ts. Yeld Elongation Compression yield| Brinell hardness Shear Fatigue
Magnesium Revere (p-s.i.) (p-s.i.) (%) (p.s.i.) (500 kg./10 mm.) [ (p.s.i.) 500x10 cycles
(p.s.i.)
AN-M-24 AM-C57S J-1 40,000 26,000 1 20,000 58 19,040 18,000
AN-M-25 AM-C58S 0O-1 43,000 28,000 9 22,000 55 20,000 19,000
Bars AN-M-25 AM-C58S-T5 O-1A 45,000 30,000 5 28,000 80 22,000 19,000
and AN-M-25 - O-1HTA 48,000 33,000 4 30,000
rods AN-M-26 AM3S M 30,000 3 14,000 42 16,00( 9,000
AN-M-27 AM-C52S FS-1 35,000 22,000 10 17,000 49 19,000 14,000
AN-M-24 AM-C57S J-1 40,000 22,000 10 19,000 64
AN-M-25 AM-C-58S 0-1 40,000 25,000 5 22,000 67
Shapeg AN-M-25 [ AM-C-58S-T5 O-1A 44,000 27,000 4 27,000 81
AN-M-25 - O-1HTA 47,000 30,000 5 30,000
AN-M-26 AM3S M 29,000 2 11,000 46
AN-M-27 AM-C52S FS-1 34,000 20,000 10 15,000 50
AN-T-71 AM-C57S J-1 36,000 16,000 7 15,000 50
Tubing| AN-T-72 AM-C52S FS-1 34,000 16,000 8 15,000 46
AN-T-73 AM3S M 28,000 2 10,000 42

ABinjels|N  yeloay
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In the early days of the war 5,000,000 pounds of magnesium castings was used in one year as compared to only 10,000
pounds of forgings. At about that same time the German ME-110 fighter and the JU-88 bomber were using about 100
pounds of magnesium-alloy forgings per plane. The JU-88 engine mount an AN-M-21 magnesium-alloy forgings, 45
inches long, 14 inches wide, and with a projected area of 275 square inches.

Great progress in magnesium-forgings practice and equipment has been made in the last few years. Forgings up to 10
pounds in weight have been made for aircraft use, and a 17- pounds forgings has been made for other purposes. An
18,000- ton press standing 5 stories high and weighing over 5,000,000 pounds has been erected by the United States
government in Worcester, Mass. This press is in the custody of the Wyman-Gordon Company and is available for
production or research work by any company or agency with a large-forging problem.

In the design of forgings, shape corners, notches, tool marks, and rapid changes of section be avoided to minimize
stressconcentrations. Generous fillets and radii of at leashch should be provided. A 7 draftis required for hammer

forgings but as low as’3nay be satisfactory for press forgings. Aluminum-forgings dies are frequently usable for
magnesium if the fillets and radii are generous.

Atolerance of 0.010 inch for dimensions under 2 inche@<903 inch for each additional inch can be held in width and
length. For height dimensions across the parting line a tolerance of inch for small forgings and inch for
large forgings is required.

Fig.8.5. Press-forged Magnesium Hydraulic Parts

The high-strength magnesium alloys must be press forged, while the other alloys can be hammer forged. AN-M-20 and
AN-M-21 alloys are hot short when subjected to the rapid blows of a forging hammer. In press forging these alloys it

is sometimes necessary to apply top pressure for 1 minute to complete the metal flow. A press forge requires tremendous
power as compared to aforging hammer : a 500- ton press is equivalent to a 1200- pound hammer. In many cases aforging
is blocked out in the press and finish forged in the hammer. When this procedure is used it has been found desirable
to finish the hammer forging when the part is at’#0@\t the start of forging the stock is at a temperature of between

600° and 775°F; depending on the alloy. The dies are heated to approximately the same temperature to prevent too rapid
cooling of the forging stock.

The mechanical properties of the forging are given in Table 8.6. Other properties are as follow :

An-M-20. This alloy has good formability and weldability. It can be forced into more intricate shapes than AN-M-21.
AN-M-21. This alloy is used when maximum strength is required. Itis aged after forging for 16 houts at3gtprove

its strength but its elongation is reduced. To improve its creep resistance at elevated temperatures the forged material
can be heat-treated for 2 hours at®F00water quenched, and then aged for 16 hours &F3€Bankcases have been

forged of this material.

AN-M-22. This alloy has the best formability and weldability but has relatively low strength.

AN-M-23. This alloy is suitable for difficult designs as itis easier to fabricate than AN-M-20 or AN-M-21 but does not
have as good corrosion resistance or strength as those alloys.
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Fig.8.6. Hammer and Press-forged Magnesium Control Parts

Magnesium-alloy forgings have been used for aircraft-engine bearing caps, housings, rocker-arm supports, cargo-door
and aileron hinges, hydraulic cylinders and valve bodies, levers, brackets, fittings, and crank cases.

Sheet, Plate, Strip

Three ,magnesium alloys are available in the form of sheet, plate, or strip stock. Each alloy is available in the annealed,
as-rolled, or hard-rolled condition. The as-rolled condition is seldom specified. Sheet is material under 0.25 inch thick;
plate is 0.25 inch or thicker; strip is material up to 8 inches in width and up to 0.125 inch thick. Strip may be coiled or
as-sheared from sheet.

Sheet is available in thicknesses from 0.016 inch up. It can be obtained in lengths up to 144 inches and widths up to
48 inches. Strip is available in thicknesses from 0.016 to 0.051 inch in coils up to 125 feet long.

Fig.8.7. Assembly of Magnesium SNJ-2 Wings

Due to the poor cold-working properties of magnesium alloys, sheets cannot be flattened by stretcher leveling. Rupture
occurs in this process before the sheets are sufficiently stretched to lie flat. Sheet stock is flattened by placing it on
a flat cast-iron surface and then superimposing additional cast-iron sheets to attain 300-450 p.s.i. pressure on the
magnesium-alloy sheets. This assembly is then placed in a furnace. Annealed sheets require hedimagim 700
cooling to 300F., all under pressure; hard rolled sheets require heating¥.40AN-M-30 alloy, and to 27%-. for

AN-M-28 and AN-M-29 alloys.

Magnesium alloy sheet can be drawn, spun, formed, and welded either by arc, gas, or spot. Many of these operations
have to be done at elevated temperatures because of the poor cold-forming characteristics of these alloys. These
operations are described in detail later in this chapter.

The mechanical properties of magnesium-alloy sheet, plate, and strip are given intable 8.7. Other properties are as follow
AN-M-28 Annealed sheet has medium strength, limited formability, and excellent arc-welding characteristics. Hard
rolled sheet has high strength, good hot formability, and excellent arc-welding characteristics.



Table 8.6, Magnesium-alloy Forgings- Mechanical Properties
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Specification ‘Ension é

[9)

AN aero American Dow U.ts. ¥eld Elongation | Compressionyield Brinell hardneps Fatigue Forging metho@
Magnesium Revere (p.s.i.) (p.s.i.) (%) (p.s.i.) (500Kg./10mm.)| 500 16 cycles 2

(p.s.i) =

AN-M-20 AM-C57S J1 38,000 22,000 6 14,000 55 16,000 Press 2

AN-M-21 AM-C58S o1 42,000 26,000 5 18,000 69 18,000 Press 5

AN-M-21 AM-C58S-T5 O-1A 42,000 28,000 2 20,000 72 16,000 Press 2

AN-M-21 - O-1HTA 42,000 28,000 2 19,000 72 16,000 Press 5

AN-M-22 AM3S M-1 30,000 18,000 3 47 Hammer or press 3

AN-M-23 AM65S D-1 36,000 22,000 7 10,000 Hammer X

AM-C52S FS-1 35,000 22,000 10 Hammer or Press 2

Q

=

Letter A after alloy means forged and aged; letters HTA mean heat treated and aged after forgings; T5 after alloy mesans dgephd %:
o

N

o

5

Table 8.7, Magnesium-alloy Sheet, Plate, Strip-Mechanical Properties s

Specification ‘Ension 5

w)

AN aero American Dow U.ts. ¥eld Elongation| Compressionyigld Brinell hardngss Shear Fatigue,50& 10¢ %
Magnesium Revere (p.s.i.) (p.s.i.) (%) (p.s.i.) (500 Kg./10mm.) (p.s.i.) cycles (p.s.i.) N

&)

AN-M-28 AN-C54S-O JS-la 37,000 8 16,000 58 20,000 13,000

AN-M-28 AN-C54S-H JS-1h 42,000 30,000 3 27,000 73 21,000 14,000

AN-M-29 AN-C52S-0O FS-la 32,000 12 16,000 56 21,000 12,000

AN-M-29 AN-C52S-H FS-1h 39,000 29,000 4 26,000 73 23,000 14,000

AN-M-30 AN-3S-O Ma 28,000 12 12,000 48 17,000 9,000

AN-M-30 AN-3S-H Mh 32,000 22,000 3 20,000 56 17,000 10,000

Letter a or O after means annealed; letter h or H means hard rolled

66
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AN-M-29. Annealed sheet has the best cold formability but limited gas and arc weldability. Hard rolled sheet has the
best combination of fatigue and shear strength as well as toughness and low notch sensitivity.

AN-M-30 Annealed sheet has the best gas weldability and hot formability. It is a low-cost alloy of moderate strength.
Hard rolled sheet has the best resistance to creep at elevated temperatures but is seldom used.

Magnesium-alloy sheet is used in the construction of oil and fuel tanks, ducts, fairings, wing tips, flaps, ailerons,
stabilizers, rudders, experimental wings, and other structural applications.

SHOP FABRICATION PROCESSES

The fabrication of magnesium alloys into finished articles may involve any number of the standard shop processes.
Magnesium alloys can be machined, sheared, blanked, punched, routed, and formed by bending, drawing, spinning,
pressing, or stretching. When these processes are applied to magnesium alloys the technique required differs somewhat
from that used with other materials. The application of these processes to magnesium alloys will be described in the
following pages.

Machining

Machining alloys have excellent machining characteristics. A smooth finish is obtained at extremely low cost. Surface
grinding is seldom necessary. Machining can usually be done at the maximum attainable speed of the machine. Light,
medium, or heavy feeds can be used and the free cutting action of the material will produce well-broken chips which
will not obstruct the cutting tool or machine. The power required for a given machining operation on magnesium alloys
is approximately one-half that required for aluminum alloys and one-sixth that required for steel.

Totake full advantage of the excellent machining qualities of magnesium, the machine equipment must permit operation
at high speeds and feeds; sharp cutting tools of the correct design are necessary, and the part being machined must
be rigidly supported. Due to lower cutting resistance, lower specific heat, lower modulus of elasticity, and the chemical
properties of magnesium alloys, there are some essential differences in machining practice when compared with other
metals. These differences may be summarized as follows :

1 Cutting edges must be kept sharp and tool faces polished to insure free cutting action and reduce the adherence
of magnesium patrticles to the tool tip. Tools must be designed to allow for ample chip room, and tool clearances
should be 10° to 15°. Large feeds are advantageous in reducing the frictional heat.

2. If the precautions of paragraph 1 are not taken the magnesium part being machined may distort, owing to
excessive heat. This distortion is most likely to happen on thin sections, in which the heat will cause a large rise
in temperature. Parts which tend to distort during machining can be stress-relieved by heatitig frs00
hours. If the part is stored for 2 or 3 days prior to finish machining the same result is attained.

3. Magnesium cuts closer to size then aluminum or steel. Reamers should be specified several ten-thousandths
oversize compared to those used on other metals; taps should be specified from several ten-thousandths to two
thousandths over size depending on the diameter.

4. Because of its lower modulus of elasticity, magnesium will spring more easily than aluminum or steel. Consequently
it must be firmly chucked but the clamping pressure must not be great enough to cause distortion. Particular
attention must be paid to light parts, which can easily be distorted by chucking or by heavy cuts.

5. A cutting fluid* is used in reaming and in screw-machine work or when cutting speeds exceed 500 feet per
minutes. The cutting fluid is primarily a coolant. In all other operations magnesium can be machined dry with
good results.

6. In grinding, a liquid coolant* should be used or the grinding dust should be exhausted and precipitated in water.

Cutting tools designed for use with steel or brass can be used on magnesium alloys, but they must have a sharp cutting
edge and good clearance. The basic principle in all cutting tools for magnesium alloys is to limit the friction to avoid
the generation of heat and possible fire hazard. Carbon-steel tools can be used for reamers, drills, and taps, but high
speed steel is preferred and is most generally used. High-speed steel is also used for other types of cutting tools for
magnesium, but cemented carbide tools have a much longer life and should be employed wherever possible.

Turning, shaping, and planing tools should be similar to those used for brass. Coarse-tooth milling cutters should be
used, because the heavier cut obtained cause less frictional heat and consequent distortion. Ordinary twist drills and
spiral reamers with about @lief behind the cutting edge give satisfactory results. Threading is readily done by means
oftaps, dies, or lathe turning. Roll threading is not satisfactory because itinvolves excessive cold working of the metal.
Depths of tapped holes should be 2 to 3 times the diameter of the stud. Magnesium-alloy threaded parts will not seize
when mated with other common metals or even with parts made from the same composition of alloy. Band or circular
saws for cutting magnesium alloys should have from 4 to 7 teeth perinch and must be very sharp. Hand hacksaw blades
should have 14 teeth per inch. Single-cut files are preferable for use with magnesium alloys.
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*Cutting fluids or coolants containing water should not be used without special precautions. Advice on machining
practices can be obtained without charge from magnesium producers and fabricators.

Precautions must be taken to reduce the fire hazard when machining magnesium alloys. Cutting tools must be sharp,
and machines and floor must be kept clean. Scrap should be kept in covered metal containers. Lubricants should be
used for automatic-machine work or when fine cuts are being made at high cutting speeds, to minimize the frictional
heat. There is no serious danger from fire if care is exercised by the operator.

Fig.8.8. Hot Forming Magnesium Sheet-Gas Heating Dies
Shearing
In shearing magnesium sheet a rough, flaky fracture is obtained if the proper equipment is not used. The clearance
between shearing blades should be on the order of 0.003 inch, and the upper shear blade should have a rake angle of
around 48. The sheared edge may be improved by a double shearing operation known as “shaving”. This consists

of removing an additional  to — inch by a second shearing. The maximum thickness recommended for cold

shearing are 0.064 for hard rolled sheet andinch for annealed sheet. These thicknesses can be increased if shearing

is done at an elevated temperatures, but in any case sawing should be resorted to for cutting plate.

Blanking and Punching

These operations are practically the same as those used for other metals. A minimum clearance between the punch and
the die is essential to obtain maximum edge smoothness. This clearance should not exceed 5% of the thickness of
magnesium being worked. The punch and die are frequently made of materials of unequal hardness, so a sheared-in
fit providing minimum clearance can be obtained. Magnesium alloys can be punched and blanked at room temperatures
but better results are obtainable at elevated temperatures.

Routing

Routing magnesium alloys is a simple, straightforward operation. Dry routing can be done with little fire hazard if the
router bit is sharp and the chips are thrown free. A low-viscosity mineral-oil coolant is frequently used as insurance
against fire. Router bits of the single- or double-flute type with smooth polished flutes to provide good chip removal
are used. Spiral-flute routes pull the chips from the work and have less tendency to load up.

Forming Magnesium Alloys

Magnesium-alloy sheet and extrusions, including tubing, can be processed with the same type of equipment used for
other metals. One major difference is the necessity for heating the tools and the work since many of the forming
operations must be done at elevated temperatures because of the close-packed hexagonal crystal structure of
magnesium alloys. This crystal structure severely limits the amount of work that can be done at room temperatures
withoutinducing a shear failure. At around #Becrystallization occurs with a resultant decrease in capacity for plastic

flow. As the temperature is further increased the ductility also increases and may reach a point as much as nine times
the ductility at room temperatures.

The recommended forming or working-temperature ranges are given in Table 8.8. In addition, the minimum bend radii
are given for room temperature and for the recommended working-temperature range.
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Itwill be noted that the working-temperature range for hard rolled parts is lower than for annealed material. Hard rolled
parts are stronger because of the cold working they received when rolled at the mill. If they are heated to a high
temperature they will revert to the annealed condition and lose their strength. When hard rolled sheet is specified, parts
must be designed to permit forming at temperature that will not anneal the material excessively.

The working of magnesium alloys at elevated temperatures involves the development of new shop techniques and
methods of heating the equipment and work. There are several compensating advantages, however, in working at
elevated temperatures. For one, parts can be formed in as single operation, without intermediate annealing and drawing;
this saves time and the need for intermediate drawing dies. Secondly, springback is eliminated at the uppertemperatures
of the working range and is gratly reduced at the lower temperatures. Thirdly, by varying the temperatures of the die

it is possible to correct the size of parts which might be outside permissible tolerance limits due to errors in die
construction or material variations.

TABLE 8.8, MAGNESIUMALLOY-FORMING TEMPERATURES AND BEND RADII

Alloy Condition Working temperature range Bend radii for 90°bends (material)
(°F) up to 0.125 in thick (t = thickness)
Working temperature 70%F.

AN-M-28 Annealed 550-650 2-8 Tt
AN-M-28 Hardrolld 400 max. 57 14
AN-M-29 Annealed 400-500 1-2 5t
AN-M-29 Hardrolled 275 0r 300 (less than 15 min.) t5-6 8t
AN-M-30 Annealed 550-650 1-p 6t
AN-M-30 Hardrolled 400 max. 6-7 ot

When magnesium alloys must be hot formed itis desirable to preheat the sheet or extrusion to the working temperature.
Gas or electric furnaces, immersion baths, or hot contact plates may be used. Preheating the work minimizes distortion
due to internal stresses, keeps the dies at a uniform temperatures, and increase the production rate.

In the following pages a short description of several common methods used on forming magnesium alloys will be
presented: hand forming; bending of sheet, strip, extrusions, and tubes; drawing; pressing; sizing; spinning ; roll
forming and die drawing; stretch forming; drop hammering.

Hand Forming

In hand forming the material should be clamped in a soft-jawed vise or to a form block. A heat-resisting wood such as

birch or a metal should be used for the form block. Metal form blocks made of magnesium alloy have the advantages
of having the same thermal expansion as the work. The form block may be preheated in an oven or elecrtrically heated.
The work can be heated by conduction from the hot form block, it can be preheated, or it can be heated with a torch.
If it is torch heated, a contact pyrometer should be used to avoid overheating. A leather maul should be used for
hammering. Hand forming should be used if the quantities are too small to justify the manufacture of dies, or if the part

is very intricate.

Bending

Machine bending is frequently used for the manufacture of stringers, clips, and stiffeners made from sheet or strip. A
press-type brake is used almost exclusively because of the ease with which it can be equipped with strip electric heaters
on either side of the dies. Bends of the smallest possible radii are obtainable if a very slow press speed is used to finish
the bend. When possible, both the dies and the work should be heated. If the dies alone are heated the work will absorb
heat by contact and can be bent satisfactorily. If the work alone is heated, the bending operation must be rapid, before
the dies dissipate the heat at the bend. Bends parallel to the grain direction are easier to make because of the greater
elongation of magnesium alloys in the transverse direction.

Extrusion Bending

Extrution may be bent by hand, using atorch for heat and a contact pyrometer to avoid overheating. Production bending
can be done with standard angle rolls, with mating dies, or on a stretch-forming machine. The work should be preheated
if the working is severe, and the dies also if the operation is slow or the extruded section is large. Forming temperatures
of 600F. permit very severe working of all the extrusion alloy. Only alloy AN-M-25 is limited as to working temperature.
Ifitis notto be aged after forming it can be worked atBQ€he same as the other alloys. If this material is worked between

35@ and 500F. it will be partially aged, with a resultant increase in strength and reduction in ductility. Material in the
aged or heat treated and aged condition can be formed up to a temperature of 380°F, without change of properties. At
this working temperature the alloy in these conditions can be bent about the same as the unaged alloy at room
temperature.
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Tube Bending

Standard pipe-bending machines using an internal mandrel can be used for bending magnesium-alloy tubing. Small-
radius bends may require heating, as with other materials. If hot tubing is to be bent about a wood form it is advisable
to metal-face the form. AN-T-71 and AN-T-72 alloys can normally be bent atroom temperatures, while AN-T-72 alloys
can more likely to require heating.

Shallow Drawing and Pressing

In shallow drawing the parts are more pressed than drawn, since there is very little metal flow. Wing ribs, door reinforcing
panels, and fairings are typical examples of parts fabricated by this method. The Guerin patented process of using a
rubber pad as the female die is most frequently used, although male and female metal dies would be justified for large
guantities. In the Guerin process a rubber pad 6 to 10 inches thick is contained in a metal box and acts as the female
die. A heated male die and work blank are placed on the platen of the press and the female rubber die broughtin contact
with them. A pressure of 1000 p.s.i. is exerted through the rubber and the blank assumes the shape of the male die.
Synthetic rubbers or specially compounded natural rubbers are required for working temperature SkyfQodisary

rubber is satisfactory for temperatures up to®’B500 prevent the rubber from sticking to the formed part, cornstarch

or flaked mica is spread on the blank prior to pressing. Since in the Guerin process only a male die is needed it can be
produced cheaply and revised when necessary without great difficulty. The male die is best made of magnesium to avoid
differences in thermal expansion between the blank and the die. If aluminum is used it should be made approximately
1.002 oversize, if steel or iron approximately 1.004 oversize, to compensate for the differences in thermal expansion
between these materials and the magnesium-alloy blank.

Fig.8.9. Drawn Magnesium Parts

Deep Drawing

Oil-tank ends, nose spinners, wheel dust covers, and hub caps have been deep drawn successfully. Cylindrical cups
can be deep drawn to adepth 1% times their diameter in a single draw-which is a reduction of 60% to 65%. Square junction
boxes can be drawn to a depth equal to the side dimensions. Either a hydraulic or a mechanical press can be used for
deep drawing. For maximum depth draws the clearance between the die and the punch should be from 0.25 to 0.35 of
the stock thickness plus the stock. As explained above, dimensional allowances must be made for the differences in
thermal expansion if the die material is other than magnesium alloy. The male die or punch can be magnesium alloy,
aluminum alloy, cast steel, or castiron. Dies of mild steel which has been stress relieved have been used quite generally.
Heat-resisting Meehanite cast iron gives promise of working out very well as die stock. Draw rings and pressure pads
are made of mild steel which is highly polished and well lubricated. The pressure pad should impart sufficient pressure
to the blank to prevent wrinkling but not too much to prevent it form being drawn through the clamping surfaces.
Preheating the work blanks and heating the dies to working temperature are essential to insure proper drawing
temperature and a uniform product. The blank should be lubricated on both sides as well as the die surfaces to prevent
scoring or galling. Colloidal graphite suspended in a volatile carrier such as alcohol or naphtha may be sprayed on both
sides of the blank; other commercial products can also be used. If colloidal graphite is to be used, sheet should be ordered
with an oiled finish instead of the customary chrome-pickled finish. This specification is necessary because of the
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extreme difficulty of removing graphite from a chrome-pickled surface. For lubricating the dies, a mixture of 20% graphite
in tallow applied by buffing with an asbestos cloth is satisfactory.

Sizing

Sizing is a cold operation employed to bring hot-drawn work closer to tolerance. When extremely accurate tolerances
are required the part is normally drawn slightly oversize and then sized cold to finish dimensions. A cold-sizing die
consists of a punch and a draw ring, both slightly undersize to allow for springback. The punch forces the part through
the draw ring and the operation is completed.

Spinning

Spinning is used to fabricate circular articles such as propeller spinners and wheel caps. In this operation the blank is
clamped against a maple or metal chuck which is shaped to the desired form. The chuck is then supported in the spinning
lathe and rotated at the proper speed so that the part of the blank being worked on will move past the tool at from 1700
to 1900 feet per minute. The operator uses a wedge or a hardwood stick to force the blank against the chuck, whose
shape it then assumes. Laundry soap or a mixture of 2 parts tallow and 1 part paraffin are satisfactory lubricants.
Moderate spinning may be done at room temperatures. Normally, however, the blank should be heated to between 500
and 600F. by a gas torch, a properly disposed ring of gas burners, or by conduction through a heated metal chuck.
The area of the original blank should be about the surface area of the finished part. The fact that the material is thinned
somewhat in spinning allows sufficient additional area for trimming.

Fig.8.10 Magnesium Propeller Spinner
Roll Forming and Die Drawing
This method of fabrication is used for the production of shapes with thin walls that can not be extruded. It consists
of drawing strip through a series of dies or rolls, each set of which changes the shape somewhat nearer to the finished
shape desired. Heated strip, adequate bend radii, lubrication, and gradual changes in shape are all necessary for this
type of fabrication.

Stretch Forming

In stretch forming, the work is held in the jaws of two machines and pressure is applied between the blank and the die
Stretch forming is used primarily to obtain double curvature of a surface. It is essential that the die be heated and the
blank should be preheated or heated by conduction from the die. Temperatures of fitor83®0. are normally used.

If the magnesium-alloy sheet s held in the jaws of the stretching machine they should be lined with energy cloth rather
than with serrations which would rupture the metal. Another method is to sandwich the magnesium blank between the
die and a preformed mild carbon sheet which is held in the jaws of the machine. In this case the magnesiumis notinserted
inthe jaws. Dies in this operation should be designed for some overforming to allow for springback and creepback during
cooling.

Drop hammering
Drop hammering is not practical due to the difficulty in keeping the work heated long enough to complete the operation.
Some drop-hammered parts have been made, but they required several reheatings of the material.
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JOININGMETHODS

Most of the standard methods of joining metals are adaptable for use with magnesium. Riverting, gas welding, arc
welding, and spot welding are commonly used. The adaptations of these processes to magnesium alloy are described
in the following pages.

Riveting
Riveting is the most commonly used method of assembling magnesium-alloy structures. Special consideration must
be given to rivet selection, design of joints, driving technique, and corrosion protection of the assembly.

Magnesium-alloy rivets are not practical because they work harden too rapidly when driven cold. Aluminum-alloy rivets

of 2S5, 3S, A17ST, 17ST, 24ST,53S-T61, 56S0, and 56S- % H have all been used in assembling magnesium alloys. For
aircraft work the use of 56S- ¥ H is recommended for all purposes except flush riveting in which case 56S-O rivets are
used. A17ST rivets can be used for field repairs but requires assembly with wet zinc chromate primer and good paint
protection to minimize corrosion. 56S rivets contain 5% magnesium and no copper and are less subject to galvanic
corrosion than any of the otherrivets listed above. 56S - ¥4 Hrivets can be used as received, no heat treating or quenching

being required. They can be driven cold upte inch diameter. If it is necessary to drive rivets over this diameter

they should be heated to 85056S -¥4 H rivets have a minimum ultimate shear strength of 24,000 p.s.i.; A25ST rivets
have a strength of 25,000 p.s.i.

Fig.8.11. Magnesium-alloy Aircraft Doors Assembled by Riveting and Spot Welding

For well-balanced joints, rivets diameters should not exceed 3 times the thickness of the sheet, and should not be less
than the thickness of the heaviest sheet being joined. For proper heading the rivets shank should protrude from 1 to
1.25 rivet diameters; this protrusion will give a flat aircraft-type bucktail with a minimum height of 0.4 rivet diameter,

and a minimum diameter of 1.33 rivet diameter. An edge distance of 2 %2 times the rivet diameter is recommended to prevent
cracking or bulging of the edge of the sheet. Arivet spacing of 4 times the rivet diameter is the minimum recommended.

Structural rivet holes should be drilled and not punched. Punching gives a hole with a flaky edge which is likely to crack
under load. Non- structural sheets up to 0.040 inch thick can be punched if desired. In drilling, the use of a drill with

a 10 helix angle will give smooth, accurate holes. When parts are clamped or assembled prior to drilling they should
be disassembled after drilling and the chips removed. If this is not practical an air hose should ne used to clean the chips
away.

Pneumatic hammers or squeeze riveters may be used, but excessive pressures and indentation of the magnesium shoul
be avoided. The standard types of rivet heads may be used in assembling magnesium alloys. Up until recently it was
necessary to use countersunk rivet heads withii2@ided head angle, but now it is possible to satisfactorily dimple

sheet for the standard et heads. As stated above, 56- SO countersunk rivets must be used to minimize the cracking

of the sheet under the riveting pressure.
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Machine countersinking is limited to minimum sheet thickness for each diameter of rivet if efficient riveted joints are
to be obtained. The recommended minimums are as follows :

Rivet diameter Minimum sheet thickness

(inch) for countersinking (inch)

/ 0.040
/ 0.051
/ 0.064
/ 0.081

When flush riverting is required for thinner sheets than those listed, it is necessary to pressure countersink the sheet.

In pressure countersinking magnesium-alloy sheet, it is necessary to heat the sheet in the vicinity of the dimple. This
heating is best done by using dies electrically heated to betwetatBE60F. The work is heated locally by contact

with the dies. By this method 15 to 30 dimples per minutes can be made in production. A5000- pounds dimpling machine
will make 3/16-inch dimples satisfactorily in 0.072- inch sheet. Prior to dimpling, holes should be punched or drilled at
least 15% smaller than the rivet diameter. After dimpling, the holes should be drilled or reamed to the correct size and
burred. A sharp edge should not be left on the bottom of the dimpled sheet against which rivet head is to be formed,
if cracking is to be avoided. This edge should be removed and a flat provided of about 1.33 times the rivet diameter.

56S rivets do not require any particular corrosion-preventive methods when used for assembling magnesium alloys.
Any other type of rivet should be set in wet zinc chromate primer. If it is necessary to use steel or brass rivets, bolts,
or nuts, they should be cadmium or zinc plated and setin wet zinc chromate primer. All faying surfaces should be painted
with the coats of zinc chromate primer before assembly.

Gas Welding

Magnesium alloys can be gas welded, using oxyacetylene, oxyhydrogen and methane. When using any of these gases
a neutral or slightly reducing flame should be used. Oxyacetylene can only be used with difficulty on sheet thinner than
0.064 inch.

Standard welding equipment and torches are used for welding magnesium. A variety of tips from 0.035 to 0.081 inch
should be available for use. An extruded filler rod of the same composition as the material being welded should be used.
Iftwo different alloys are being welded together the filler rod should match the alloy with the lower melting point. Filler
rods melt between 110@nd 120€F, Filler rods are available in diameter from 1/16 to ¥4 inch. A 1/16-inch rod is
satisfactory for welding 0.020-inch sheet, a 3/32-inch rod for intermediate thickness, and a 1/8-inch rod for 0.128-inch
material. A flux must be used to coat the rod and either side of the edges to be welded, in order to prevent oxidation
of the metal. Fluxes are usually purchased in the form of powder, which must be stored in tightly closed glass bottles
because of its hygroscopic nature. The flux paste for use in welding is prepared by mixing parts of powder with one
part of water, by volume.

Only but joints may be made in gas welding magnesium alloys. In any other type of joint the hygroscopic, corrosion
flux may be trapped in the joint with disastrous results. For the same reason, itis necessary to make welds with a single
pass. This limits the material that can be welded to % -inch thickness. To allow for warpage and shrinkage a 1/16-inch
larger gap should be allowed between the mating edges to be welded. For thin material up to 0.040 inch thick this
allowance is not essential, but the adges should be flanged up 1/16 to 1/8-inch. A gap up to 3/8-inch wide can be filled
in when using thicker material. This fill is sometimes useful in making repairs. When material over 1/8-inch thick is to
be welded, the top corners of the seam should be beveled before welding.

Before welding, all oils, grease, and dirt should be removed by means of gasoline or carbon-tetrachloride. Any oxide
or chemical coating should be removed from the edges to be welded by using steel wool, a wire brush, or a file. Welding
on a chrome-pickled surface will results in weld porosity and impair the free flow of the material.
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Fig.8.12. Torch Welding a Magnesium Aircraft Oil Tank

The work should be placed in ajig to holditin alignmentwhile being tack welded. In tack welding the torch is held almost
perpendicular to the surface. Tack welds are made from 1% to 6 inches apart, depending on the thickness of the sheet
and the nature of the part. Usually the work is then removed from the jig and finish welded. In running the seam weld,
the torch should be held at45 the work. The rod should be held in the outer flame until the base metal melts and
forms a puddle, and then the rod should be dipped in the puddle intermittently. At the end of the seam the torch should
be lifted slowly to prevent too-rapid cooling and the formation of a crate. Leather or wooden hammers may be used for
straightening buckled or warped seam welds. This hammering improves the strength of the weld. If large deformations
must be straightened, the work should be reheated ta&060F.

Immediately after welding the following operations should be performed :

1 Wash in hot running water, and scrub with a stiff bristle until all traces of the flux are removed and the surface is
clean.

2. Chrome-pickle the work by immersing it for one minute in the following solution : 1.5 pounds of sodium dichromate,
1.5 pints of concentrated nitric acid, enough water to make 1 gallon.

3. Wash in cold running water.

4. Boil for 1 to 2 hours in the following solution : 0.5 pound of sodium dichromate, enough water to make 1 gallon.

5. Rinse in cold water, followed by a dip in boiling water.

Magnesium-alloy welds may be inspected visually, by radiography, or by the fluorescent oil penetrant method.

Only the 1.5% manganese alloy gas welds readily. This alloy is available as sand castings (AN-QQ-M-56B), sheet (AN-
M-30), extrusions (AN-M-26), tubing (AN-T-73), and forgings (AN-M-22). The other two alloys which are available in
sheetform, AN-M-28 and AN-M-29, are limited to free welds only without any restriction. When sheet material is welded

to castings or to forgings of heavier sections, the mating edge must be tapered or beveled to the sheet thickness. The
heavy part should also be preheated to 600F.00

Arc Welding

In arc welding magnesium alloys there is no restriction on the type of joint used. An inert-gas shield is used to prevent
oxidation in place of the corrosive flux that limits gas welding to butt joints. This inert-gas sheild makes multipass welds
possible and removes the limitation on the thickness of material that can be welded. There is less warpage with arc
welding than with gas welding because the higher heat available is more localized and fuses the joint quickly with less
diffusion of heat to adjacent areas. All wrought magnesium-alloy materials have good arc weldability except AN-M-
29 sheet, which is limited to unrestrained welds if cracking is to be avoided. This is the same limitation this material has
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when gas welded and its strength with either type of weld is the same Arc welds in AN-M-28 and AN-M-29 material
are stronger than the equivalent gas welds.

For arc welding magnesium alloys a direct-current or rectified-alternating-current machine of 100- to 200- ampere
capacity is required. A machine with a stable arc equipped with a continuous amperage regulator to provide adequate
current control is necessary. In arc welding magnesium, reversed polarity (electrode positive, work negative) is used.
A tungsten electrode has been found to do the best job. The arc between the electrode and the work is enveloped in
an inert-gas sheild which excludes oxygen from the weld area and prevents oxidation. Either helium or argon may be
used, The inert gas is fed from a cup about %2 inch in inside diameter which surrounds the electrode except for ¥4 to 3/8
inch at the tip. A tungsten electrode 3/32-inch in diameter is used for welding 0.030 - inch sheet; electrode diameter
increases to 3/16-inch for 0.125 -inch sheet.

In arc welding, a good rigid jig must be used to hold the work in position. The complete welding operation is done in
the jig, and usually tack welding is not necessary if the jig is properly constructed. A good jig will reduce warpage and
hold the joints tight. No gap between joints is permissible.

Good cleaning of the joints to be welded is a must, as previously described under Gas Welding. In the welding operation
the torch should be held perpendicular to the work to provide the best shielding by the inert gas. The filler rod should

be fed to the arc are not dipped in the molten puddle. The filler rod should preferably be of the same composition as
the material being welded. Afiller rod of 1/16-inch diameter should be used for 0.030-inch sheet, increasing to 1/8-inch

diameter for 0.125-inch sheet.

After welding it is essential that the assembly be stress relieved by heat treatment to release residual stresses that will
otherwise cause stress corrosion cracking. These internal stresses may run as high as 15,000 p.s.i. The heat treatment
must be done with the work held in a jig to prevent warpage. For annealed material the relief treatment consists of heating
the work at 50%. for 15 minutes; for hard rolled material it must be heated for one-hourPkt 2&5AN-M-29 sheet,

and at 40€F. for AN-M-28 or AN-M-30 sheet. After heating the work should be cooled in still air.

Since no flux is used, the welds need only be wire brushed. Inspection of the welds should be made for undercutting,
cracks, porosity, craters, overlapping, or inclusions. Visual examination, radiography, or the fluorescent oil penetrant
method may be used.

SpotWelding

Spot welding of magnesium alloys have been limited to low-stress applications and to parts not subject to excessive
vibration. Service experience on these secondary applications has been satisfactory thus far but additional experience
will be required before spot welding can be generally adopted for primary aircraft structural use. All sheet and extrusion
alloys can be spot welded either to alloys of like compositions or to the other alloys. The ease with which alloys of
different composition can be spot welded to each other is determined by the similarity of the alloying elements present
in each. The spotwelding of AN-M-28 composition material to AN-M-30 is very difficult because of the great difference

in their chemical composition. Two parts of unequal thickness can be spot welded together if an electrode with a larger
contact area is used against the thicker material.

Alternating-current or direct-current stored-energy spot welding machines as used for aluminum alloys are satisfactory
for use with magnesium alloys. Water-cooled electrodes with 2- to 8- inch dome tips are preferable.

Areas to be welded must be free of pickle coatings or oxidized surfaces. Material to be spot welded should be purchased
oiled instead of chromepickled to simplify the cleaning operation. Chemical cleaners are stillin the experimental stage
(immersion in a 20% chrome acid solution at’B5f@r 2 minutes appears to have promise), so wire brushing must be
resorted to in order to clean the areas to be welded. Both sides of the sheet must be cleaned. A power-driven wire brush
rotating at over 2500 feet per minute peripheral speed is used. The side of the sheet which the electrode will touch must
then be finished with No.3 steel wool or N0.160 to 240 aluminum oxide cloth. Small areas can be hand cleaned by using
stainless-steel wool or aluminum oxide abrasive cloth. Stainless-steel wool is preferred for its nonmagnetic qualities.

The diameters of proper spot welds vary from 0.20 inch for 0.020-inch sheet to 0.375 inch for 0.10- inch sheet. Weld
penetration should be from 30% to 80% into each of the parts being welded together. Weld penetration and diameter
can be determined by cutting a cross section through the weld, smoothing the surface with emery cloth, and etching
for 10 seconds with a 10% to 50% solution of acetic or tartaric acid. The weld zone will darken and becomes quite visible.

Copper pick- up in the spots from the electrodes will cause corrosion and must be avoided. The presence of copper
will show up as a black discoloration after chrome pickling or etching with a 10% acetic acid solution. If copper is found,
the welds should be cleaned up with steel wool or aluminum oxide cloth.
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Spot welds can be made through faying surfaces freshly coated with zinc chromate primer. The primer must be well
thinned so that it will squeeze out from under the spot when the pressure is applied and permit good metal-to-metal
contact. Protective coatings for faying surfaces are adversely affected by the dichromate treatment finally given most
magnesium-alloy assembilies. It is generally considered desirable to omit the faying-surface protection in favor of the
dichromate treatment.

Inspection of the spots for cracks and porosity may be accomplished by microscopic examination or by radiography.

CORROSIONRESISTANCE

Magnesium, in common with other metals, is subject to corrosion. In recent years its resistance to corrosion has been
greatly improved and is now equal to or better than that of many commonly used metals. This advance in corrosion
resistance is largely due to the introduction of the controlled-purity type of alloy. In these alloys impurities such airon,
nickel, and copper are limited to very small percentages. The use of chemcial treatments that provide a passive surface
layer and makes good paint base is also essential for aircraft use.

Army-navy Aeronautical Specification AN-M-12 describes the following four protective treatments for use on
magnesium alloys :

Type-l Chrome-pickle treatment. Used to protect parts in shipment, storage, or during machining.

Type-ll Sealed chrome-pickle treatment. A modified chrome-pickle treatment adaptable to all magnesium alloys. It
is an alternative finish to Types Ill and IV when a dimensional change is permissible.

Typelll Dichromate treatment. Provides maximum protection and paint adhesion and has no effect on dimensions
of parts. Applicable to all alloys except the 1.5% manganese as covered by AN-M-30 for sheet material.

Type IV Galvanic anodizing treatments. This treatment is recommended for use on the 1.5% manganese type alloy.

It is also applicable to the other alloys No dimensional change.

The corrosion of magnesium alloys can be caused by any one of the following circumstances :

1 Environment
Salt atmosphere are much worse than inland exposures. In ordinary atmospheres bare magnesium alloy will for a
protective coating of magnesium hydroxide, which is porous but subsequently is covered to hydrated carbonates
and sulphates that are nonporous. This surface film cannot be relied on for general usage, however, and one of
the protective treatments listed above plus paint protection is required to resist atmospheric corrosion.

2. Galvanic Corrosion
Metal-to-metal contact will create a galvanic cell when moisture is present. This condition is developed even
when two magnesium alloys of different compositions are in contact, particularly AN-M-30 material and one of
the other magnesium alloys. A protective treatment and two coats of zinc chromate primer in the faying surfaces
are required for protection. When two dissimilar metals are used, this protection plus the insertion of an insulating
material between the faying surfaces is desirable. Magnesium is the least noble of all the structural metals and
consequently is the one to suffer when galvanic corrosion is set up. Fortunately, 56S aluminum-alloy rivets and
the magnesium alloys do not react on each other. These rivets exclusively should be used in assembling magnesium
alloys structures.

3. Surface Contamination
Metallic impurities in the surface resulting from wire brushing or similar operations should be removed by acid
pickling or by chrome pickling. Welding flux resulting from gas welding should be removed by chrome pickling
and boiling in a dichromate solution, as described under Gas Welding earlier in this chapter.

4, Stress Corrosion
This type of corrosion occurs when a part with internal residual stresses is subject to corrosion influences. It is
evidenced by cracking or fracture without any prior evidence of surface corrosion. Stresses above 25% of the
yield strength will cause this type of failure. Sheet material in accordance with AN-M-28 and AN-M-29 that has
been arc welded is particularly subject to this type of corrosion. The relief of stresses by heat treatment is
essential. This operation has been described earlier in this chapter under Arc Welding.

ood



CHAPTER-9
HEAT TREATMENT OF STEELS

It has long been known that a great variation in the properties of steel could be obtained by heating the metal to a high
temperature and quenching quickly in aliquid, such a brine, water, or oil. Unfortunately, each alloy required a different
treatment, and since the actual effects were not understood, the whole science of heat treatment was a hit or miss affair.
Recently a new science known as “metallography” has been developed; it deals with the internal structural of metals
and the principles underlying changes in structure. By means of etching and microscopic examination the internal
structure of steel in all its various states has been studied. Due to these studies and the work of numerous investigators
heat treatments is today an exact science.

Heat treatment of steel is based upon the fact that the metal has a crystalline structure which assumes different forms
at various temperatures. The change in structure as the temperature decreases is normally slow, and it has been found
that by rapid cooling, such as dropping the hot metal in a cold liquid, the normal structure at high temperatures can
be retained at atmospheric temperatures. This new structure has totally different physical properties from the normal
atmospheric-temperature structure. Numerous variations are possible, depending upon the temperature from which the
metal is quenched and the speed of quenching. The practical terms which describe the heat treatments normally used
are: annealing, normalization, hardening, drawing. In addition to these we have special treatments called carburizing,
cyaniding, and nitriding. To develop the desired properties all aircraft steels are subjected to one or more of these
operations. This chapter will be devoted to the theory and practical applications of heat treating.

CRITICALRANGE

Materials are said to be allotropic when they possess the property that permits them to exist in various forms without
a change in chemical composition. Carbon, which exists as diamond, graphite, and charcoal, is a common allotropic
substance. Pure iron is also allotropic, existing in three states: nafpély, beteandgammairon. In this case each

of these states is stable only between very definite temperature limits alpha iron ugko, b&da iron from 1406.

to 1652F., and gamma iron above the latter temperature.

When molten iron solidifies and is permitted to cool at a uniform rate, it is found that 4&F18%2cooling stops
momentarily. Atthis pointa change in the structure of the iron has taken place, in which gamma iron has been transformed
into beta iron. This rearrangement of the structure has resulted in the evolution of heat, which accounts for the
retardation of the cooling. This pointis designed by the sysihaind is called thepper critical point As the cooling
continues, itis found that a second retardation occurs atA.4DBviously this is caused by the transformation of beta

into alpha iron with the resultant evolution of heat. This point is indicatekt pyhesecond critical point

In the heating of pure iron similar points occur in which heat is absorbed without a rise in the metal temperature. These
points are designatékt, andAc,.. These heat-absorption points are sont& 2@igher than the respectie, andAr,
point. The critical range is the range of temperature between the lower and upper critical points.

Carbon steels have definite critical points and a critical range. The exact temperature at which these points occur and
the number of point depend upon the carbon content of the steel . Low-carbon steels have three critical points. In

addition to the preceding two points described for iron, when a small amount of carbon is added to the iron another

point designated a&r, occurs at 127%. There is, of course, a similar point on arising heat desigAajeTthe point

Ar, is called thdower critical pointor therecalescent point because the intense evolution of heat causes the metal

to glow.

The"r” inthe symboAr is derived from the French worefroidissementyhich means cooling. Similarly, the “c”in
the symbol Ac is the first letter chauffaoeheatina.
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Fig.9.1. Critical Points of Steel
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Referring to Figure 9.1 it can be seen that the number of critical points and the scope of the critical range depend upon
the carbon content. There are three critical point up to a little over 0.4% carbon. In this region the two upper critical
points merge, forming a single poiA,, ,. At 0.85% carbon all the critical points unite, and we have one poiH,

2-1. Aboved.85% carbon a new point designafed_extends above thar, ,  point.

Alloy steels possess similar critical points, but they occur at differenttemperatures for each steel. Nickel and manganese
have the property of materially lowering the critical range. In fact, the 13% manganese steel has a critical range below
atmospheric temperatures.

INTERNALSTRUCTURE OF STEEL

The internal structure of steel is almost wholly dependent upon the exact relationship of the iron and carbon. The carbon
is in chemical combination with the iron as iron carbide,{frecalledcementiteln steels containing 0.85% carbon,

the cementite forms a perfect mixture with the pure iron (called ferrite) present. This mixture ipeatl#dbecause

of its resemblance in appearance to mother-of pearl. Pearlite is a mechanical mixture of six parts of ferrite to one part
of cementite. Steels with less than 0.85% carbon are composed of pearlite and excess ferrite. Practically all aircraft steels
are of thistype. On the other hand, tool steels which contain more than 0.85% carbon are composed of pearlite and excess
cementite.

In metallurgy the nameutectic alloyis given to that alloy of two substances which has the lowest fusing point. In
every alloy there is one percentage combination of the two elements that will fuse at the lowest temperature. Variation
ofthe percentage composition of either element, up or down, will increase the temperature of fusion. A similar condition
exists in steel in the critical range, although here we are dealing with a solid solution. You will note in Figure 9.1 that
the lowest temperature for the upper critical point occurs at 0.85% carbon content. This alloy has been named the
eutectoid Steel with less than 0.85% carbon is cafigpo-eutectoidnd with more than 0.85Byper-eutectoidSteels

with excess ferrite are hypo-eutectoid, and steels with excess cementite are hyper-eutectoid.

Pearlite is normally a laminated structure consisting of alternate layers of ferrite and cementite. In some cases pearlite
has a granulated appearance and is called granular pearlite. If steel is cooled very slowly through the critical range,
laminated pearlite, which is the most stable form, will result. Pearlite is relatively strong, hard, and ductile. It ikas atens
strength of over 100,000 p.s.i., an elongation of approximately 10%, and maximum hardening power. This latter point

is extremely significant. It means that the greatest hardness from heat treatment is obtained by steel containing -.85%
carbon. Itis also true that starting with low-carbon steel, greater hardness is obtainable as the carbon content increases
and approaches 0.85%. This point is important when selecting a steel to give great strength and hardness after heat
treatment.

Ferrite is pure alpha iron in carbon steels. In alloy steels containing nickel, molybdenum, or vanadium these alloying
elements are in solid solution in the ferrite. Ferrite is very ductile and has a tensile strength of about 40,00@plsl.i.. It sh

be noted that it imparts these properties to low-carbon steels of which it is the major constituent. Ferrite does not have
any hardening properties.

Cementite is iron carbide (E@). Itis very hard and brittle and produces a hardening quality on steels of which itis a
part.

Austenite, the name given to steel when it is heated above the critical range, consists of a solid solution of cementite
ingammadiron. Itis stable only when maintained at atemperature above the critical range. It will, however, attain perfect
homogeneity if sufficient time is allowed. The grain size of steel, it has been found, is smallest just above the critical
range, and it is a known fact that the smallest grain size will give the strongest and best metal. For this reason, when
steel is heated for subsequent hardening or working, its temperature is kept just above the upper critical point for the
time necessary to insure thorough heating of the material.

THEORY OFHEAT TREATMENT

When molten steel solidifies, austenite is formed. As further cooling takes place, the critical range is reached and the
austenite goes through a transition until at the lower critical limit the familiar pearlite with excess ferrite or cementite,
depending upon the carbon content, is formed. The transition from austenite to pearlite through the critical range is
normally a slow operation. It has been found that the transition can be arrested if this operation is speeded up by such
means as dropping austenitic steel just above the critical range in cold water or oil. By this means a structure can be
produced at atmospheric temperature with physical characteristics different from those which normally would be
obtained with slow cooling. This operation is so severe that an extremely hard, brittle material with shrinkage strains
is obtained. By reheating the metal below the critical range the normal transition in the critical range is allowed to proceed
a little further and shrinkage strains are reduced, thus creating a useful condition of moderate hardness and strength.
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Hardening is the name given to the first operation described in the preceding paragraph. It consists in heating steel
to just above the critical range, holding the metal at that temperature until thoroughly heated (called soaking), and then
rapidly cooling (or quenching) by immersing the hot steel in cold water or oil.

Drawing, or temperingas itis sometimes called, consists in reheating of the hardened steel to a temperature well below
the critical range, followed by soaking and quenching.

Martensite is the main constituent of hardened steel. Itis an intermediate form of cementite in alphairon obtained when
the transition from austenite to pearlite is arrested. Martensite is the hardest structure obtained in steel.

Troostite is another intermediate form, similar to martensite, which is often presentin hardened steels. Troostite is also
present in drawn or tempered steels whereas martensite is not.

Sorbiteis the third intermediate form between austenite and pearlite. Itis the main constituent of drawn steel and gives
that type of steel maximum strength and ductility.

Hardened steelconsists almost entirely of martensite with some troostite. When the steel is reheated, as in drawing,

the martensitic structure breaks down and sorbite, with a small amount of troostite, remains. By varying the drawing

temperature, different amounts of troostite and sorbite can be retained, and consequently a variation in physical
properties is obtainable.

Heating through the critical range is absolutely necessary to obtain the best refinement of the grain. Fine-grain steel
has the best physical properties. As steelis heated above the critical range, the grain becomes coarser,. There is a narrow
limit of temperature just above the critical range within which steel must be heated if it is to retain its fine-grair structur
after quenching. It should be noted that a fine-grain structure is obtained just above the critical range only on a rising
heat. If liquid steel is solidified and cooled the finest grain is obtained on solidification and becomes coarser as cooling
progresses.

As you will note by referring to Figure 9.1, itis absolutely necessary to know the chemical content of the steelto establis
the critical range and the heat-treatment temperature. Each steel, both carbon and alloy, has its individual critical range
which must be definitely known if the best results are to be obtained from heat treatment.

The effects of heating to various temperatures and cooling at different rates may be summarized as follow :

1 When a piece of steel is heated to the upper critical gaiptjt becomes as fine grained as possible no matter
how coarse or distorted the grain was previously.

2 After it has been heatedAg,, if the steel is allowed to cool slowly, it retains the fine-grained structure and is also
soft and ductile.

3. After it has been heatedAg,, if the steel cooled rapidly, as by quenching in cold water, it retains the fine-grained
structure and is fully hardened.

4. If steel is heated aboye,, permitted to cool tAc,, and then quenched, it will be fully hardened but more coarse
grained than if it had only been heated\t originally.

5. The higher the temperature abdweg from which the steel is cooled, either slowly or rapidly, the coarser the
grain. In this case slower cooling will result in coarser grain.

6. When a piece of hardened steel (which has been previously heaigdtambove, soaked, and quenched) is

again heated to somewhere beldgy, it is softened but without change in grain size. The softening is greater as
the temperature increases UpAR).

Annealing

Annealing of steel is effected by heating the metal to just aBoysoaking at that temperature for a definite time,

and cooling very slowly in the furnace itself. This treatment corresponds to number 2 just above. The time of soaking
is about one hour per inch thickness of material to make certain that all of the material is brought up to temperature.
Slow cooling is usually obtained by shutting off the heat and allowing the furnace and metal to cool together down

to 900F. or lower, at which time the steel may be removed from the furnace and cooled in still air. An alternate method

to restrict the rate of cooling is to bury the heated steel in ashes or lime.

Annealed steel is fine grained, soft, ductile, and without internal stresses or strains. It is readily machinable and
workable. Inthe annealed state steel has its lowest strength. For that reason itis often given a subsequent heat treatment
S0 as to increase the strength after all machining and mechanical work are complete. The ductility of annealed steel is
utilized in tube and wire drawing and in rolling sheet. After the steel has passed through the dies or rolls several times,
re-annealing is necessary to relieve the stresses induced by the cold work and to prevent cracking.

There are several modifications of the full annealing treatment used when all of the effects are not essential, and speed
and economy are important.
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Process annealingConsists in heating below Aim the region between 1024nd 120€F. This treatmentis commonly
used in the sheet and wire industries to restore ductility.

Spheroidizingis a form of annealing applied particularly to high-carbon steels to improve their machinability. As
indicated by the name, a globular cementite structure is obtained. In this form the cementite can be pushed aside by
the cutting tool instead of offering great resistance as when present in this laminated form. The operation of
spheroidizing consists in prolonged heating just slightly below the critical range, followed by slow cooling.

Shop annealings the term used to describe the practice of heating steel with a welding torchtm BO@OF. and
dropping itinto a pail of ashes or lime to restrict the cooling rate. This treatment will relieve internal strains.itis neve
used in aircraft work unless it is to be followed by a regular heat treatment.

In all annealing processes, due to prolonged heating at high temperatures and slow cooling from these temperatures,
the surface of metal is prone to scale. The scale on steel is iron oxide. Whenever possible, annealing should be done
in closed receptacles to exclude air from the metal. The receptacle should not be opened until it has cooled almost to
room temperature. In the case of high-carbon steels the prevention of scale formation is particularly important. Oxidation

of the carbon at the surface will occur if not guarded against. This decarburisation is injurious to the metal and must
be avoided. When steel parts have not been annealed in areceptacle, the scale must be removed by a cleaning or pickling
treatment.

Normalising

Normalizing is a form of annealing which consists in heating the steel abgeméthen cooling in still air. Due to

the more rapid quenching obtained by air-cooling as compared to furnace-cooling, the steel is harder and stronger but
less ductile than annealed material. Normalising is required whenever itis desired to obtain material of uniform physical
characteristics. Forgings are generally normalised to relieve all internal stresses. Normalizsing, too, will relieve stresses.
Refine the grain, and make steel more uniform just as annealing will, but, atthe same time, improved physical properties
are obtained. Because of the better physical properties, aircraft steels are often used in the normalised condition but
seldom if ever in the annealed state. If annealed steel is used in fabrication for ease of working, it is subsequently
normalized or heat treated to a higher strength.

Welded parts are frequently used in airplane construction. Welding causes strains to be set up in the adjacent material.
In addition, the weld itself is a cast structure as opposed to the wrought structure of the rest of the material. These two
types of structure have different grain sizes, and to relieve the internal stresses and refine the grain, all welded parts
should be normalised after fabrication. Such treatment will reduce the possibility of cracks and fatigue failures in service.
Normalising of welded parts is considered so important by one government department that it even requires this
treatment for engine mounts. In many cases where large furnaces are not available, or the basic design of mount /will
not permit normalising without too much warping, it is necessary to design an assembled mount made up of small
sections. The sections can be normalised individually and bolted or riveted together.

Low-carbon steels are often normalised to improve the machining qualities and to reduce distortion in subsequent heat-
treating operations. In actual practice the aircraft manufacturer buys tubing, sheet, and bar in the normalised condition,
performs the necessary machining or welding operations, and then normalises or heat treats the finished article. In
connection with the purchase of normalised material itis often necessary to specify the maximum tensile strength that
is acceptable. This is particularly true of thin sheet which, when quenched in still air, will cool far more rapidly than
heavier material. As aresult, thin sheet will be composed of sorbite as well as pearlite- the usual constituent of normalised
steel. The sorbite makes the steel stronger but also more brittle. Chrome-molybdenum sheet steel, as purchased in the
normalised state, will often run from 110,000 to 125,000 p.s.i. ultimate tensile strength. Where severe bending is to be
done, the purchase order should specify a maximum of 95,000 p.s.i. which is the accepted strength for normalized chrome-
molybdenum steel.

Medium-and high-carbon steels should be normalised and then annealed before machining or fabrication. This
sequence of operations is sometimes called double annealing. The resultant structure is similar to that obtained by
spheroidizing, as described previously. In aircraft work the amount of machining done is usually small and the annealing
is often omitted.

Some alloy steels cannot be satisfactorily hardened without first being normalised. This is especially true of alloys
containing chromium. The accepted explanationof this phenomenon is the necessity for the complete solution of the
chromium and iron carbides in the gamma iron. Solution is effected by normalizing prior to hardening.
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Fig 9.2.Nose-wheel Assembly; Heat-treated Fig.9.3.Grumman Retractable Landing Gear;
Chrome-molybdenum Steel Heat-treated chrome-molybdenum Tubing
Hardening.

Hardening is the first of two operations required for the development of high-strength steels by heat treatment.
Hardening consists of heating above. Aoaking at that temperature until the mass is uniformly heated and then
quenchinginbrine, water, or oil. This treatment produces afine grain, maximum hardness and tensile strength, minimum
ductility and internal strains. In this condition the material is too hard and brittle for practical use. A light blow, as fro

a hammer, would shatter the material.

Heating is conducted as little above As is practical, in order to reduce warping and the possibility of cracking when

the material is quenched. On the other hand, large objects are heated to the upper limit of the hardening range in order
to assure thorough heating. For the materials and sections used in aircraft work, quenching in oil is invariably the method
employed. The heat absorption of oil is slower than that of water or brine, and consequently the cooling operation is
more gentle. Less warping and cracking occurs and sufficient hardness is obtained.

Quench cracking is a result of nonuniform or too rapid cooling of the steel. The transition from austenite to martensite
results in an increase of volume. When a piece is quenched, the external surface will cool rapidly and becomes a hard,
brittle martensite shell. As the internal austenite cools and becomes martensite it increases in volume and internal
stresses are set up which may crack the earlier-formed outer shell.

As explained previously under Theory of Heat Treatment, the rapid quenching from a temperature above the critical
range arrests the transitions from austenite to pearlite, and results in the formation of martensite and some troostite
Martensite is the hardest form of steel and is responsible for the extreme hardness and brittleness of hardened steel.

Drawing (Tempering)

Drawing (or asitis sometimes called, tempering) is the second operation required to develop high-strength, heat-treated
steel. It consists of heating hardened steel to a temperature well beJpsoAking at that temperature, and then
quenching in oil or air. This treatment relieves the strains in hardened steel, decreases the brittleness, and restores
ductility. In addition, the strength and hardness are some what reduced. The strength, hardness, and ductility obtained
depend upon the temperature to which the steel was reheated. The higher the temperature, the lower the strength and
hardness but the greater the ductility. By decreasing the brittleness of hardened steel, tempered steel is made tough
and still retains adequate strength. Tempered steels, as used in aircraft work, have from 125,000 to 200,000 p.s.i. ultimate
tensile strength.

When hardened steel is reheated as in tempering, the transition from austenite to pearlite is continued further, and the
martensite is converted to troostite and then sorbite. Tempered steel is composed largely of sorbite, which gives it
toughness. Hardened steel, reheated to a low temperature and quenched, is composed of troostite and sorbite, and is
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still very hard and strong but more ductile than hardened steel, hardened steel reheated to a higher temperature and
quenched is composed of sorbite and some pearlite, and is tougher and more ductile but still retains considerable
strength and hardness.

The temperature at which tempering should be carried out, depends upon the purpose for which the article or tool is
to be used, and the table below gives the temperature for high carbon steel.

When the articles have been brought to the tempering temperature, it may be quenched or allowed to be cooled naturally.
The temperature for this operation is often judged by the colour of the oxide film which appears on a freshly polished
surface of the article, and those colours are given in the table below :-

TEMPERATURE AND APPROXIMATE COLOUR GUIDE
The colour and corresponding temperature are given in the table below :-

COLOUROFSTEEL APPR.TEMP.DEG.C APPLICATION
Dazzling white 1400-1500
Brilliant white 1300- 1400
White 1200-1300 High speed tungsten steel
Pale yellow 1100-1200
Yellow 1000-1100 Austenite Nickel -Chrome stainless steel.
Orange 900-1000 High Chromium stainless steel
Light Cherry red 800-900 Low carbon and nickel chrome steel.
Cherryred 700-80 High carbon steel
Dullred 600-700
firs Visiblered 500-600
Oxide Colours
Blue 300 Tempering range tools, such as springs, axes,
Purple 295 screw drivers, chisels hacksaw blades etc.
Purple Brown 285
Brown 270
Goldenyellow 250
Straw 240
Pale Straw 200

“ONEHEAT"METHOD OF HARDENING AND TEMPERING
This method is used for tools which require a hard point or cutting edge with the remainder left tough to withstand shock,
e.g. cold chisels, lathe tools etc.

The complete procedure for making, hardening and tempering a chisel is as follows :-

a) First get the appropriate metal of approximate shape and size. Then heat it to bright red, and forge to shape as
required.

(b)  Normalise, when cold grind roughly to shape

© Heat the cutting end half of the tool to cherry red, plunge vertically into water to about a quarter of the length
and keep it moving a little up and down to prevent a sharp line between the quenched and unquenched parts,
which would cause “Water line” cracks.

(d)  When the point is black withdraw from the water polish the point with emery or sand stone and observe the
tempering colours formed as the heat flows down from the unquenched parts.

(¢)  When the desired colour appears, instantly quench the tip, wait if necessary, till all visible red heat dies away
before dipping the remainder to cool it.

® Grind the cutting edge, taking care not to over heat the tool.

PRACTICALHEAT TREATMENT

The first important consideration in the heat treatment of a piece of steel is to know its chemical compaosition which,
inturn, determines its critical range. When the critical temperature is known the next consideration is the rate of heating
and cooling to be employed to insure completion of transition or retardation of transition as the case may be. The carrying
out of these operations is beset with practical problems. These involve the use of furnaces for uniform heating,
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pyrometers for controlling temperatures, handling of hot metal, and quenching in suitable mediums. Some notes on the
more vital considerations in heating, soaking, and quenching are given below.

Heating

The aim in heating is to transform pearlite to austenite as the critical range is passed through. This transition takes time;
so a relatively slow rate of heating is employed. It is customary to insert the cold steel in the furnace when it is from
300to 500F. below the hardening temperature. In this way too rapid heating of the cold steel through the critical range

is prevented. It is cheaper to keep a furnace up to the hardening temperature and remove heated steel and insert new
cold steel periodically without permitting the temperature to drop several hundred degree before inserting the new cold
work. This is sometimes done where the work is not extremely important, but it does the possibility of cracking,
depending on the shape of the material, due to rapid heating and expansion.

In reheating for tempering, the furnace should not be aboVve®0000F. when the work is inserted and ,in any case,
not above the tempering temperature of the steel which is being treated. If the tempering temperature is too high, the
transition from martensite to sorbite will be accelerated beyond control of the heat treater.

Several types of furnace are employed in heating. The common type is a “dry heat” furnace and is fired by oil, gas, or
electricity. A uniform temperature must be maintained throughout the furnace, and the work must be properly placed
to insure uniform heating. The work must not be placed too close to the wall of the furnace; otherwise radiated heat
from the wall will heat one face of the work beyond the rest, with resultant uneven heating. In adry furnace itis desirable
to maintain a neutral atmosphere, so thatthe heated steel will neither oxidise nor decarburise. Practically, however, this
condition is difficult to realise, and considerable scaling of the work results. In this respect the electric furnace is the
most satisfactory because only a slight amount of scaling takes place. An atmosphere free of oxygen is maintained
in one type of electric furnace. There is practically no scaling of the work in this type of furnace. Special paint coatings,
such as “Galvo Anti-scale,” are sometimes used to minimize scaling during the heating operation when atmospheric
control is not available.

A“liquid heat” furnace is frequently used for parts which have been finished-machined before heat treatment. In this
type of furnace, parts are heated in a molten salt bath. Here there are several advantages, the mostimportant being the
complete elimination of scaling. In addition, better temperature regulation and more uniform heating are attainable. For
production work where speed is essential, faster heating is possible with the liquid bath than with dry heat. Numerous
other advantages are claimed for the liquid bath, but those just given are the most important.

Soaking

During the soaking period the temperature of the furnace must be held constant. Itis in this period the rearrangement
of the internal structure is completed. The time of soaking depends upon the nature of the steel and the size of the part.
Heavier parts require longer soaking to insure equal heating throughout. In specifying hardening temperatures, it is
customary to give a range of from®30 7% F. within which the material must be soaked. Light parts are soaked in the
lower part of this range and heavy parts in the upper part of the range. For the steels and sizes normally used in aircraft
construction a soaking period of from 30 to 45 minutes is sufficient. During the tempering operation the steel is soaked
from 30 minutes to one hours, depending on the thickness of the material.

Quenching

The rate of cooling through the critical range determines the form that the steel will retain. In annealing, the heated steel
must be furnace cooled to 960 which is below the critical range, provides sufficient time for complete transition from
austenite to pearlite, which is the normal, stable condition of steel at atmospheric temperatures. In normalising, the
heated steel is removed from the furnace and allowed to cool in still air. The cooling is more rapid than in annealing,
and complete transition to pearlite is not attained. Some sorbite remains in normalisedsteel, which accounts for the
improvement in physical properties over annealed material. Air cooling is a very mild form of quench.

In order to harden steels, it is necessary to use a more rapid quenching medium. There are three mediums commonly
used-brine, water, and oil. Brine is the most severe quenching medium, water is next, and oil the least severe. In other
words, oil does not cool the heated steel through the critical range as rapidly as water or brine. However, oil does cool
rapidly enough to develop sufficient hardness for all practical purposes. In aircraft work high-carbon and alloy steels
are oil guenched. Medium-carbon steel is water quenched and mild-carbon steel (S.A.E. 1025) is quenched in either brine
or water. A severe quench is required for steels with relatively low carbon contents in order to develop the required
hardness. This observation agrees with the comments previously made in the paragraph under Internal Structure of
Steel relative to the importance of the carbon content on the hardening properties of steel.

Oil quenching is preferred to water or brine when sufficient hardness is obtainable because of the reduced strain,
warpage, and cracking of the steel when cooled more slowly. When the structure changes from austenite to martensite,
the volume is increased; and if the change is too sudden, cracking will occur. Cracking occurs particularly in the lower
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temperature ranges when the steel is no longer plastic enough to readjust itself to expansion and contraction. The shape
of a partis extremely important if excessive warping and cracks are to be avoided. Thin flanges on heavy sections are
especially bad. When tubular parts are quenched, they should be immersed with the long axis vertical to reduce warpage.

Small parts when quenched cool more rapidly than large parts, and harden more uniformly throughout. In large parts
the inside core is usually softer and weaker than the rest of the material. This fact must be given consideration in design
in calculating the cross-sectional strength. Values obtained from heat-treated parts of small sectional cannot be applied
directly to larger sections. Strength values normally quoted are based on heat-treated sections 1 to 1% inches in
diameter. As explained in the chapter on Steel and Its Alloys, many possess the property known as penetration
hardness. These alloys harden quite uniformally throughout when heat treated and quenched, and no allowance need
be made for a soft core unless the section is excessively large. Such sections are seldom used in aircraft work.

The quenching oil is normally maintained betweeha8@ 150F., but if water is used as the quenching medium it is

held at a temperature below®65 This control involves a large reservoir of liquid and some method of providing
circulation and cooling. The rate of cooling through the critical range is governed by the temperature maintained in
the quenching medium. In as much as variations in this temperature have an appreciable effect on the rate of cooling,
itis obvious that the quenching-medium temperature must be held within limits if consistent results are to be obtained.

After steelis reheated and soaked for tempering, itis quenched in either air or oil. Chrome-nickel steels, however, must
be quenched in oil-not air-after tempering in order to avoid “temper brittleness” to which this particular group of steels
is subject if air quenched.

HEAT TREATMENTSFORAIRCRAFT STEELS

As previously explained, each type of steel has different hardening qualities which are governed by its composition.
For this reason the practical heat treatments of various steels differ somewhat as to heating temperatures, soaking
periods, and quenching methods. In the following pages an effort has been made to describe the heat-treatment
operations commonly used on aircraft steels. Since these data are presented purely for the general information of the
reader, and not as a reference for the practical heat treatment, there has been no hesitancy to discuss an interestinc
point right in the body of the description. For more specific information on the steels listed, or on others not listed, the
steel manufacturer should be consulted and he will gladly furnish the required data.

The heat treatments listed in the following pages do not conform wholly to the Army or Navy specifications or S.A.E.
recommendations but are an average of the three. Due to slight variations-in the chemical composition of steel made
by different manufacturers, in heat-treating equipment, in the size of average parts, and in the technique of heat -treater-
a definite, narrow range for hardening and tempering temperatures cannot be laid down. The figures given will satisfy
average conditions, but the individual heat treater may have to vary them a little to obtain satisfactory results.

The range of hardness numbers for a given tensile strength is also an average figure. Each factory should establish
its own correlation between tensile strength and hardness numbers by heat-treating tensile test specimens, recording
their hardness, and then testing to determine their ultimate tensile strength. For important work tensile specimens

should be heat treated along with the work and tested. Absolute faith should not be placed in hardness readings alone.

It will be noted under Item 4 of S.A.E. 2330 steel that there is a discussion of the relationship between the tempering
temperature to be used and the actual hardness of the steel after the hardness operation. Use of the suggestec
proportion on material above or below average may save time and labor, particularly where too soft tempered material
would otherwise be obtained, thus requiring both re-hardening and re-tempering.

The lower part of the heating ranges should be used for material less than ¥ inch thick.A majority of airplane parts fall
in this category. Prolonged heating of this material should also be avoided to prevent grain growth.

S.A.E.1025-MILD CARBON STEEL

Normalizing:

1 The temperature of the furnace should not exceed® 1ten the work is inserted.

2. The temperature should be increased to 1625%&jf&dually and held at that temperature for 30 to 45 minutes
depending on the thickness of the part.

3. The parts should be removed from the furnace and allowed to cool in still air.

Final hardness should be as follows : Rockwell B-62 to B-74, Brinell 105 to 130.

Ultimate tensile strength : 55,000 to 67,000 p.S.i.
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Heat Treatment

1 The temperature of the furnace should bot exceedB&&@en the work is inserted.

2. The temperature should be held from 1575 to 5@ 15 minutes or longer, if required, to insure uniform
heating.

3. The parts should be removed from the furnace and quenched in wafét at 65

4. The hardened parts should then be inserted in a furnace whose temperature is not%ver 1150

5 The furnace temperature should then be increased to 11581206 temperature will have dropped when the

parts were inserted) and held for 30 minutes to one hours, depending on the thickness of the material.
6. The parts should then be removed from the furnace and allowed to cool in still air.

Final hardness should be as follows : Rockwell B-77 to B-85, Brinell 140 to 165
Ultimate tensile strength : 70,000 to 82,000 p.s.i.

This heat treatment is used for S.A.E.1025 steel when used in the manufacture of nuts. AN Standard steel nuts, which
are used exclusively in aircraft construction, fall in this category.

S.AE. 1035-MEDIUM-CARBON STEEL

Heat Treatment

1 The treatment of the steel and furnaces should be increased gradually aver a period of one hour until a tempera-
ture of 1525-157%-. is attained. This temperature should be held for ten minutes or more.

2. The parts should be removed from the furnace and quenched in water if-ougch in diameter or in oil if

smaller than- inch. Quenching small parts in water will cause fractures.

3. The hardened parts should be reheated slowly for a period of 45 minutes or more, until a temperature®t 950-975
is reached. This temperature should be held for at least 45 minutes.
4, The parts should then be removed from the furnaces and allowed to cool in still air.

Final hardness should be as follows : Rockwell B-85 to B-100, Brinell 160 to 250.
Ultimate tensile strength : 80,000to 118,000 p.s.i.

S.A.E.1045-MEDIUM-CARBON STEEL

Heat Treatment (Technique similar to that described for S.A.E. 1035. Temperatures differ.)
1 Hardening temperature 1500-1%50

2. Quenchin oil.

3. Tempering temperature 1080

4. Cooled in still air.

Final hardness should be as follows : Rockwell B-92 to B-102 Brinell 193 to 259.
Ultimate tensile strength : 95,000to 124,000 p.s.i.

S.A.E.1095-HIGH-CARBON STEEL

Heat Treatment (Technique similar to that described for Mild-carbon Steel).

1 Hardening temperatures 1450-1%00

2. Quenchin oil. (High-carbon steels are sometimes quenched in water until they have cooled to the temperature of
boiling water when they are transferred to oil 750F. This method results in rapid cooling through the critical range
and slower cooling at low temperatures where cracking occurs.)

3. Tempering temperature 800-850

4. Cooled in still air.

Final hardness should be as follows : Rockwell C-42 to C-45, Brinell 400to 430.
Ultimate tensile strength : 195,000t0 213,000 p.s.i.

This heat treatmentis applied to S.A.E 1095 steel when itis to be used for structural parts or springs. Leaf springs made
from this material are commonly used in aircraft construction.
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S.A.E.2330---NICKEL STEEL

Heat Treatment

1 The temperature of the furnace should not exceedB.1@Ben the work is inserted.

2. The temperature should be increased gradually to 1450A.%0@ held for 20 minutes.

3. The parts should be removed from the furnace and quenched in oil or water.

4 At this stage the Brinell hardness should be checked to ascertain that it is approximately 500. If it is over 500 the

tempering temperature given below should be reduced somewhat. The tempering temperatures should be increased
or decreased about in the same proportion that the actual Brinell number bears to 500.

5. As previously explained in the paragraphs under Tempering, the final ultimate strength and hardness of a piece
depends on the temperature to which hardened steel is reheated and drawn. Thus different tempering temperatures
must be used if different strength values are to be obtained for the same type of steel. S.A.E. 2330 steel is
commonly used in two different strengths; the tempering temperatures to obtain these conditions are

Ultimate tensile strength Tempering temperature
125,000p.s.i. 938
150,000p.s.i. 806.
Parts should be held at the tempering temperature for a minimum of 30 minutes.
6. Parts should then be removed from the furnace and allowed to cool in still air.

Final hardness should be as follows :

Ultimate tensile strength (p.s.i.) 125,000 150,000
Rockwell hardness, C scale 251032 33t0 37
Brinell hardness 250t0 300 310to 360
S.A.E. 2330 steel heat treated to 125,000 p.s.i. is used for a great many AN Standard parts, particularly aircraft

bolts.

S.AE.3140-CHROME-NICKEL STEEL

Heat Treatment
1 The temperature of the furnace should not exceedA1MBen the work is inserted.
2. The temperature should be increased gradually to 14758F1L%528 held for 15 minutes or longer, if necessary, to
insure uniform heating.
3. The parts should be removed from the furnace and quenched in oil.
4. The furnace temperature should not excee@B@hen parts are inserted for tempering.
5. The tempering temperature should be raised to the required value for the strength desired and held for 30 minutes
to one hours, depending on the thickness of the material.
Ultimate tensile strength Tempering temperature
125,000 p.s.i. 1050F.
150,000 p.s.i. 9%6.
180,000 p.s.i. 800.
6. Parts should be removed from the furnace and cooled by quenching in oil. An oil quench is mandatory for

chrome-nickel steels to avoid temper brittleness.
Final hardness should be as follows :

U.t.s. (p.s.i.) Rockwell Brinell

125,000 C-25t0C-32 250to0 300
150,000 C-33t0 C-37 310to 360
180,000 C-38t0C-42 360 to 400

S.A.E.4037-MOLYBDENUM STEEL
Heat Treatment
1.  Hardening temperature 1525-1%75
2. Quenchin oil or water.
3. Tempering temperature 1P680for 125,000 p.s.i. ultimate tensile strength.
4,  Coolin still air.
S.A.E. 4037 with this heat treatment has been used as a substitute for S.A.E. 2330 in the manufacture of aircraft bolts.

S.A.E4130---CHROME-MOLYBDENUM STEEL

Annealing

1 The temperature of the furnace should not exceedA1MBen the work is inserted.

2. The temperature should be increased gradually to 1528FL%8r&l held at that temperature for 15 minutes or
longer to insure uniform heating throughout.

3. The furnace should then be shut down and the work and the furnace allowed to cool slowly to afleadt 900

which point the work may be removed and allowed to cool in still air.
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Ultimate tensile strength : approximately 78,000 p.s.i.

Normalizing

1 and

2. Identical with annealing process except that temperature range of 1,600-1i308ed.
3. The work should be removed from the furnace and allowed to cool slowly in still air.

Final hardness should be as follows : Rockwell B-89 to B-99, Brinell 180 to 240.

Ultimate tensile strength : 90,000to0 110,000 p.s.i.

Heat Treatment
1 The temperature of the furnace should not exceedB.10Ben the work is inserted.
2. The temperature should be gradually increased to 1550FL&8d held for 15 minutes or longer, if necessary, for
thorough heating. For sections under % inch thickness the lower part of the temperature range should be used.
3. The parts should be removed from the furnace and quenched in oil.
Bars or forgings can be quenched in water.
4, The hardened parts should be inserted in a furnace whose temperature is not above the desired tempering
temperature and in no case above’800
5. The temperature of the furnace should then be raised to the tempering temperature required to obtain the desired
physical condition. These temperatures for the tensile strength used in aircraft construction are as follows.
Ultimate tensile strength Tempering temperature
125,000 p.s.i. 1,075F.
150,000 p.s.i. 906.
180,000 p.s.i. 706.
200,000 p.s.i. 576.
Parts should be held at the tempering temperature for 30 minutes to one hour, depending on the thickness.
6. Parts should be removed from the furnace and allowed to cool in still air.
Final hardness should be as follows :
U.ts. (p.s.i.) Rockwell Brinell
125,000 C-25t0C-32 250t0 300
150,000 C-33to C-37 310to 360
180,000 C-38t0C-42 360 to 400
200,000 C-42to C-46 400to 440

S.A.E. 4140---CHROME-MOLYBDENUM STEEL (HIGH CARBON)

Due to its higher carbon content this steel responds to heat treatment better than 4130 steel. For heavy parts machined
from bar or forging stock it has replaced 4130 steel entirely. The heat-treatment process is practically identical with that
given for 4130 steel, excepting that the hardening rangéhs BSver, making it 1525-1625. This change is due, of

course, to the higher carbon content. Tempering temperatures are approximatehitbe@r than those for 4130.

S.AE.4340---CHROME-NICKEL-MOLYBDENUMSTEEL

Heat Treatment
1 The temperature of the furnace should not exceedB.1When the parts are inserted.
2. The temperature should be increased gradually to 1473F1L888 held for 15 minutes or longer if necessary, to
insure thorough heating.
3. The parts should be removed from the furnace and quenched in oil.
4, The hardened parts should be inserted in a furnace whose temperature is not above the desired tempering
temperature and in no case above 15800
5. The temperature of the furnace should then be raised to the tempering temperature required to develop the
desired physical properties.
Ultimate tensile strength Tempering temperature
125,000 p.s.i. 1,200F.
150,000 p.s.i. 1,050F.
180,000 p.s.i. 95B.
200,000 p.s.i. 85B.
Parts should be held at the tempering temperature for 30 minutes to one hour, depending on the thickness.
6. Parts should be removed from the furnace and quenched in oil.

Final hardness should be the same as recorded for 4130--chrome molybdenum steel-- for equivalent tensile
strengths.It should ne noted that this steel is one of the chrome-nickel series and must be quenched in oil after
tempering to avoid temper brittleness.
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S.AE.6135---CHROME-VANADIUM STEEL (MEDIUM CARBON)

Heat Treatment
1 The temperature of the furnace should not exceedB1When the work is inserted.
2. The temperature should be increased gradually to 1578FL&28l held for 15 minutes or longer, if necessary, to
insure thorough heating.
3. The parts should be removed from the furnace and quenched in oil.
4, The hardened parts should be inserted in a furnace whose temperature is not &Bove 800
5. The temperature of the furnace should then be raised to the required tempering temperature, which depends on
the tensile strength desired in the finished part.
Ultimate tensile strength Tempering temperature
125,000 p.s.i. 1,050F.
150,000 p.s.i. 925.

Parts should be held at the tempering temperature for 30 minutes to one hour, depending on the thickness.
6. Parts should be cooled in still air.
Final hardness should be as follows :

U.t.s. (p.s.i.) Rockwell Brinell
125,000 C-25t0C-32 250to 300
150,000 C-33t0 C-37 310to 360

S.A.E.6150---CHROME-VANADIUM STEEL (SPRINGS)

Heat Treatment

1 The temperature of the furnace should not exceedB.1When the parts are inserted.

2. The temperature should be increased gradually to 1550FL628l held for 15 minutes or longer, if necessary, to
insure thorough heating.

3. The parts should be removed from the furnace and quenched in oil.

4, The hardend parts should be inserted in a furnace whose temperature is not affove 700

5. The temperature of the furnace should then be raised to 7€R-8b@ held for 30 minutes to one hours,
depending on the diameter of the spring material.

6. Parts should be allowed to cool in still air.

Final hardness should be as follows : Rockwell C-42 to C-47, Brinell 400 to 444.
Ultimate tensile strength : approximately 200,000

S.A.E. 8630, 8735, 8740 these NE steels which are now established as standard steels are heat treated the same as S.A.|
41300rS.A.E. 4140 steels.

INTERRUPTEDQUENCHING

In the last five years commercial application of so-called interrupted-quenching procedures has been made to attain
special characteristics or economies in the heat treating of steel. These procedures are known as cycle annealing,
austempering, and martempering. Cycle annealing gives better control of the final annealed structure and can be
accomplished in a fraction of the time required for full annealing and spheroidizing operations. Austempering is limited

to small sizes and deep-hardening steels but greatly increases the toughness and ductility of steels heat treated to high
hardness. Martempering is applicable only to relatively small sizes of deep-hardening steels but minimizes distortion
and cracking due to quenching, reduces internal stresses, and gives good physical properties.
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Fig.9.4. Typical Isothermal Transformation Diagram
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The development of these processes is directly related to the TTT (time-temperature-transformation) or S curves, similar
to that for S.A.E. 4104 steel, is shown in Figure 9.4. The first of the diagrams of this type was published in 1930 but
they are now available for a wide variety of steels. Each composition of steel has its own diagram, which may be obtained
from the steel companies.

An S curve or isothermal transformation curve for a given steel is established as follows : Above the critical range
austenite is the stable structure of steel; below the critical range austenite is unstable and will transform to another type
of structure if held at a constant temperature for a period of time. The length of time before the transformation of the
unstable austenite begins varies at different temperatures and is plotted as the left hand curve in Figure 9.4 ; the time
required to complete the transformation also varies with the temperature and is plotted as the right-hand curve in Figure
9.4. The type of structure obtained by transformation depends on the temperature at which the isothermal transformation
takes place. At the higher temperatures peatrlite is formed (As found in annealed steel), while at lower temperatures a
structure named bainite is formed. Bainite is equivalent to a tempered martensite and is a feathery, acicular constituent
that makes a hard but ductile and tough material.

TheMsline at the bottom of the diagram represents the temperature below which transformation to martensite takes
place. Ms is the abbreviation of “martensite start”. The Ms temperature varies fréefmt®@0F for different steels.
For carbon tool steel it is 3&0for S.A.E. 4140 itis 59¢; and for S.A.E. 4340 itis 5%0.

It will ne noted in Figure 9.4 that time is plotted on a logarithmic scale in order to include the very short as well as the
extremely long time intervals covered by this type of diagram. The time required for transforation to begin may vary
from a fraction of a second to 30 minutes or more, while the time to complete transformation may vary from less than
5 seconds to several days.

An examination of Figure 9.4 will show that the S curve has a so-called “nose” or “knee” at a temperature around 9000F
The location of this “knee” along the time scale is of primary importance in determining the hardenability of a steel. The
reason is that the steel being hardened must be cooled to a point below the “knee” within the time interval shown in
the diagram or the martensite structure desired will be diluted with other types of structure (referred to as “nose
products” or “knee products” which are softer than martensite. The “knee” is moved to the right (thus increasing the
time interval in which quenching can be completed to insure the formation of pure martensite) by the addition or increase
of alloy content. Manganese, chromium, nickel, and molybdenum are very effective in accomplishing this movement
of the “knee” to the right. These steels have good hardenability.

It should be understood that the entire mass, including the center of the part, must be below the “knee” temperature
within the time interval shown on the S curve for any particular steel. The austempering and martempering processes
are limited by this requirement to deep-hardening steels of relatively small cross-sections.

Isothermal quenching must be done at temperatures above which brine, water, or oil are practical. A molten salt bath
composed of half sodium nitrate and half potassium nitrate is frequently used for quenching. This salt bath can be
operated from 3%Qo 1100F. A molten salt bath around #Bthas greater cooling power than ordinary quenching oll

at room temperature-a characteristics advantageous in quenching steel adequately to below the “knee” temperature
in the permissible time interval.

Cycle Annealing

Thisis a process in which austenite is transformed isothermally to pearlite at high temperatures, and this latter structure
is retained when the work is cooled to room temperature. In actual practice the steel is austenitised (heated to a
temperature above the critical temperature and soaked until a stable austenitic structure is formed through out the part)
at atemperature above butwithin 30of the critical temperature. Itis then quenched in a molten salt bath maintained
atatemperature below the critical temperature but above the “knee” temperature unless the shape of the S curve is such
that too long a period of time would be required to complete the transformation, in which case a somewhat lower
temperature is used. After complete transformation is effected the work is cooled to room temperature by air or water
without further changing the microstructure.

Sometimes the transformation is allowed to proceed only a certain amount before the work is removed from the
guenching bath and allowed to air cool. By this means a variation in properties is obtainable. Cycle annealing permits
better structure in a fraction of the time required for the full annealing and spheroidizing operation. Cycle annealing

requires from 4 to 7 hours as compared with 18 to 30 hours for standard annealing.

Austempering

This is a process in which austenite is transformed isothermally to bainite at moderate temperatures The material is
austenitised and then quenched in a molten salt bath maintained at a temperature A®batthelow the “knee”
temperature. The work is held in the bath until the transformation to bainite is complete and thenitis removed and cooled
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to room temperature by air or water. In some cases, to insure adequate cobkimndhe “knee” , itis necessary

to quench in a bath maintained at a lower temperature than that required for the final hardness desired. In this case the
bainite productis transferred for tempering to a second bath maintained at a higher temperatures. This procedure permits
the austempering of slightly larger sizes of material than would be possible by using only the second bath for quenching.
The double operation is sometimes referred to as isothermal quenching.

Austempering is most useful when the steel is to be used in the hardness range of Rockwell C-48 to C-58.As compared
to standard quench and temper steels of the same hardness, austempered steel has about 30% additional elongation
100% greater reduction of areas and impact strength, but slightly less yield strength. Spring products and other items
requiring increased elasticity as well as hardness are obtainable by austempering. Then finish of the part after
austempering is the same as the initial material before heat treatment. The relative gentleness of the quench results in
minimum distortion and cracking of the work.

As explained previously, a rapid-quenching or deep-hardening steel is required to get by the “knee” of the S curve.
This requirement limits the austempering process to carbon steels above 0.55% carbon and to alloy steels . The maximum
cross-sectional area of S.A.E. 1095 steel that can be austempered is the equivalentof arod 0.148 inch in diameter; S.A.E.
4140is limited to a 0.50- inch diameter; and a material like SAE 4365 is limited to a 1.0- inch diameter.

Martempering

This is a process in which austenite is uniformly transformed to martensite at low temperatures by continuous cooling.

In this process the work is austenitised and then quenched in a molten salt bath maintained at a temperature just above
theMstemperature of the steel being treated. The work is held at this temperature only a short period of time-long enough
to permit all of the material to reach the same temperature, but notlong enough for the transformation to bainite to begin.
The work is then removed from the bath and allowed to air cool. The transformation from austenite to martensite occurs
during this air cooling, at which time the difference in temperature between the outer skin and the centre of the work

is negligible. When room temperature is reached and the transformation to martensite is complete the work is subjected
to a normal tempering operation to obtain the desired physical properties.

It should be noted by quenching a part in the salt bath at a temperaturd/isbtaraperature uniformity throughout

the part is obtained before any transformation or change in microstructure takes place. When the partis slowly cooled
in air from this temperature the transformation occurs uniformly throughout. By this means nonuniform volume changes
are reduced, high internal stresses are avoided, and warpage, cracking, and distortion are minimized. These are the
particular advantages of martempering. Martempering is limited largely to high-alloy steels and small cross-sectional
areas for the same reason that applies to austempering, namely, the necessity for getting by the “knee” of the S curve
in quenching if the full advantage of the process is to be realised. S.A.E. 8630 steel can be martempered up to a cross-
sectional area equivalent to a round of 1- inch diameter; S.A.E. 8740 can be processed up to 1%-inch diameter.

HARDENABILITY

Inrecent years hardenability has come to the forefront as the primary basis for the selection of a particular type of steel.
This criterion is logical since the physical properties normally required for a given application are directly related to
the hardness of the material. Steels with equivalent hardening characteristics can be used interchangeably irrespective
of their chemical compositions. In the future it is anticipated that most steel will be purchased under “H” steel
specifications, which prescribe hardenability limits as well as over- all chemical compositions. When steel is purchased
under this type of specification the aircraft manufacturer’s heat-treating problems will be simplified, as all material will
come up to the required hardness when properly heat treated. In the past, when material was purchased solely by
chemical composition, there were many occasions when a sour lot of material would not respond to heat treatment for
some unexplainable reason.

“H” steel specifications have been prepared for most of the commonly used steels. Steel in accordance with this type
of specification is designated by adding an H to its numerical designation. Thus we have 4130 H, 8740H, etc., to identify
steels manufactured to hardenability-band limits. Tables and charts have been prepared for each type of steel to define
its hardenability limits.

A jominy or end-quenched hardenability test has been adopted as the standard method for determining hardenability
limits in order to permit comparisons between different steels. This test is based on the concept that the hardening of
steel by quenching is a function of heat extraction--rapid extraction resulting in high hardness and slow extraction
resulting in low hardness.

The standard Jominy specimenis around 1 inch in diameter by 4 inches long which has been machined after normalising
toremove all scale or decarburized surfaces. To insure uniformity the specimenis normalised at the temperature listed
below for one hour, machined to finished dimensions, and the is held for 30 minutes at the austenitising temperature
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listed below. The furnace should be at the austenitising temperature when the specimen is inserted. A protective
atmosphere furnace or other means is essential to protect the bottom end of the specimen from scale or decarburization.

Quenching of the specimen must start within 5 seconds after its removal from the furnace. The specimen is quenched
by suspending it vertically with its bottom end %2 inch above a water orifice with a ¥2-inch opening which discharges
water at arate of approximately 1 gallon per minute. The water must be at a temperature béanek8B8Fand must

impinge against only the bottom or quenched end of the specimen. Quenching in this manner is continued for 10 minutes.

A cooling rate of 600°F per second is attained at the quenched end. The rate of cooling is slower as the distance from
the quenched end increases and is only 4 ° per second at the opposite end. Since the cooling rate varies along the entire
length some point will duplicate every quenching condition met with in practice from water to air quenching, and from

the surface to the centre of various sizes of material .for instance, the cooling of the specimen at 3/8, 3/4, 1 1/16. and
1Y% inches from the quenched end will result in hardness equivalent to that obtained at the centre of 1-, 2-, 3-, and 4-
inch rounds respectively when quenched in still oil. This type of results can be consistently correlated and therefore
can be used to predict the attainable hardness for any shape from data supplied by the end-quenched specimen.

Steel series Maximum carbon content (%) Normalising Austenitising
temperature (F). temperature CF.)
1000
3100
4000 Up td.25 incl 1700 1700
4100 0.261t00.36incl 1650 1600
4600 0.37and over 1600 1550
8600
8700
Upto 0.25incl 1750 1750
6100 0./261t0 0.36incl 1700 1650
0.37 and over 1650 1600
2300
2500 Up td.25 incl 1700 1550
3300 0.261t0 0.36incl 1650 1500
4800 0.37and over 1600 1475
9200
9200 0.5Gand over 1650 1600

To obtain the hardness readings of the end-quench specimen, two ffapdi@@re carefully ground along the entire

length of the specimen. Wet grinding is preferable, to avoid changing the quenched condition, and the flats should

be at least 0.015 inch deep. Rockwell C hardness readings are then taken every 1/16-inch from the quenched end for
1inch and at greater intervals for the remainder of the length. The Rockwell readings are then plotted on a standard
chart in which the ordinates represent hardness and the abscissas represent distance from the quenched end. The
chart applying to each steel is necessarily a band bounded by a maximum and a minimum curve. This spread is due to
the variations permitted in the chemical compositions of a given steel.

In ordering “H” steel it is customary to specify two specific points of the desired hardenability band. In the preferred
method , the distance from the quenched end where a specified Rockwell C hardness is desired is called for. Usually
aminimum and maximum distance is given within which the desired hardness number mustfall. In the alternate method,
aminimum hardness number (or a range of hardness numbers which will be acceptable) at a specified distance from the
guenched end is called for. In addition, in either of these methods, the minimum and maximum hardness 1/16-inch from
the quenched end may be specified. The steel producer will list on the shipping papers the heat hardenability at the
specified points or at 1/16, 1/8, 1/4,1/2 inches, etc., from the quenched end.

ooao
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CHAPTER-10
SURFACE (CASE) HARDENING OF STEELS

For some design purposes itis necessary to have a hard, wear-resisting surface and a strong , tough core. This condition
can be obtained in steel by a number of methods. Heat treating alone, as discussed in the previously chapter, will give
a uniform condition, either extremely hard and strong, or moderately hard and tough, throughout the entire cross
section of the metal. By the methods of surface hardening described in this chapter, it is possible to obtain a surface
harder than the highest obtainable by heat treatment, combined with a tough core. Since any depth from a mere skin
to over 1/8-inch can be produced, the case thickness can be varied to suit the design requirements. The hard case resist
wear and abrasion, and the soft, tough core resists shock stresses. This combination of properties is essential in the
design of gears, pinions, wrist pins, trunnions, and other parts subject to abrasion and shock loads.

The methods commonly used for surface hardening are known as carburising, cyaniding, and nitriding. The combination
of carburising and the subsequent heat treatment which always follows this operation is called casehardening.
Casehardening is used more often than the other methods in aircraft work.

CASEHARDENING

As commonly practiced, casehardening consists of carburising a piece of steel, quenching either mildly or rapidly,
reheating to refine the core, quenching rapidly, reheating again to refine and harden the case, quenching rapidly,
tempering at a low temperatures, and cooling slowly. For un-important parts and with some steels one or more of these
operations can be eliminated. A detailed discussion of the theory and practical application of each of these operations
follows.

Carburizing

Carburising steels may be either carbon or alloy steels but must be within the low-carbon range. The carburising process
consists in heating these steels in contact with a carbonaceous material. This material may be either solid, liquid, or

gaseous. Above the critical range the iron carbide in steel passes into solution in the gamma iron, as explained under
Heat-Treatment. Low-carbon steels are weak solutions and will absorb free carbon. The carbon-rich carbonaceous

materials when heated give off a gas containing carbon which diffuses into the steel surface. The depth of penetration

depends upon the carbonaceous material, the temperature, and the time allowed.

The absorption of carbon at the surface will greatly increase the carbon content in this region. This carbon content
will range from 0.80 to 1.25% at the surface and will taper off toward the centre with the core remaining at the original
content. Subsequent heat treatment will harden the case and toughen the core. This behaviour is to be expected from
the explanation made under Heat Treatment, where it was shown greater hardness could be obtained from high-carbon
steels.

Solid Carburising

The oldest and most commonly used method of carburising is with a solid carbonaceous material. This material is usually
bone, charred leather, wood charcoal, or coke. These materials are used singly or mixed together and usually contain
an energiser to increase the formation of carburising gases when treated.

The parts to be carburised are packed in a metal box (usually nichrome) with at least 2-inch legs, so that the furnace
gases may circulate freely around the entire box. All surfaces of the parts must be covered with at least ¥z inch of the
carburising material. The box must have alid which can be sealed tight. Acommon seal is most fire clay to which allittle
salt has been added to prevent cracking. When the box is properly packed and sealed it is ready for insertion in the
furnace.

The furnace should be brought up to 1600-2F0&s quickly as possible. The range of some carburising steels is 1600-
1650F., other 1625-1676., and still others 1650-17%0 All fall under 170€F. More rapid penetration can be obtained
athighertemperatures, but grain growth will increase rapidly and affect the quality of the steel. The temperature should
be kept as close to the critical range as possible to avoid grain growth. It should be borne in mind, however, that due
to the size of the box and the packing, the enclosed parts will lag ab8at héBind the furnace when being heated.

The furnace must be kept at the carburizing temperature some what longer to allow for this lag.

The carburising temperature is held until the desired depth of case is obtained. The time required varies for the different
carburising steels. For S.A.E. 1020 carbon steels, which is often used for case-hardened parts, the variation of depth



126 Aircraft Metallurgy
of case with time at temperature is as follows :

Depth of case Time at 1,656.
/ inch one hour

/ inch Two hour

/ inch Four hours
/ inch Six hours
/inch Sixteen hours

In aircraft work a case depth of 1/64 or 1/32-inch is commonly used, since the abrasion is seldom great and shock
resistance is important. Thick cases are liable to crack under shock loads.

After carburising the box is removed from the furnace and allowed to cool in air, or the parts removed and quenched
in oil from the carburising temperature. The slower method of cooling is employed when warpage must be avoided. This
cooling completes the carburising process, and the parts are then ready for grain refinement, hardening, and tempering.

Liquid Carburising

Carburising in aliquid salt bath has recently been successfully developed. This method is applicable to small parts where
adepth of case not greater than 0.040 inch is satisfactory. Liquid carburising has the advantage of forming a case uniform
in depth and carbon content. In the use of solid carburising it is often impossible to obtain uniform results on small
parts packed in a box since temperatures near the sides differ from those in the centre. Furthermore, liquid carburizing
is faster than solid carburising because laborious packing is eliminated.

A salt that melts several hundred degrees below the carburising temperature is used as the liquid heat. An amorphous
carbon is added to the bath to furnish the required carbon. Periodically, additional carbon is added to keep the bath
saturated. A layer of carbon covers the top of the bath to reduce volatilisation loss.

As with the solid material the depth of case obtained is dependent on the time and temperature. The following are typical
figuresfor S.A.E. 1020 steel :

Depth of case, inches Time, hours
1,600F 1,675F

0.006 0.006 13

0.010 0.012 213

0.016 0.018 1

0.020 0.024 2

0.026 0.030 3

0.035 0.040 4

After carburizing, the parts may be quenched in water or oil. They are then ready for refinement hardening, and
tempering.

Gas Carburising

Gas carburising is becoming more generally used. One process consists in exposing small parts in a rotating retort to
gas as a carburizing medium. Solid carburiser is sometimes added in the retort to enrich the carburizing atmosphere.
Parts in the rotating retort are tumbled about, with resultant damage to corners and edges.

The latest improved process is done in the electric furnace with a carbon atmosphere as mentioned in the chapter on
Heat Treatment. When carburising, about twice as much carbon vapor is admitted to the furnace as when heat treating.
In this process the parts remain stationary.

Refining the Core

Due to the fact that the carburising temperature is well above the critical range and is held for a long period of time,
an excessive grain growth takes place in the steel. In order to obtain a fine ductile grain in the core, it is necessary to
reheat the steel to just above the upper critical point, soak until the metal is uniformly heated, and then quench in oil.

In actual practice the following typical procedure is used for S.A.E. 1020 steel : The furnace is preheaté# to 1200
and after the parts are inserted, itis brought up to’E6DO45 to 60 minutes. A longer time is taken for complex parts.
The parts are soaked for 10 minutes or longer, if necessary, and then quenched in oil.
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Hardening the Case

Since the case of a carburised steel part has a high carbon content, the temperature required above to refine the low-
carbon core is considerably above the critical range of the case. This high temperature results in grain growth and
embrittlement of the case. Itis, therefore, necessary to reheat the steel to just above the critical range of the high-carbon
case and then quench in oil. This treatment refines the grain and hardens the case. The hardening temperature for the
high-carbon case is well below the upper critical point for the low-carbon core. The only effect this reheating has
on the core is a tempering action.

For S.A.E. 1020 steel the hardening procedure is as follows : The furnace is preheatero d0d@fter the parts
are inserted, it is brought up to 1400-12RGairly rapidly. The parts are soaked for ten minutes and then quenched
immediatelyin oil.

Tempering

In order to relieve hardening strains, carburised steel parts are tempered by heating in the region &F30bigl00
tempering should be done immediately after the hardening quench. The furnace or oil bath should be at the tempering
temperature when the parts are inserted. The low part of the tempering range should be used if extreme hardness is
desired since hardness decreases as the tempering temperature increases. The parts should be soaked until uniformly
heated and then removed and cooled slowly in still air.

SELECTIVECASEHARDENING

In many designs itis desired to harden only that portion of the part subject to severe wear. Methods have been evolved
to protect the other portions of the part from carburizing. The best method is to copper plate the sections to be left soft.
A few thousandths of an inch of good dense copper plate will resist the penetration of carbon, provided too much
energiser is not present in the carbonaceous material. Before copper plating, the sections to be hardened are japannec
to protect them from being plated. The japan is removed after plating but before carburising.

Itis customary to finish hardened carburised parts by grinding. In some cases, where soft sections are desired, sufficient
material is left on in the original machining to allow for grinding. By this method the case is completely removed by
grinding where a soft section is desired. This method is slow and expensive.

Sometimes a portion of a carburised partis threaded. It is essential that the threads be true and soft while the remainder

ofthe part mustbe hard to resist wear. If the threads are cut and then carburized and hardened, the threadspeitibe  war

and thrown out of centre with the hardened ground surface. To avoid this condition the following procedure is

recommended:

1 Machine for carburising, leaving ¥ - inch of stock on the section to be threaded.

2. Carburised for the desired depth of case.

3. Turn off all but 1/64-inch of excess stock on the section to be threaded. All the high-carbon cdmeswitie
removed from the threaded portion.

4. Heat treat to refine the core and harden the case, and temper to remove strains.

5 Finish-grind the hardened surface, turn the threaded section to size true to the ground surface, and then thread.
Machining operations are possible on the threaded section even after the hardening treatment because its low
carbon content will not permit appreciable hardening.

Warpage and Cracking
Warpage of carburised parts is very common and is caused by improper packing or severe quenching. It is customary
to finish-grind casehardened parts to reduce the distortion.

Cracking of parts occurs in the hardening quench. It is absolutely necessary to avoid all sharp corners, notches, or
sudden changes of section in parts to be hardened. In some cases it is preferable to design a part in two or more pieces
to avoid hardening cracks.

Some carburising steels require aless severe quench than others and are not as subject to warping and cracking. Wher
absolute accuracy is necessary the proper steel should be selected with minimum distortion properties. S.A.E. 4615 s
generally recommended.

Carburising Steels.

Carburising steels are either plain carbon or alloy steels but are invariably in the low-carbon range. A low carbon content

is necessary to retain a tough core after the heat treatment. In special cases steel with a carbon content as high as 0.55%
has been successfully carburised. Normally, however, the carbon content is restricted to a maximum of 0.25%. For light
parts requiring extremely tough cores, 0.18% carbon is the maximum that should be permitted. For heavy parts strong
cores, the carbon content of the steel should be 0.15 to 0.25%.
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Since the carbon contentis limited in these steels, an increase in strength cannot be obtained by merely using a higher
carbon steel. In order to obtain greater strength without a decrease in toughness after heat treatment, it is necessary
to use an alloy steel. The alloy steels commonly used are nickel, nickel-chromium, and molybdenum steels. The greatest
core strength is obtained by using a nickel steel, S.A.E.2515.

A good caseis also extremely important. The plain carbon steel S.A.E. 1020 gives a file-hard case that is slightly better
than that obtained with the alloy steels. Alloys decrease the hardness of the case somewhat. An increase in the nickel
content decrease the case hardness. S.A.E. 2515 steel has the softest case of the carburising steels.

The following listed steels are used most frequently for carburising parts.

Their core strengths are also given :

S.A.E. number Core strength (p.s.i.)
1020 60,000

2320 80,000

2515 120,000-160,000

3115 85,000

3312 100,000

4615 80,000-100,000

6115 90,000

CYANIDING

Cyaniding is a surface hardening of steel obtained by heating it in contact with a cyanide salt, followed by quenching.
Only a superficial case-hardening is obtained by this method, and consequently it is seldom used in aircraft work. It
has the advantage of speed and cheapness, however, and may be used to advantage on relatively unimportant parts.

The cyanide bath, which is usually sodium or potassium cyanide, is maintained at 15%0-T&®0ork to be hardened

is preheated to 78B. and then immersed in the bath for from 10 to 20 minutes. It is then withdrawn and quenched in
water until cold. A superficial case of 1/64 -inch maximum depth is obtained. The case is hard but not homogeneous.
Great care must be taken to remove all scale before cyaniding and to insure uniform cooling, or soft spots will be present
in the case. Immersing the work for 20 minutes does not increase the case materially but results in high-carbon spots
and brittleness.

In cyaniding it is also important to use a closed pot since the fumes are extremely poisonous.

The hard case obtained from cyaniding is not due wholly to a high carbon content; as a matter of fact, the carbon content
is relatively low. Chemical analysis shows the presence of nitrogen in the form of iron nitride in the case. It is this
constituent which imparts the hardness as well a brittleness to the case. It should be noted that the core is also hard
and brittle after cyaniding, which is, of course, undesirable.

NITRIDING

Nitriding is the surface hardening of special alloy steels by heating the metal in contact with ammonia gas or other
nitrogenous material. The process of nitriding has great possibilities, however, and should eventually supersede
casehardening by carburizing on all important work. A harder case is obtainable by nitriding than by carburizing. In
addition, there is no distortion or cracking associated with nitriding and the case obtained appears to be corrosion
resistant in most mediums, including salt water.

Nitriding is applicable only to special steels, the most common of which are called nitralloys. A process has recently
been developed for nitriding stainless steels to obtain an ultrahard corrosion-resistant material. In aircraft work, steel
in accordance with Army-Navy Aeronautical specification AN-S-19 is normally used. This specification describes two
types of nitralloy-composition A, which is a high-core strength steel, and composition B, which is a free-machining
steel. The chemical and physical properties of these steels are as follows :

CHEMICALCOMPOSITION

A(%) B(%)
Carbon 0.38-0.45 0.30-0.40
Manganese 0.40-0.70 0.50-1.10
Phosphorus 0.040 max. 0.040 max.
Sulphur 0.050 max. 0.060 max.
Silicon 0.20-0.40 0.20-0.40
Chromium 1.40-1.80 1.00-1.50
Aluminum 0.85-1.20 0.85-1.20
Molybdenum 0.30-0.45 0.15-0.25

Selenum e 0.15-0.35
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PHYSICALPROPERTIES

Composition  Thickness, inches Tensile strength (p.s.i.) Yield strength (p.s.i.)  Elongation (%)
1% and less 135,000 100,000 16
A Over 1%1t0 3 125,000 90,000 15
Over3to5 110,000 85,000 15
1% and less 106,000 76,000 26
B Over 1%1t0 3 102,000 74,000 28
Over3to5 95,000 70,000 30

The physical properties listed above are the minimum acceptable when subjected to the following heat treatments:

Composition A.
Heat at 172%to 1750F., quench in oil (or water if diameter exceeds 2 inches), and draw at a temperaturéfebdt 100
higher for 5 hours.

Composition B
Heat at 170, quench in oil, and draw at a temperature of #0980 higher.

Before being given the nitriding operation the steel should be hardened and tempered to obtain a sorbitic structure.
If annealed material is nitrided the nitrogen will penetrate the boundaries of the relatively large grains and cause a brittle
nonuniform casehardening. When no distortion is permissible in the nitrided parts, itis necessary to normalise the steel
prior to nitriding to remove all strains resulting from the forging, quenching, or machining.

The nitriding operation consists of heating the steel t8R%0the presence of ammonia gas for from 20 to 100 hours.

The container in which the work and ammonia gas are brought in contact must be airtight and equipped with a fan to

maintain good circulation and an even temperature throughout. The depth of the case obtained by nitriding is about

0.015inch if heated for 50 hours, and the case has a Vickers Brinell hardness number over 950. The nitriding process
does not affect the physical state of the core if the preceding tempering temperature (as is usuaPFr\was@50

The molybdenum present in nitriding steels imparts ductility to both case and core. In spite of this fact, however, the
case is still very brittle . It is possible to improve its ductility by increasing the nitriding temperature e a5

period of two hours at the end of the regular treatment. The increased ductility is grained at the expense of 100 points
in hardness.

It should be noted that there is no quenching associated with the process of nitriding. As a result there is no distortion
or cracking of the work, particularly of properly normalized material without internal strains, as explained above. Due

to the brittleness of the case, care must be taken in the design to avoid sharp corners. The reason is that nitrides are
formed on both sides as well as the edge, which makes a brittle corner or edge that is easily chipped.

No scaling ofthe work occurs during the nitriding operation. The slight oxide film formed is easily removed by buffing
or by using emery paper.

Tinning of any surface will preventit from being nitrided. This fact s utilized when a piece of work is to be partiaidy treat
only.

Nitrided surfaces can be reheated to®85®&ithout losing any of their hardness. If heated above that temperature, they
lose their hardness rapidly and cannot be retreated to regain the lost hardness.

Gas welding of nitriding steels is not practical since a large part of the aluminum is burnt away and the remaining metal
will not nitride properly. Spot welding after nitriding has been successful.

Care must be taken to remove all the decarburized metal caused by preliminary heat treatment prior to nitriding. If the
decarburized metalis notremoved, the nitride case will flake. Nitriding steels decarburize more than other steels during
heat treatment. They also are increased in size slightly by the nitriding process. This increase is of the order of 0.002
inch for a piece 12 inches in diameter.

As previously stated, nitrided steels are reputed to be corrosion resistant in fresh or salt water as well as under ordinary
atmospheric conditions. The steel, however, has not been in use long enough to make a definite statement on its
corrosion resistance.
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INDUCTIONHARDENING

Induction hardening is one application of induction heating which is finding numerous applications in aircraft and
automotive work. Induction heating is the process of heating metallic substances by means of a powerful, rapidly
alternating electromagnetic field. The current that produces this field is usually carried in a copper coil that encircles
thatwork to be heated. Induction heating is a differential heating, thatis, the surface of the work heat up first yery rapidl
and then the core of the material. When steel is used and the work is quenched immediately after the surface is heated
to a high temperature, a casehardened surface is obtained without having effected the properties of the core material.
The depth of the case and or heat penetration varies with the frequency and intensity of the electromagnetic field and
the length of time the current is on. Induction heating is used for surface hardening, and thorough-heating for heat
treating, annealing, normalizing, brazing, soldering, forging, forming, or melting of metals. The required frequency,
power, and heating time must be determined for each application.

Dielectric heating is similar to induction heating but is applicable only to nonconducting materials (dielectric materials)
such as might be used for electric insulation. Plastics and compressed wood are typical applications. Dielectric heating
is done by means of an electrodynamic field, the work being placed between two or more plates. Dielectric heating
uniformly heats the material from the surface to the center as opposed to the differential heating of the induction-heating
process.

There are four types of induction-heating equipmentin common use. They are different in principal and in the current

frequencies they can provide. The four types are as follows :

1 The first type uses the power-line frequency of 60 cycles per second and voltages up to 880. Transformers are
used if required to attain the desired voltage. Current requirements range up to 1,500 amperes. This type of
equipment is used for the preheatment of joints to be welded, the stress-relieving of welds, and the heating of
ingots for rolling or forging.

2. The motor-generator type of equipment converts 60- cycles power to frequencies from 1,000 to 12,000 cycles at
capacities up to 1,000 kilowatts rated power. This type of induction-heating equipment is the most widely used.
Itis used for surface hardening of crankshafts, gears, and similar parts, for brazing tool tips, for melting metals in
large quantities, and for heating forging stock. This method of heating forging stock has the advantage of
eliminating scale, uniformly heating the stock to the working temperature, and saving considerable time and
space normally required by furnace heating.

3. Spark-gap generator equipment produces a rapid reversal of the electromagnetic field at frequencies up to
4000,000 cycles and 25 kilowatt output. It is used for the heat treatment of gears and precision gages and for the
annealing of continuous strip for stamping and forging.

4. Vacuum-tube oscillator equipment producing frequencies from 1000,000 to 10,00,000 cycles at capacities up to
400 kilowatts. The electronic induction-heating equipment consists of a transformer which raises the line
voltage to that required for the oscillator-tube operation, a set of rectifier tubes which converts the alternating-
current line power into direct current to supply the oscillator circuit, oscillator tubes of the high-frequency type,
capacitors, and inductance coils which produce the high-frequency current to be delivered to the heater coil.

The heater coil is a separate unit which is designed to suit the size, shape, and material of the work to be heated. It may
be a long cylinder of many turns or just a few turns, a flat pancake of only 1 or 2 turns, or a special shape to adapt it
to the contour of the work. Copper tubing equipped with provisions for running cooling water through the inside is
frequently used in the construction of heater coils. With this type of coil, high frequencies and current densities can
be used to raise the surface temperature of a steel piece above its critical temperature in a fraction of a second.

The surface hardening of steel parts, usually referred to as induction hardening, is the primary application of induction
heating in aircraft and automotive work. In this process the heat is applied so rapidly that the high temperatures are
confined to the surface layers with the inner core remaining relatively cool and unaffected. When the current is shut
off the rapid conduction of the surface heat to the cooler interior results in self-quenching of the hardened surface.
For full hardness, however, a water quench is usually necessary.

When the current is applied the surface heat is transmitted by conduction almost instantaneously to the inner core
of the material. To permit dissipation of this heat without raising the core temperature to a point where its structure is
affected it is necessary to have adequate core material. A piece of tubing, for instance, must have a wall thickness at
least twice the depth of the surface hardening. In induction hardening there is no sharp line of demarcation between
the hard surface case and the inner core. There is a gradual transition from a hard case to the original properties of the
core.

A normalised structure is desirable to obtain the best results from induction hardening. The short time during which
the surface of the work is above its critical temperature requires a very rapid solution of the carbides as required to attain
a hardened surface. This solution is assisted by starting with a sorbite or fine pearlite structure.
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To permit uniform heating of the surface itis desirable that its cross section be symmetrical. Variations in cross-sectional
areas along the length of the work are all right. Symmetrical coils may be used for heating unsymmetrical objects, since
the natural tendency of high-frequency currents is to follow the contour.

There is no distortion of the work due to induction hardening.

The selection of induction-heating equipment should be predicated on the thickness of the work to be heated or
hardened. Frequencies above 100,000 cycles are required for 1/8-inch or thinner material; 9600 cycles or higher are
required for ¥ - inch material; and 1920 to 9600 for %2 - inch material. The thinner the material, the higher the frequency
required.

Induction-heating equipmentis frequently used for soldering and brazing. In this operation the brazing material or solder

is setin place at the joint and the work placed in or near a heating oil. A closely controlled heat is developed at the joint
in both the brazing material or soldering material and the adjacent portion of the work. Both the leading and trailing edge
of hollow steel propeller blades are inside brazed. Beads of brazing material are laid along the inside edge and the propeller
is moved edgewise through the coil. The brazing material melts and fuses with the steel to form an even, firmjoint. The
numerous wires leading into an electrical connector can be soldered simultaneously with a simple setup.

In dielectric heating, an alternating electric field of between 1,000,000 and 200,000,000 cycles per second is set up by
means of a high-frequency vacuum-tube oscillator. This high frequency results in a uniform heating of the entire cross
section of the work. Itis particularly adaptable for heating thick sections of nonconducting material which otherwise
would take several hours of surface heating because of limited thermal conductivity. Material is heated between two
or more plates from which the electrostatic current emanated. This type of heating is employed in curing impregnated
materials, gluing, bonding, and preheating plastics prior to molding. A typical application is in the manufacture of
compressed and impregnated wood-propellers which consist of wooden sheets, plastic impregnated, which are bonded
together under high heat and pressure. Dielectric heating cures the assembly uniformly in a fraction of the time required
by any other method.

SHOT PEENING

Shot peening is sometimes referred to as shot blasting. It should not, however, be confused with sand blasting or other
surface-cleaning processes. Shot peening is a recent development that improves the fatigue and abrasion resistance
of metal parts. It is applicable to ferrous and nonferrous parts, but it is mostly used on steel surfaces. This process
has been reported to increase the life of parts subject to repeated stresses (such as springs) from 3 to 13 times. The
fatigue loads of shot-peened parts can be increased if an increase in the life of the part is not a consideration.

The shot-peening process consists of throwing hardened steel balls at the surface of the work to be peened. The steel
balls, or shot, are thrown against the surface either by compressed air or by centrifugal force as the shot is fired from
a rotating wheel. The intensity of the process can be varied by regulating the size of the shot, the hardness of the shot,
the speed at which it is fired, and the length of time the work is exposed to the shot. If the shot peening is too intense
the work may be fractured internally, thereby undoing all the good expected from the peening. Saturation of the surface
with the little indentations made by the shot is a quick visual method of inspecting the intensity of the shot-peening
operation. It is desirable to run a sample piece to set up the conditions to be used in the production process.

Shot peening prestresses the surface of the work and adds to the fatigue and abrasion resistance. It leaves the surfac
with a countless number of shallow indentations where the hardened shot has struck. The surface of each of these
indentations has been cold-worked by being stretched in every direction, and becomes harder, stronger, and less ductile
than before. The net results is an increase in compressive stress in the skin, and an increase in tensile stress just below
the surface. The compressive stress in the skin will counteract any tensile stress that normally might start a crack or
fracture.

Fractures usually start at a point of localized stress concentration. Sharp shoulders, tool marks, scratches, and notches
should be avoided for this reason. The indentations made by the hardened steel balls are well rounded, and they are
so numerous they dissipate any stress concentration over a wide area. Care must be taken to chamfer all sharp external
corners before shot peening, however, or they will be worked out into sharp, fin-like extensions which willinduce early
failures. Shot peening of relatively rough surfaces can be done considerably cheaper than polishing, and the fatigue
of the peened surface equals or exceeds that of the polished surface.

Shot peening can be applied to irregular or complicated surfaces such as gear teeth, helical springs, universal joints,
axles, rocker arms, bearings, propeller shanks and hubs. It has been applied to fillets and grooves to offset stress
concentrations. When applied to gear teeth it produces a surface with increased resistance to wear and to pitting
corrosion. Shot peening appears destined for more and more applications.

ooo
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CHAPTER-11
HEAT TREATMENT OF NON-FERROUS METALS AND
ALLOYS

HEAT TREATMENT OF NON-FERROUSMETALS

The major requirements of heat treatments in non-ferrous metals and alloys is of strengthening them. Single-phase
metals can be strengthened snlid solution hardeningechnique while ductile metals can siain hardened.
Similarly, dispersion hardeningcan be employed for eutectic forming alloys. However, the most widely used and
effective method for non-ferrous metals and alloysrecipitation hardeningr age hardening

Precipitation hardening or Age hardening

Most of thenon-ferrousalloys can be heated intsimgle phase solid solutio@n account of their decreasing solid
solubility with lowering of temperature their structure is transformed into two distinct phases at low temperatures. When
they are cooled down at a faster rate from the hot single phase state the resulting strustyrersaturated solid
solutiori.e., one of the materialsyhich was supposed to form the second phase of the structure,stdileglgets

trapped in the lattice of the other material caflel¥ent. When this alloy is further subjectedageing, i.e.heating

back to a predetermined temperature, the solute gpoecipitateout of the super-satured solid solution and this
phenomenon is responsible for hardening of the alloy. Hence, thepranipitation hardening.

Fig. 11.1, Phase diagram of an aluminium-copper alloy.

The process will be more clear by considering a concrete example. Let us conaslidetianm-copper allogonsisting

of 96% aluminum and 4% copper and study its phase diagram shown in Fig. 11.1. It shows that a solid solution of
aluminum with copper is formed in which the maximum solubility of copper at the eutectic temperaturRCag548
5.7%.Now, if the alloy is cooled slowly from this stage the second ple@ggedcipitates out of the solid solution

because the solubility of copper in aluminum reduces from 5.7% to about 0.2% at room tmperature, as indicated by the
solubility curve. If, however, this alloy was cooled from the liquid state at a faster rate there will not be enough time
for the transformation to usual two phase structure and the resulting structure will be a single phaae
supersaturated form, which is not a normal condition. Consequently, the excess copper will tend to precipitate out of
this form and mixup with the phase. Itis an unsatble condition needing diffusion. To achieve that, it is reheated to
between 15T to 200C and held there to allow precipitation of copper, resulting in a single phase structure consisting
of a -solid solution and the precipitate. This is knowragsingand if this is carried out under carefully controlled
conditions the resulting structurre (hence, the material) will be extremly hard and strong.
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Fig. 11.2, Graph of hardness values of two Jominy test bars in Jominy hardenability tests conducted on test bars made of carbon
steel and alloy steel.

The phase diagram shownin Fig 11.1is almostidentical for all the non-ferrous aloys which can be hardened. The entire
precipitation hardeningprocess consists of the following three controlled stages :

Stage |

This stage consists of heating the metal to a temperature where it forms a single phase solid solution, soaking it there to
allow formation of a uniform structure, followed by rapid cooling by quenching in water to disallow diffusion and enable
formation of a supersaturated solid solution. The heating temperature should, however, not exceed the eutectic
temperature otherwise melting may occur.

Stagelll

This stage compriseage hardeningSome metals and alloys get age hardened at room temperature itself. For them no
reheating is required because diffusion occurs at this very temperature and the supersaturated solution transforms into
a stable two-phase structure. Against this, some metals and alloys respond differently and need reheating and artificial
ageing, as described earlier in this article.

Stage il

This stage consists of methods to controls the properties. For this the natural ageing type materials are subjected to
refrigeration while in case of artificial ageing type materials this control is exercised by properly adjusting the temperature
and time of high temperature ageing.

ALUMINUMALLOYS

There are two types of heat treatments applicable to aluminum alloys. One is called solution heat treatment, and the
other is known as precipitation heat treatments. Some alloys, such as 2017 and 2024, develop their full properties as
a result of solution heat treatment followed by about 4 days of aging at room temperature. Other alloys, such as 2014
and 7075, require both heat treatments.

The alloys those require precipitation heat treatment (artificial aging) to develop their full strength also age to a limited
extent atroom temperature; the rate and amount of strengthening depends upon the alloys. Some reach their maximum
natural or room-temperature aging strength in a few days, and are designated as - T4 or -T3 temper. Others continue
to age appreciably over a long period of time. Because of this natural aging, the -W designation is specified only when
the period of aging is indicated, for example, 7075-W (¥2 hours). Thus, there is considerable difference in the mechanical
and physical properties of freshly quenched (-W) material and material that is in the -T3 or -T4 temper.
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The hardening of an aluminum alloy by heat treatment consists of four distinct steps :

1 Heating to a predetermined temperature.

2 Soaking at temperature for a specified length of time.

3. Rapidly quenching to arelatively low temperature.

4 Aging or precipitation hardening either spontaneously at room temperature, or as a result of a low-temperature

thermal treatment.

The first three steps above are known as solution heat treatment, although it has become common practice to use the
shorter term, “heat treatment” . Room-temperature hardening is known as natural ageing, while hardening done at
moderate temperatures is called artificial aging, or precipitation heat treatment.

SOLUTIONHEAT TREATMENT

Temperature

The temperatures used for solution heat treatment vary with different alloys and range florto8280F. As a rule,
they must be controlled within a very narrow range (plus or minf)gd @btain specified properties.

If the temperature is too low, maximum strength will not be obtained. When excessive temperatures are used, there is
danger of melting the low-melting constituents of some alloys with consequent lowering of the physical properties of
the alloy. Even if melting does not occur, the use of higher -than- recommended temperatures promotes discoloration
and increases quenching strains.

Time at Temperature

The time attemperature, referred to as soaking time, is measured from the time the coldest metal reaches the minimum
limit of the desired temperature range. The soaking time varies, depending upon the alloy and thickness, from 10 minutes
for thin sheets to approximately 12 hours for heavy forgings. For the heavy sections, the nominal soaking time is
approximately 1 hours for each inch of cross-sectional thickness (See Table 11.1).

The soaking time is chosen so that it will be the minimum necessity to develop the required physical properties. The
effect of an abbreviated soaking time is obvious. An excessive soaking period aggravates high-temperature oxidation.
With clad material, prolonged heating results in excessive diffusion of copper and other soluable constituents into the
protective cladding and may defeat the purpose of cladding.

Quenching

After the soluable constituents are in solid solution, the materials quenched to prevent or retard immediate re-
precipitation. Three distinct quenching methods are employed .The one to be used in any particular instance depends
upon the part, the alloy, and the properties desired.

Table 11.1 Typical Soaking Time for Heat Treatment

Thickness, in. Time Minutes
Upto .032
.032to 1/8
1/8to0 1/4
Over 1/4

588

Cold Water Quenching

Parts produced from sheet, extrusions, tubing, small forgings, and similar type material are generally quenchedin a cold
water bath. The temperature of the water before quenching should not eX¢eédsfficient quantity of water should

be used to keep the temperature rise under 20°F. such a drastic quench ensures maximum resistance to corrosion. This
is particularly important when working with such alloys as 2017, 2024, and 7075. This is the reason a drastic quench

is preferred, even though a slower quench may produce the required mechanical properties.

Hot Water Quenching

Large forgings and heavy sections can be quenched in hot or boiling water. This type of quench minimises distortion
and alleviates cracking which may be produced by the unequal temperatures obtained during the quench. The use of
a hot water quench is permitted with these parts because the temperature of the quench water does not critically affect
the resistance to corrosion of the forging alloys. In addition, the resistance to corrosion of heavy sections is not as
critical a factor as for thin sections.

Spray Quenching

High-velocity water sprays are useful for parts formed from clad sheet and for large sections of almost all alloys. This
type of quench also minimises distortion and alleviates quench cracking. However, many specifications forbid the use
of spray quenching for bare 2017 and 2024 sheet materials because of the effect on their resistance to corrosion.
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Lag Between Soaking and Quenching

The time interval between the removal of the material from the furnace and quenching is critical for some alloys and
should be held to a minimum. When solution heattreating 2017 or 2024 sheet material, the elapsed time must not exceed
10 seconds. The allowable time for heavy sections may be slightly greater.

Allowing the metal to cool slightly before quenching promotes re-precipitation from the solid solution. The precipitation
occurs along grain boundaries and in certain slip planes causing poorer formability. Inthe case 0of 2017, 2024, and 7075
alloys, their resistance to intergranular corrosion is adversely affected.

Re- heat Treatment
The treatment of material which has been previously heat treated is considered a re- heat treatment. The unclad heat-
treatable alloys can be solution heat treated repeatedly without harmful effects.

The number of solution heat treatment allowed for clad sheet is limited due to increased diffusion of core and cladding
with each re- heating. Existing specifications allow one to three re- heat treatments of clad sheet depending upon
cladding thickness.

Straightening After Solution Heat Treatment
Some warping occurs during solution heat treatment, producing kinks, buckles, waves, and twists. These imperfections
are generally removed by straightening and flattening operations.

Where the straightening operations produce an appreciable increase in the tensile and yield strengths and a slight
decrease in the percent of elongation, the material is designated -T3 temper. When the above values are not materially
affected, the material is designated-T4 temper.

PRECIPITATIONHEATTREATMENT

As previously stated, the aluminum alloys are in a comparatively soft state immediately after quenching from a solution
heat-treating temperature. To obtain their maximum strengths, they must be either naturally aged or precipitation
hardened.

During this hardening and strengthening operation, precipitation of the soluble constituents from the supersaturated
solid solution takes place. As precipitation progresses, the strength of the material increases, often by a series of peaks,
until amaximum is reached. Further aging (overaging) causes the strength to steadily decline untill a some what stable
condition is obtained. The submicroscopic particles that are precipitated provide the keys or locks within the grain
structure and between the grains to resist internal slippage and distortion when a load of any type is applied. In this
manner, the strength and hardness of the alloy are increased.

Precipitation hardening produces a great increase in the strength and hardness of the material with corresponding
decreases in the ductile properties. The process used to obtain the desired increase in strength is therefore known as
aging., or precipitation hardening.

The strengthening of the heat-treatable alloys by aging is not due merely to the presence of a precipitate. The strength
is due to both the uniform distribution of a finely dispersed submicro-scopic precipitate and its effects upon the crystal
structure of the alloy.

The aging practices used depend upon many properties other than strength. As a rule, the artificially aged alloys are
slightly overaged to increase their resistance to corrosion. This is especially true with the artificially aged high copper-
content alloys that are susceptible to intergranular corrosion when inadequately aged.

The heat-treatable aluminum alloys are sub- divided into two classes, those that obtain their full strength at room
temperature and those that require artificial aging.

The alloys that obtain their full strength after 4 or 5 days at room temperature are known as natural aging alloys.
Precipitation from the supersaturated solid solution starts soon after quenching, with 90 percent of the maximum
strength generally being obtained in 24 hours. Alloys 2017 and 2024 are natural aging alloys.

The alloys that require precipitation thermal treatment to develop their full strength are artificially aged alloys. However,
these alloys also age a limited amount at room temperature, the rate and extent of the strengthening depending upon
the alloys.
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Solution heat-treatment Precipitation heat-treatment

Alloy Temp.oF Quench Temperdesig| €mp°F, Time of aging | Temper design.
2017 930-950 Cold water T4 T
2117 930-950 Cold water T4 T
2024 910-930 Cold water T4 T
6053 960-980 Wter T4 445445 1-2 hr 15

or

345-355 8 hr T6
6061 960-980 Wter T4 318325 18 hr T6

or

345-355 8 hr T6
7075 870 Vdter 250 24 hr T6

Fig. 11.3, Condition for heat treatment of aluminum alloys.

Many of the artificially aged alloys reach their maximum natural or room temperature aging strengths after a few days.
These can be stocked for fabrication in the -T4 or -T3 temper. High-zinc-content alloys such as 7075 continue to age
appreciably over along period of time, their mechanical property changes being sufficient to reduce their formability.

The advantage of -W temper formability can be utilised, however, in the same manner as with natural aging alloys; that
is, by fabricating shortly after solution heat treatment, or retaining formability by the use of refrigeration.

Refrigeration retards the rate of natural aging. AF32he beginning of the aging process is delayed for several hours,
while dry ice(-50F. to - 100F.) retards aging for an extended period of time.

Precipitation Practices.

The temperature used for precipitation hardening depend upon the alloy and the properties desired, rangifig from 250
to 378F. They should be controlled within a very narrow range (plus or mif s Bbtain best results. (See figure
11.3).

The time at temperature is dependent upon the temperature used, the properties desired, and the alloy. It ranges from
8 to 96 hours. Increasing the aging temperature decreases the soaking period necessary for proper aging. However,
a closer control of both time and temperature is necessary when using the higher temperatures.

After receiving the thermal precipitation treatment, the material should be air cooled to room temperature. Water
qguenching, while not necessary, produces no ill effects. Furnace cooling has a tendency to produce overaging.

ANNEALING OF ALUMINUMALLOYS

The annealing procedure for aluminum alloys consists of heating to an elevated temperature, holding or soaking them
at this temperature for a length of time depending upon the mass of the metal , and then cooling in still air. Annealing
leaves the metal in the best condition for cold-working. However, when prolonged forming operations are involved,
the metal will take on a condition known as “mechanical hardness” and will resist further working. It may be necessary
to anneal a part several times during the forming process to avoid cracking. Aluminum alloys should not be used in
the annealed state for parts or fittings.

Clad parts should be heated as quickly and carefully as possible, since long exposure to heat tends to cause some of
the constituents of the core to diffuse into the cladding. This reduces the corrosion resistance of the cladding.

Heat Treatment Of Aluminum Alloy Rivets
Aluminum alloys rivets are furnished in the following compositions : alloys 1100, 5056, 2117, 2017, and 2024.

Alloy 1100 rivets are used in the “as fabricated” condition for riveting aluminum alloys sheets where a low-strength
rivet is suitable. Alloy 5056 rivets are used in the “as fabricated “ condition for riveting magnesium alloys steels.

Alloy 2117 rivets have moderately high strength and are suitable for riveting aluminum alloy sheets. These rivets receive
only one heattreatment, which is performed by the manufacturer, and are anodized after being heat treated. They require
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no further heat treatment before they are used .Alloy 2117 rivets retain their characteristics indefinitely after heat
treatment and can be driven anytime. Rivets made of this alloy are the most widely used in aircraft construction.

Alloy 2017 and 2024 rivets are high-strength rivets suitable for use with aluminum alloy structures. They are purchased
from the manufacturer in the heat-treated condition. Since the aging characteristics of these alloys atroom temperatures
are such that the rivets are unfit for driving, they must be reheat treated just before they are to be uskaly A

2017 rivets become too hard for driving in approximately 1 hours after quenching. Alloy2024 rivets become hardened
in 10 minutes after quenching. Both of these alloys may be re-heat treated as often as required; however, they must
be anodized before the first re-heat treatment to prevent intergranular oxidation of the material. If these rivets are stored
in arefrigerator at a temperature lower that3inmediately after quenching, they will remain soft enough to be usable

for several days.

Rivets requiring heat treatment are heated either in tubular containers in a salt bath, or in small screen-wire baskets in
an air furnace. The heat treatment of alloy 2017 rivets consists of subjecting the rivets to a temperature béRveen 930

to 950F for approximately 30 minutes, and immediately quenching in cold water. These rivets reach maximum strength

in about 9 days after being driven. Alloy 2024 rivets should be heated to a temperatufe tuf 930F and immediately

guenched in cold water. These rivets develop a greater shear strength than 2017 rivets and are used in locations where
extra strength is required. Alloy 2024 rivets develop their maximum shear strength in 1 days after being driven.

The 2017 rivet should be driven within approximately 1 hour and the 2024 rivet within 10 to 20 minutes after heat treating
or removal from refrigeration. If not used within these times, the rivets should be re-heat treated before being refrigerated.

HEAT TREATMENT OF MAGNESIUMALLOYS
Magnesium alloy castings respond readily to heat treatment, and about 95 percent of the magnesium used in aircraft
construction is in the cast form.

The heat treatment of magnesium alloy castings is similar to the heat treatment of aluminum alloys in that there are two
types of heat treatment :(1) Solution heat treatment and (2) precipitation (aging) heat treatment. Magnesium, however,
develops a negligible change in its properties when allowed to age naturally at room temperatures.

Solution Heat Treatment

Magnesium alloy castings are solution heat treated to improve tensile strength, ductility, and shock, resistance. This
heat-treatment condition is indicated by using the symbol-T4 following the alloy designation. Solution heat treatment
plus artificial aging is designated -T6. Artificial aging is necessary to develop the full properties of the metal.

Solution heat-treatment temperatures for magnesium alloy castings range ftBio 780F, the exact range depending

upon the type of alloy. The temperature range for each type of alloy is listed in Specification MIL-H-6857. The upper
limit of each range listed in the specification is the maximum temperature to which the alloy may be heated without danger
of melting the metal.

The soaking time ranges from 10 to 18 hours, the exact time depending upon the type of alloy as well as the thickness
of the part. Soaking periods longer than 18 hours may be necessary for castings over 2 inches in thickness. Magnesium
alloys musiheverbe heated in a salt bath as this may result in an explosion.

A serious potential fire hazard exists in the heat treatment of magnesium alloys. If through over-sight or malfunctioning
of equipment, the maximum temperatures are exceeded, the casting may ignite and burn freely. For this reason, the
furnace used should be equipped with a safety cutoff that will turn off the power to the heating elements and blowers
if the regular control equipment malfunctions or fails.

Some magnesium alloys require a protective atmosphere of sulphur dioxide gas during solution heat treatment. This
aids in preventing the start of a fire even if the temperature limits are slightly exceeded.

Air-quenching is used after solution heat treatment of magnesium alloys since there appears to be no advantage in
liquid cooling.

Precipitation Heat Treatment

After solution treatment, magnesium alloys may be given an aging treatment to increase hardness and yield strength.
Generally, the aging treatments are used merely to relieve stress and stabilize the alloys in order to prevent dimensional
changes later, especially during or after machining. Both yield strength and hardness are improved some what by this
treatment at the expense of a slight amount of ductility. The corrosion resistance is also improved, making it closer to
the “as cast” alloy.
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Precipitation heat-treatment temperatures are considerably lower than solution heat-treatment temperature and range
from 328F. to 500F. Soaking time ranges from 4 to 18 hours.

HEATTREATMENT OF TITANIUM

Titanium is heat treated for the following purposes :

1 Relief of stresses set up during cold forming or machining.

2. Annealing after hot working or cold working, or to provide maximum ductility for subsequent cold working
3. Thermal hardening to improve strength.

Stress Relieving

Stress relieving is generally used to remove stress concentrations resulting from forming of titanium sheet. It is
performed at temperatures ranging from®5@ 1,000. The time attemperature varies from a few minutes for a very
thin sheetto an hour or more for heavier sections. A typical stress-relieving treatmeti @0 minutes, followed

by an air cool.

The discoloration or scale which forms on the surface of the metal during stress relieving is easily removed by pickling
in acid solutions. The recommended solution contains 10 to 20 percent nitric acid and 1 to 3 percent hydrofluoric acid.
The solution should be at room temperature or slightly above.

Full Annealing
The annealing of titanium alloys provides toughness, ductility at room temperature, dimensional and structural stability
at elevated temperatures, and improved machinability.

The full anneal is usually called for as preparation for further working. It is performed & ,@00,650F. the time

at temperature varies from 16 minutes to several hours, depending on the thickness of the material and the amount of
cold work to be performed. The usual treatment for the commonly used alloys i¥-1f80Q hours, followed by an

air cool. Afull anneal generally results in sufficient scale formation to require the use of caustic descaling, such as sodium
hydride salt bath.

Thermal Hardening

Unalloyed titanium cannot be heat treated, but the alloys commonly used in aircraft construction can be strengthened
by thermal treatment, usually at some sacrifice in ductility. For best results, a water quench frém fthi@@ed by
re-heating to 90W. for 8 hours is recommended.

ood



CHAPTER-12
IDENTIFICATION OF METALS

GENERAL

1

Owing to various grades of material in the same metallic group, metals are not designated by name, but are marked
to indicate clearly the specification with which they comply. Identification markings are usually made with metal
dies, but where such at procedure may harm the material, stenciling or painting with paint, enamel or ink is
employed. As such before metal is accepted into store, it should be marked to indicate the specification to which
it confirm.

STANDARD COLOUR SCHEME

2

The markings described above may not be easily observed, so an additional method, known as standard colour
scheme has been devised as the best practical means of attaining effectual identification. The colour scheme, as
a means of ready identification, is additional to the identification requirements stipulated in the respective
specifications. The use of two are more methods of identification is obviously inadmissible; Consequently, all
the metals concerned should bear the standard colour markings, whether or not they have previously borne
some other mark of identification. The appropriate identification colours for each specification are given by
manufacturer.

Difficulty in identification may be caused by colour markings becoming indistinct or oblituated by the effect of
handling or weather conditions; confusion may also be caused if the colours fade. To ensure that colour mark-
ings may be as permanent as possible, especially where material is stocked in the open the use of paint is
recommended. The most distinct colours are as follows :-

Blue, Brown Green, Orange, Red, Yellow and Violet. Should it be necessary to cut off material from a marked sheet,
tube, or rod, the cutting should be done in such a manner that the identification colours remain on the material.

METHODS OF APPLICATION

4.

@

(b)
©

Bars and Tubes
The stipulated colour or colours should be painted in the following manner at each end of every metal bar and
tube :--

For one colour 1 band 12 in. wide
For two colours 2 bands each 6 in wide.
For three colours 3 bands each 4 in wide.

Sheets and strips

Three methods of marking sheet and strip metals are used as follows :-

A band or bands of the required colour is painted diagonally across the corner bearing the identification stamp
marks. The width of the band or bands is as indicat for bars and tubes, and the painting should commence six
inches from the corner, measured at right angles to the length of the band. Sheets and strips less than one foot
wide are painted at one end in similar manner to bars and tubes.

A disc of colour is painted on each sheet or strip. For a single colour the disc is three inches in diameter, and
additional colour when required are applied in concentric rings 1% inches wide.

This method is suitable when a large humber of metal sheets or strips require to be marked. The sheets are
stacked and then slide end wise, so that 122" of the end of each sheet is exposed in addition to the whole surface
of the top sheet. Bands of paint of the widths, as indicated for bars and tubes, are then painted in one operation
on the sheets, resulting in an identification mark 1%z inches by 12 inches in size on each sheet. The paint is applied
to the face of the sheet which bears the identification stamp markings, and preferably adjacent to them.

Wire and Rods

In identification colours are painted in bends on the outside of each bundle of rods and on the outer turns or each
wire coil. The band or bands are at right angles to the wires or rods and are not less than 3™ wide, e.g. one band
3 inches wide, or three bands 1 inch wide. The paint marks extend at least half-way around the bundle or coil.

The colour markings on metals intended for use in aircraft construction are normally applied by the manufactur-
ers. Such materials are sometimes protected from corrosion by the application of lanoline resin protective.This
protective is red in colour and to avoid mistakes in identification, a %z in wide band of black paint is interposed
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between the identification colour markings and the red lanoline resin coating. The lanoline resin can be removed,
if necessary, by washing the metal surface with unleaded gasoline.

8. Practical Tests
The approximate identification of some of the more commonly known metals may be established by making the
following tests, but such tests, are unreliable and must not be employed when material to specification is required
for use.
FERROUS METALS-PRACTICALTESTS
Metal Note when | Behaviour Cooledinair | Quenched Appearance | Types of
droppedon | when fromred heat | inwater of fracture. spark thrown
anvail chipped. from red heat when held
against
grinding wheel
Grey cast No. ring. Chips break off  Files easily No Dark grey| Dull red,
iron from base metal| free carbon| apparent crystals of non-bursting
before bending.| makesdirty [ change uniform size
depost.
Wrought iron | Low pitch Very easily Soft, files No apparent  Very coargeBright yellow,
ring chipped. Easily. change and fibrous | non-bursting
Chippings bend
without breaking.
Low carbon |Medium Easily chipped. | Soft, files No apparen Bright silverBright yellow,
steel (mild steg]) pitch ring. Chippings bend easily. change. rather large few carbon
without breaking. crystals. bursts.
High carbon High pitch [ Usually harder| Can be fileg Hard and Pale grey| Bright yellow,
steel ring tochip than mild| but tougher cannot be eryfine all bursting
steel. Chippingg than mild filed crystals
bend without steel
breaking.
Tungsten ¥ry high Cannot be Hard and Hard and | Silky-blue-grey Red.
steel pitch ring chipped cannot be cannot be Very fine. Non-bursting
filed filed (follow the
wheel)
NON-FERROUS METALS-PRACTICALTESTS
Metal Identification tests
Aluminum Tinwhite in colour, light in weight, non-magnetic, soft, and bends easily.
Application of caustic soda turns metal white.
Alclad Differs from sheet aluminum by being springy and more resistant to bending; application of
caustic soda turns the surface of the sheet white and the edge black.
Duralumin Same properties as alclad except that the application of caustic soda turns surface black.
Magnesium Tin white in colour, very light, non-magnetic, easy to file and filings ignite in a flame; application
of copper sulphate causes effervescence and the affected parts turn black.
Solder Tinwhite in colour, very heavy and soft, non-magnetic, low melting point (ascertained by use of
hot soldering iron) : will mark white paper due to lead content and a cracking sound (isknown
as cry of tin) when bent indicates high tin content.
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Note: Alloy steel vary much in composition, but the following hints will be of use concerning their identification.
Austenitie steels are non-magnetic. Copper is not deposited on stainless steel when copper sulphate solution is

applied.
ooo



CHAPTER-13
MECHANICAL TESTING OF METALS

INTRODUCTION

A wide range of materials find use in engineering applications. This includes both, metals as well as non-metals.
However, in manufacturing practice metals and their alloys still have a wider application, althoughitis not at all possible
to altogetherignore the non-metallic group of materials. With the development of newer non-metallic materials, which
have overcome their inherent drawbacks to a considerable extent, there is a tough competition many a times between
these two groups while selecting the material for a component. If both are found to be equal in performanece
requirements it is the cost factor that decides as to which of the two should be selected.

The basic concern of an engineer while selecting the material for a particular component is to match the service
requirements of the component with the proporties of the material under consideration. As such, in order that an engineer
is capable of selecting a proper material for a specific application he should be fully conversant with the different
properties found in different materials, methods of determining these properties, procedures for testing them, their
limitations, etc. Also, itis well known that a larger part of manufacturing and fabrication activities involve the use of
soild materials, especially metals and their alloys. Our discussions in this chapter will, therefore, be in the context of
metals and metal alloys.

Further, as stated above, different materials possess different properties in varying degrees and, therefore, behave in
different ways under given conditions. These properties incheddanical properties,electrical properties, thermal
properties, chemical properties, magnetic properéiedphysical propertiegs design or manufacturing engineer

is basically intrested in knowing as to how a particular material will behave under applied loads, i.e., in knowing the
mechanical propertiesf the material under consideration. Our discussions in this chapter will, therefore, mainly
confine to the review of main mechanical properties of metals and their alloys, although a brief review of main mechanical
properties of metals and their alloys, although a brief review of other properties will also follow at the end of this chapter.

STRESS AND STRAIN

When a load is applied to a structure or a component its material may either deform or break. The ultimate result will
depend upon the amount of load applied, cross sectional area of the section under and the nature of the material. Natural
tendency of the material is to resist deformation. This resistance against the action of the applied load is offered by
theinternal forces, callatressesyhich are developed in the material when the external load is applied. Mathematically,
thestressis expressed as the force or load per unit area of cross-section of the component, i.e.,

S=—
where, S = stress, P = Load applied, and A = Area of cross section.
Strain represents the deformation caused per unit length of a body, i.e., the change in length per unit length of the

body.From this it follows that it is a ratio of change in length of a body to its original length. Since it is a ratio it has
no unit. however, it can by expressed in millimeter per metre or as a percentage. Mathematically, it is expressed thus:

A
e =— = longitudinal strain (or unit strain)
where, e = Strain
A L=Change in length
and, L = Original length of the body.

The strain caused in a body cardteral strainor shear strairaccording to the manner in which the load is applied
on to the body.

The stresses caused in a body and the corresponding strains developed are also named according to the nature of
loading a body. For example, if a body is subjected to pulls from either end it is under tension, i.e., the tendency of the
applied load is to elongate the body. The resulting stress in the body is, therefore, kiengil@astresand the
corresponding strain as tensile strain. Similarly, when a body is so loaded that the tendency of the load is to squeeze
it, i.e., to shorten it, the stress caused is termed as compressive stress and the coresponding strain as compresive strair
Inthe same way, ifabody is acted upon by two equal and opposite loads, acting upon its opposite surfaces, the tendency
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of the load will be to make a portion of the body slide over the other, i.e.. to shear the body along a common plane. Such
a loading will cause a shear stress and the corresponding strain will be known as shear strain.

Let it also be clear that the deformation in the material due to applied load is not necessarily along the length alone.
It can be in length, volume or both, which ultimately leads to a change in shape of the body. In order to generalise the
above definition of strain we can better say that engineering strain is the deformation per unit dimension. If this
deformation is along the length then it is called longitudinal strain, if in the volume then volumetric strain and when
in transverse direction the shear strain or transverse strain.

Hooke's Law

Named after its developer Robert Hooke, this law states that within the elastic limit, the stress is direcly propertional
to the strain, i.e., the ratio of stress to strain is a constant. This constant is known as Young's modulus of Elasticity
or Coefficient of Elasticity and is represented by the letter ‘E’. Mathematically expressing :

E= =constant

this constant of proportionality is different for different materials and also different types of stresses. In case of tensile
and compressive stresses it is known as Young'’s modulus of elasticity (E), in case of shear stresses and strains it is
known as Modulus of rigidity (G) and when volumetric stresses and strains are in play this consatnt is known as the
Bulk modulus (K). In general, this constant is known as the Modulus of material.

Poisson’s ratio

If a force is applied on a uniform body, say a bar or atest specimen, along its axis, the body is strained both iothe directi
of application of force as well as in a direction normal to it. The strain in the direction of application of force is called
longitudinal strain and that in the direction normal to it the laterial strain. The ratio between the lateral strain and
longitudinal strain is called Poisson’s ratio.lIts value is constant for a particular material but varies for differensmaterial
For each material it is an important elastic constant. For most of the materials commonly used in engineering practice
its value ranges between 0.3 to 0.6. Mathematically expressing :

Poisson’s ratio = = constant.

STRESS-STRAIN RELATIONSHIP

The relationship between stress and strain can be best under stood with the Baigsststrain curve. Thisurve

can be easily drawn by plotting a graph between the different values of stresses and corresponding strains, obtained
during the tensile test of a material specimen, stress values being taken along the ordinate and the corresponding strain
values along the abscissa.

EAXIMUM LOAD
ELASTIC LINIT [ULTIMATE STRESS)

LIFPER WIELD
POHIMNT

FRACTURE
(BREAKING FOINT)

LOWER YIELR
POANT

ELASTIC FROPORTIONAL
ZOHE LI

BTREES ———P

ETRAN ————f

Fig. 13.1, An engineering stress-strain curve for a ductile material.

Inorder to make it quite clear let us take the example of tensile test performed on a specimen made from a ductile material,
say low carbon steel (mild steel). Fig.13.1. represents the curve plotted from the data obtained during such a test. When
engineering stresses of different magnitudes are applied to the test specimen they cause corresponding changes in
the length of the specimen. Both these readings, i.e., the magnitudes of the applied stresses and the corresponding
changes in length, recorded on strain measuring devices, are noted down. By dividing the latter data by the original
length of the specimen different valuegnfineering straing;orresponding to different values of appleedjineering
stressesare calculated and recorded. A graph is then plotted between the different values of applied loads (stresses)
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and the corresponding values of resulting strains. By joining these points a curve of the type shown in Fig.13.1 is
obtained

A close study of the curve reveals that the material elongates elastically in the beginning of the test, i.e., the strain
increases in direct proportion to the applied stress. Obviously, if the load is removed during this range the specimen
will automatically return to its original length, i.e., the material will perfectly obey the Hooke’s law. This state will
continue till the stress-strain values reach a specific common point calledrtiief proportionalityor simply
proportional limit If the material is loaded beyond this stage it will not obey the Hooke’s law perfectly.

Beyond this point you will notice another point on the curve, called the elastic limit. This point corresponds to the
maximum stress value upto falling between the ‘zero’ stress value and the elastic limit is ketagti@segion In

some materials the proportional limit and elastic limit are almost identical, but in most of the materials the elastic limit
is slightly higher than the proportional limit.

If the material is loaded beyond the elastic limit the applied stresses cause plastic deformation, i.e. the material fails to
return to its original shape and size or we can say that it retains its elongation permanently even after the loads are
removed. Also, beyond the elastic limit the increase in strain does not bear the same direct proportionally with the
corresponding stress. In fact, beyond the elastic limit, the strain is found to increase more rapidly than the corresponding
stress. This process continuesttill a pointis reached where it is noticed that the strain increases even without any further
increase in the stress. At this point the material is found to stretch suddenly. This point is kg @sEnt.In

case of the material under consideration there are two distinct yield point, callggbérgield poinnd thdower

yield point Theupper yield pointorresponds to the maximum stress preceding the extensive stréinyengield

point following this strain.

With further straining of material into the plastic rangédgl-bearing abilityincreases. In other words iteminal
stresswhich is the ratio of applied load to original cross- sectional area of the specimen, increases. The reason for this
increase isvork hardening. The load bearing ability of the material is said to be equal to the product of its strength

and cross-sectional area. Because the cross-sectional area of the specimen decreases during its tensile stretching it:
strength increases, and so its load-bearing ability. During tensile testing a stage is arrived where the decrease in cross
sectional area with increased strain acquires a predominant position compared to the corresponding increase in
strength. At this stage the load bearing capacity of the material is at its peak and so is the vateasifitiséress.

This represents the value of the stress at maximum load. It can be found out by dividing the load at that point by the
original cross-sectional area of the specimen and is knoultiragite tensile stress simplyultimate stressyhich
corresponds to theltimate tensile strengtbf the material.

At this point a typical phenomenon works in that the strain continues to increase slowly without any increase in the
load, i.e., stress. This phenomenon of slow increase in strain with time without any further increase in stress is called
creep.The cross sectional area of the specimen is the weaker point of the test bar at this stage, which continues to
become weaker and weaker as the slow extension continues, and further deformation becomes localized around this
weakest point andreeckis formed there. The entire further deformation takes place within the neck. Further straining

of the material is surprisingly accompanied by a reduction in applied stress and that is why the stress-strain curve falls
beyond the point of ultimate stress. If straining is continued further the test specimen finally fractures (breaks) at a point
where its cross sectional area is minimum. The strength at this point is knowrfrastine strengttor breaking
strength.In ductile materials the fracture strength is less than the ultimate tensile strength and final fracture is always
preceeded by necking. In brittle materials, however, the stress-strain curve is terminated before necking can start and,
therefore, fracture takes place without necking.

ENGINEERING AND TRUE STRESSAND STRAIN

We have seen in the previous article that when a tensile test specimen loaded it elongates and its cross-sectional area
reduces. This reduction, however, is not uniform through the length of the specimen but is confined to a relatively
smaller portion somewhere near the middle of the length. It is also seen that the change in cross-sectional area is
negligible within the elastic zone, but appreciable beyond the elastic limit. Another notable feature of the test is that
one portion of the specimen starts deformation more rapidly than the rest as the test progresses.

The obvious question, therefore, is as to which area should be considered for computing the stress for a known load,
i.e., weather it should be the original area of the specimen to the actual area at the instant when the stress is being
calculated. Both these options are used. When the original area is considered for this purpose the stress obtained is
known asengineering stresar nominal stres@nd when the actual area is considered the computed stress is called
thetrue stressMathematically expressing :

Engineering stress=———=—
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True stress = =

- : . . 4
Similarly, Engineering strain=—"—"—"———=—
But, as stated above, after the start of necking one portion of the specimen deforms more rapidly than the rest, i.e., the
elongation in this portion will be more than the rest of the specimen. It, therefore, follows that the strain will not be
homogeneous and, as such, itis notlogical to consider the entire length of the specimen for findingaestthia

The strain can be calculated from the following relationship :

A
True stain = [—

Or, interms of area,

True strain =

PRINCIPALMECHANICAL PROPERTIES

Those characteristics of the materials which describe their behaviour under external loads are kremlargsal
propertiesof materials. Since all the engineering components, articles, tools and machinery, structures, etc.,
manufactured and fabricated through various processes are likely to be subjected to external loading in some way or
the other at some stage, specially during use, it is essential that the design and manufacturing engineers possess a
sound knowledge of the mechanical properties of materials in order to design and manufacture sound articles,
components and structures to avoid failures during use. It is only with the sound knowledge of these properties that
the selection of a proper material for a particular part will be possible.

These properties largely depend upon the structure of the material and the various factors contributing to this structure,
such as grain size, type of bonding, presence and nature of imperfections , grain boundaries, etc,. as explained in the
last chapter. A brief review of these properties will follow in this chapter.

STRENGTH

It can be described as the measure of ability of a material to withstand external forces. In other words, we can say that
itis resistance offered by a material when subjected to external loading. Higher the strength the higher is the resistance
offered by the material to deformation and, therefore, higher is the amount of the external load it can withstand without
failure.

Depending upon the type of load applied the strength ctenkée, compressive, shear or torsionglhe various

strengths shown by a material during a tensile test are shown on the curve in Fig.13.1 and describe earlier. The stress
in the material at the elastic limitis knowield strengttand the maximum stress before the fracture is caltedate

strength When intension, the ultimate strength of the material represtmtadity Analogues strengths for a material

in compression, shear and torsion can also be determined through respective tests.

ELASTICITY

Itis atype of tensile property of a material due to which it resists permanent deformation under applied loads, i.e., the
property which enables the material to spring back to its original size and shape as soon as the external loads are removed.
It has already been discussed in sufficient detail under stress and strain. Also, several related terms like yield point,
proportional limit, elastic zone, etc. have been fully explained.

STIFFNESS

Itis also known adgidity. It is that property of a material due to which it is capable of residéfigctionor elastic
deformationunder applied loads. This is very important for those parts or components which are required to remain
perfectly aligned under externally applied loads. The degree of stiffness of a material is indicatgdungtsenodulus

if it obeys the Hooke’s law, ylodulus of elasticity, in case of tensile and compressive stresses, modulus of rigidity
in case of shear stresses and Bulk modinsise of volumetric deformation.
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PLASTICITY

It is the property of a material due to which it can undergo permanent deformation without failure or rupture. This
property is widely used in several mechanical processes like forming, shaping, extruding, rolling, etc. Due to this
property various metals can be transformed into different products of required shapes and sizes. This conversion into
desired shapes and sizes is effected either by the application of pressure, heat or both. In general, it is found that
plasticity increases with increase in temperature.

MALLEABILITY ANDDUCTILITY

Both malleabilityandductility in a material are due to plasticity. It should be clearly understood that while plasticity

is the controlling propertyalleabilityandductility indicate the ability of the material to undergo specific mechanical
working processes without rupture. Some other terms used in the same sense, i.e., to indicate the response of the material
to specific mechanical processes fmgnability and workability

Coming specifically to the above two main termmlleabilitycan be defined as the ability of a material for being
flattened into sheets without cracking through cold or hot workingtility of a material relates to its ability to be drawn

into wires without rupture and without losing much strength. Some common ductile metals are lead, tin, silver, aluminum,
coppetr, iron, steel, etc.

Allthe metals are not necessary both ductile and malleable . For example, lead can be easily shaped into sheets by rolling
or hammering but cannot be drawn into wires, i.e., whilentalleableit is notductile It is generally reckoned that

while ductility is atensile characteristics malleability is a compressive characteDsiitisity of a material is usually

indicated bythe percentage elongation prior to necking or the percentage reduction in area in the necked region
during the tensile test of the material.

BRITTLENESS

A material is said to be brittle if it fails with little or no ductility. Thus, it can be considered as the opposite afductili

But, a brittle material should not be considered as lacking in strength. It only shows the lack of plasticity. To elaborate
it further let us consider the example of cast iron, which is a brittle but sufficiently strong material. It is found to break
suddenly as soon as its stress strain curve begins deviating from a straight line.

TOUGHNESS

Itis the property on account of which a material is able to withstand bending or torsion without fracture and is equal

to the work per unit volume needed to fracture the material. In other words we can say that it indicates the amount of
energy adsorbed by the material before its actual failure or fracture occurs. One method of determining toughness of
amaterial is to conduct tensile test on its specimen and construct a stress-strain diagram from the data obtained through
the test. The total area under the stress-strain curve will represent the energy (work) required per unit volume to fracture
the material. However, in order to get correct values the variation in temperature and rate of application of load during
testing should be taken into account because they can appreciably change the nature of the stress-strain curve and,
therefore, the toughness value of the material. The work or energy absorbed by the material is usually expressed as
modulud of toughness

To understand it more clearly let us compare two different materials, one brittle (say glass) and the other tough (say
wroughtiron). If sudden load is applied to two pieces, one each of the above materials, the glass piece breaks suddenly
while the wroughtiron piece will absorb a substantial amount of energy before failing. Accordingly, therefore, wrought
iron is supposed to be much tougher than glass. Since this property enables a metal to withstand both elastic and plastic
deformations it is of very great significance for design and manufacturing engineers who have to design and
manufacture a large number of parts and structures which are supposed to bear shock loads and vibrations during use.
It's, therefore, amply clear thatitis commonly associated with shock or impact loading and, hemeactstrength

RESILIENCE

Itis the measure of the capacity of a material to absorb energy within the elastic limit. When a material is externally loaded
within elastic limit it absorbstrain energylt is a potential energy and it is released when the applied load is removed.
The amount of energy that a unit volume of material can absorb within the elastic range (Fig.13.1.) islasiiemes

The maximum amount of energy that can be stored in a material (body) upto the elastic limitjscaflextilience.

The amount of proof resilience per unit volume of the material is knomodslus of resilienc@ his property indicates

the capacity of a material to withstand shock loads and vibrations.

HARDNESS

This property is quite closely related to the strength of a material. Although it is a basic and very important property

of materials no precise definition of this property has yet been established. However, a common way to defining this
property is in terms of the capacity or ability of a material to resist permanent indentation, such on scratching, wear,
penetration, abrasion, cutting, etc. Several types of tests are used to determine the hardness of materials. Of these, the
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most commonly used tests dnenell, rockwell andVickershardness tests. These tests will be described in detail
later on in this chapter.. These tests give numbers which are indicative of the relative hardnesses of the material under
test.

A particular term which often used in the descripition of this property, specially in the context of stgdersability

It is indicative of the degree of hardness that the metal can acquire through the hardening process, i.e., heating and
guenching. Not only the degree but even distribution of the induced hardness in the metal is determined. The more
uniformly the induced hardness is distributed throughout the structure of the metal the higher will be the hardenability
of the metal concerned.

IMPACTSTRENGTH

This property encompasses both toughness and strength of a material. In short, it can be defined as the resistance of
the material to fracture undempact loading, i.e under quickly applied dynamic loads. Two standard tests are normally

used to determine this property (1) Thedimpact test and (2) THehirpytest. Details of these tests will be described

later in this chapter.

FATIGUE

This property of a material decides its behaviour under a particular type of loading, in which a much smaller load than
the one required for material failure in a single application is repeatedly applied innumerous times. Thus, the material
is subjected to repetitive cycles, in very large number, of fluctuating stress. Under such conditions the material fails
at a much lower stress than the one required for its failure fracture under a single application of steady loads. This
phenomena of material failure, under the conditions described above, is knéatig@aes The stress at which the
material fails due to fatigue is knownfatigue strengthT he fatigue always shows a brittle fracture with no appreciable
deformation of the material at the fracture. It is also reckoned that in almost all metals there is a well defined value of
stress below which the material will not fail due to fatigue even if there is a repeated application of load in the above
manner. This value of stress , which is much below the normal yield stress, is knowiatgukdimitorendurance

limit of the material.

The phenomenon of fatigue failure is very important from the point of view of design and manufacture of various
components which are supposed to be subjected to repeated or cycle loading continuously. Some examples of such
components are rotating machine parts, motor shafts, gears, components of high speed turbines and aero engines,
aircraftwings, etc. The factors which generally govern the fatigue strength of a material are its chemical compositions,
extent of cold working and grain size.

CREEP

The property of material due to which itis progressively deformed at a slow rate with time at a constant stress is called
creep A large number of components in different engineering applications such as pressure vessels in high temperature
chemical processes, aircraft, steam and gas turbines, power plants, furnaces, etc. , are subjected to constant stresses
for long periods. Under such conditions the material undergoes slow deformation over a long period of time, rendering

it unserviciable. If this deformation is allowed to continue even after that it may result in total failure of the structure.

It is due tocreep

Most metals show creep at elevated temperatures. Creep in materials occurs in three stages, fkiroary as
secondary and tertiary. Creep strenggithe term used to denote the stress for a definite rate of strain at a constant
temperature.

MACHINABILITY,FORMABILITY ANDWELDABILITY

These three terms, instead of being truely the properties of materials, are actually indicative of the response of materials
to specific methods of metal processing. For example, the ease with which a material can be cut to provide it the desired
shape and size indicates its degree of machinability, which is expressed as a percentage. This percentage, called
machinability indexs determined by comparing the metal under considerationfreighcutting steedf which the
machinability rating is assumed to be 100 percent. However, this is not the only aspect that effects the suitability of

a material. Several other properties of the material are to be considered to decide upon its suitability because the type
of machining operation, required degree of surface finish, desired tool life, etc., call for specific properties inigthe mater

to be machined.

Similarly,formabilityindicates the response and suitability of the material for plastic deformation processes. Materials,
however, behave indifferent manner at different temperature and also respond differently to different deforming
processes. Some materials may exhibit very good formability at high temperaturte but show a very poor response if
deformed at room temperature. Some materials may readily flow when deformed at slow speed but they will break, as
if they are brittle materials, if higher deformation speeds are employed. So, while deciding théarveahility of a

material all these aspects should be taken into consideration.
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The termweldability of a material indicates its ability to respond to the welding process under given fabrication
conditions in order to enable successful fabrication of a well designed structure which, in turn, should successfully
render the intended service when put to use.

TESTINGOFMETALS
Many types of mechanical tests are conducted on metal specimens in order to ascertain their different mechanical
properties and, thus, their suitabilities for specific uses. The data obtained from theses tests is of direct use for the
design engineers in order to decide as to whether a particular material conforms to the required specifications or not.
This helps in the selection of a suitable material for a specific use and also its soundness. All the test procedures have
been standardised. The prominent Indian institutions involved in standardising the test procedures, developing
standard specifications for materials and standard definitions of the related term8are#ueof Indian Standards
(formerly1.S.1.), National Physical Laboratory (NPiand theNational Test House (NTHAIl the mechanical tests
can be grouped into two main categories :
1. Destructive tests.

Which include tensile test, compression test, hardness tests, impact test, fatigue test, creep test, etc.

2. Non-destructive tests.
Which include visual examination, radiographic test, ultrasonic test, penetrating-liquid test, magnetic particle
or magnetic dust test, etc.

These test procedures will now be described in detail in the following articles.

THETENSILETEST

Itis avery commonly used test, performed to determine different tensile properties, viz., ultimate tensile strength, yield
strength., elastic limit, proportional limit, breaking strength, % elongation, % reduction in area, modulus of elasticity,
etc. This test can be performed either on an exclusihale testing machin@ on aUniversal testing machindhe

latter type of machine is more commonly preferred because, bending test, etc., can also be performed on this machine
whereas the former type is a single purpose machine. TheseEttaysonic Universal Testing Machinegth
microprocessorare also available in the country. These machines carry high loading efficiency of the ardéfoof

and incorporate digital readouts, effective safety devices, simple controls, a plotter or printer to draw the graph as the

ot Eéﬁﬂéfﬁﬂﬂé"ﬁnﬁéhﬂm"m ~+~ +~~~thar with the usual features of the conventional type machines. All these
. SHOULDER ™ chuOULDERS ories and attachments to enable counductanceof different tests on the same
LENGTH GAUGE
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Fig.13.2 Main parameters of tensile test specimen with plain ends

Described below is the procedure for performargsile tesbn mild steel test specimen. The test specimen is made into

the shape of a stepped circular bar by machining, or else it may be flat. When circular, it may carry either plain ends
(shoulders) orthreaded ends. Atest specimen with plain endsis shown in Fig.13.2 with all the essential feature indicated
on it.

0

a0 ik 30 k1
| I y i
¥ b = ke emmleermminien 11, f 1 Y-
!1 i [ 2] = .‘-! R 25
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All dimensions are in mm

Fig.13.3. Dimensions of test bars (machined) for tensile tests
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An important point to be borne in mind here is that the shape and size of the test specimen do influence the values of
the mechanical properties determined through the test. It is, therefore, necessary to use a standard specimen instead
of using an arbitrarily shaped and dimensioned test piece. For this purpose many standards are in use, viz., ASTM in
U.S.A.,BS:18:1962in U.K.,and so on. Bureau of Indian Standards (1.S.I), New Delhi, has also standardised (IS : 210
-1978) the essential dimensions of tensile test pieces, as shownin Fig.13.3. and such test pieces are highly recommended
for use in our country.

Fig.13.4. Schematic setup of a U.T.M., showing the test specimen gripped between the two cross heads.

For performing the test one end of the specimen is grippediipties cross-heagf the machine, which is a fixed head.

The other end of the specimen is gripped iretijeistable (moveable) cross-he@tis set-up is schematically shown

in Fig.13.4. Tensile load is gradually applied to the specimen by means of the loading unit of the machine. In all modern
machines &ydraulic driveis used to move the adjustable crosshead downwards to apply the desired tensile load on
the test piece. A separate load measuring unit incorporated in the machine shows the magnitude of the applied load.
A strain gaugeor anextensiometeis attached to the test piece to show the elongation. With increase in load there

is a corresponding increase in the length between the two extremities of the gauge length, i.e., there is elongation in
the length of test piece. It is, therefore, clear that elongation is obtained as a function of load.

Fig 13.5. Broken pieces of specimen joined together for final measurements.

As the load is increased further, a point is arrived after which the stress-strain proportionality is lost but elastic
elongation continues upto another point (elastic limit). Further loading of the test piece leads the material to another
specific pointyield point)from where plastic deformation starts. With further addition of load the point of maximum
stress(ltimate stressis reached. Here from the test piece starts developimgtkeg-urther deformation of the metal

is concentrated on this neck and its area goes on reducing till such time when the specimen breaks. The stress at this
piece is thébreaking stress

The two broken portions of the test piece are then joined together as shown in fig.13.5. and the distance between guage
marks and the smallest diameter in the neck found out. The different tensile
properties are then calculated from the following relations :

Elastic limit =

Yield strength =
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Ultimate tensile strength =

Young’s modulus of elasticityH) =

Percentage elongation™= x100

Percentage reduction in area = x 100

Breaking strength =

COMPRESSIONTEST

This testis not very commonly needed for testing metals, of course except some brittle metals like cast iron which can
not be subjected of tensile test for testing their strength. The common materials tested in compression include ceramics,
mortar, bricks, concrete, etc.

In respect of the direction of application of the axial load it is just reverse of the tensile test. In tensile test the applie
loads tend to pull the specimen apart while in compression test the applied loads tend to squeeze the test piece between
them. The test specimens are normally made as right circular cylinders or prisms with their end faces flat and parallel
to each other.

_ oo owen
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Fig.13.6. Setup for a compression test on a universal testing machine.

While the tensile test piece is held between the two crossheadarivessal testing machinie specimen for
compression test is held between the lower crosshead atabteprovided on the machine, as shown in Fig.13.6.

Two grip plates or compression platase provided with the machine for this purpose. One of these is attached to the
bottom of the lower crosshead and the other to the top surface of the table. After the specimen is correctly placed and
firmly gripped thestrainometer or compressometarstrain guage specially designed to measure compressive strain,

is attached to it. Thereafter , the procedure for conductingaimpression tess similar to that for conducting the

tensile test. Loads are applied at regular intervals and the strain produced is measured. With recorsiiedssata a
strain curveis drawn and various strength values calculated.

HARDNESSTESTING

As explained earlier the hardness of a metal surface is the direct outcome of the interatomic forces working on the metal
surface. Thisis nota basic property of a material but a relative one. However, the most significant aspect of this property
is that it appears to have a more or less constant relationship with the tensile strength of the material. Other favourable
features with this property are that its testing is simple, quick and of non-destructive nature.
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A large number of tests for evaluating hardness of materials have been developed on the basis of material resistance
to permanent indentation under static or dynamic loading, resistance to cutting, etc. However the most common
hardness tests are :

1 Brinell hardness test
2. Rockwell hardness test.
3. Vickers hardness test.

These three tests, together with a couple of others in briefs, will now be described in the following articles.

BRINELLHARDNESSTEST

Several different designs of Brinell hardness testing machines have been developed, ranging from conventional to those
havingelectronic digital readoutsThe simplest designs have a manual loading and unloading system while the
advanced designs carry a hydraulic power pack and control circuit for loading and unloading. Some carry only a dial
guage in front to read the ball penetration while the more sophisticated designs edectranic digital readout

on which not only the relevant test that are displayed but al®ritedl Hardness NumbeAll these machines carry

a number of accessories with them to facilitate easy and proper testing.

Well, whatever be the design, loading system, reading system and other features of the machine being used the basic
principal of this testis common to all. It involves making a prism type test block of the metal being tested, placing the
test sample on the table and raising the table to such a position that the top surface of the specimen will just touch the
ball. The ball under reference is a hardestedl bal{usually of 10 mm+ 0.01 mm diameter). Once that position is reached

the ballis pressed into the surface of the specimen by gradually applying the load either mechanically or hydraulically,
depending upon the type of machine being used. The load is maintained there for about 10 to 15 seconds and then
withdrawn. In the meanwhile the spherical ball has made an impression or indentation on the test piece. The diameter
ofthe impression made is measured an8thell Hardness Number (BHNyhich is indicative of the relative hardness

of the material being tested, calculated from the following relation (refer to Fig 13.7.) :

Fig 13.7. Important parameters of a Brinell hardness test.

BHN =

where, P =Applied load in kg.
D = Diameter of the spherical ballin mm
d = Diameter of the impression in mm.

The load applied varies from 500kg to 3000 kg according to the material being tested. The lower values of the load are
used in the testing of softer metals and alloys like brass while higher values are used for testing of harder materials like
steel, steel alloys and cast iron. The magnitude of the BHN is indicative of the relative hardness of the material. The

higher this number the harder the material.

ROCKWELLHARDNESSTEST

Itis avery widely used test because of its speed and also because it is free from personal exoksvdliheardness
is determined through an indentation made under a static load and in this since it is sBmifegltbardness test.
But, it differs from the latter in that it employes the use of much smatlenters (penetraterghd application of much
smaller loads than those used in Brinell hardness tespélfedrateican be in the shape of a small ball diamond
cone,known asbrale.

The testis carried out in two stages. First the indenter is set firmly against the specimen with the application of a small
enough (10 kg) load. This load is calledéhor load.This results in a very small penetration into the surface. A dial
indicator is provided on the front of the machine to show the applied load. After the initial small penetration the indicator
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on the dial is brought to ‘zero’ reading and a heavier load is applied to the indenter in order to produce a deeper
indentation. This load is callemajor load.After the indetation is made the major load is removed. The dial then reads
‘zero’, implying that the minor load is still in application. The hardness test guage then indicaiekile#l hardness
numberwhich corresponds to the deptlpefmanent penetration malig the indenter due to the major load. Fig.13.8.
illustrates the principle dkockwell testingThe two positions of the indenter shown in dotted represent the positions
attained by the indenter after the applications of minor load and major load. The increment in the depth of indentation
(t) is a linear measurement and is used as the basis of deterRodkgell hardness number (R). Mathematically
:R=100-500
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Fig.13.8. Principle of Rockwell testing Fig 13.9. Details of square pyramid and indentation produced
during Vickers hardness test.

However, no such calculations are required to be made. The guage fitted on the machine is calibrated to give different
values of ‘R’ corresponding to different values of ‘t’, from where the hardness values can be directly read. Several scales
A,B,C,D etc. are provided and each of these scales suits a particular class of material. A chart is usually provided with
the machine with the help of which a suitable combination of major load and type of indenter can be selected to suit
amaterial carrying a particular degree of hardness. Out of the many scales available scales B and C are most commonly
used since they cover most of the commonly used metals as shown in the table 13.1 below :

TABLE 13.10, USE OF ROCKWELL SCALES
Scale Major load Indenter Suited for Rockwell testing of :

A 60 Brale Hard surfaces like those of case hardened
steel,cemented carbides, etc.

B 100 Ball Aluminum, copper, brass, malleable castiron
and grey cast iron

C 150 Brale Hardened steel, white cast iron, etc.

Other scales fror® onwards are meant for relatively softer and annealed material. Also, with the help of conversion
tables it is possible to convert Rockwell hardness number into Brinell hardness number.

VICKERSHARDNESSTEST

This test is similar to Brinell hardness test in the sense that here also an indentation is made in the surface of the test
specimen by pressing an indenter point at static load into it. The method of determining the hardness number also
is same i.e., through the relationship between the load applied and the surface area of the penetration made. But, there
is a marked difference between the indenters used and the smaller loads applied. INickeeofiardness test a
square-based diamond pyramihntaining 136° angle between opposite faces [ see Fig 13.9.(a)], indenter is used
instead of the ball type or core type indenter used in Brinell hardness test. The loads employed vary from 5 kg to 120

kg.

The procedure adopted for conducting the test is similar to that used for Brinell hardness test. The impression made
by the indenter on the surface of the specimen is as shown in Fig 13.9. (b). The magnitude of the load to be applied
depends upon the thickness and hardness of the material. The main advantage of this method over Brinell method lies
in the shape of the indenter used which assures a higher accuracy. It is because the diagonals of a square can be
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measured more accurately than the diameter of a circle. Therefore, the results obtained are more accurate. Another
advantages of this method is that plastic deformation is caused even by lighter loads. After indenting, the measurements
can be taken and thMéckers hardness number (VHN) or Diamond pyramid hardness number (@R calculated

from the following relationship :

VHN =DPN =
0
= e =
or = 1.8544
where, P = Applied load in kg
d = Average diagonal length in mm

0 = Contained angle between opposite faces £ 136
In practice, however, théHN can be directly obtained from a standard table against the measured value of the length
of diagonal (d). The unitof both VHN and BHN is same, i.e., kgZrand the two hardness numbers are also practically
the same upto 400. At hardnesses above this the VHN is greater than BHN. This method is widely favoured for
determining the hardnesses of very thin and hard metals and alloys.

MICROHARDNESSTESTING

Microhardness testre conducted when the requirement is to determine hardness over a very small area of the material.
The testing machine most commonly used in this process is knoWrkas testerThe spot where the test is to be
conducted is carefully selected under high magnification. A special type of indenter, caleddpandente(Fig

13.10) is used in the test. It is a diamond indenter ground to pyramid shape such that the two diagonals of its cross-
section are unequal, as shown in the Fig.13.10. The ratio of their lengths is approximately 1 : 7.

FRONT ¥WIEW

Fig.13.10.Diamond Knoop indenter used in Knoop hardness test

The load applied inthe test are of very small magnitudes ranging from 25 gram to 3600 grams. To obtain correctresults
itis necessary that the test specimen should possess a perfectly polished surface. For testing the hardness the indenter
is pressed into the surface of the specimen by applying a predetermined load. The hardness humberKoalbgd the
hardness numbeis then calculated by dividing the load by the projected area of the indentation. This testis also known
asKnoop hardness tesfter the name of the indenter used.

OTHERHARDNESSTESTS

Scratch test

It is a test which determines the ability of a material to resist scratching by other materials having different hardness
levels. The test involves filing of the material by different files possessing different known hardnesses and observe
which file is able to scratch it and which file fails to do so. This indicates the relative hardness level of the material.
Although crude, it is quite a useful method for common shop floor purpose.

A more accurate and quantitative method is to measure the hardMésh®scaleThis scale, devised by a German
Scientist Friedrich Mohs, carries 10 members (1to 10) each corresponding to the ability of a particular material for being
scratched. Diamond, the hardest material is given No. 10 and Talc No.1, which happens to be the softest material on
the scale. This, however, is not popularly used in engineering practice because of its failure to precisely quantify the
hardness of each material.
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Rebound test

It is also known asclereoscope test. Thesting equipment used in this test is knowshase-sclereoscopyn this

testa small diamond tipped hammer, normally weigning 1/120 oz, is dropped on to the surface of the material from a height
of 250mm. The hammer is enclosed in a glass tube which carries graduations. When the hammer falls on the surface
of the material from a height it rebounds and the height of this rebound is noted with the help of the graduations on
the glass tube. The relative hardness of the material is measured in terms of the height of the rebound.

IMPACTTESTS

Theimpact testgre performed to determine the resistance to fracture of a materiaimpdet loading, i.e.under

suddenly applied dynamic loads. Anpact test measures the fracture energy, the energy required to fracture a
standard notched specimen by animpactload. Itis measured in kg-m on a scale provided on the machine. The measured
energy is indicative of the relatitughnessf the material. The two most commonly performed impact tesizate
andCharpy.

For both these tests a standpethdulum typ&npact testing machine is used. This machine, along with all its parts

and controlis shown in Fig 13.11. Before conducting the tests, standard test specimens are prepared. The test specimen
is held in thespecimen suppomyovided on the column, and struck by a load, attached petidulum brakesuddenly

by releasing the pendulum from its stationary position. The striking load provides a heavy impact on the specimen and
breaks itin a single blow. The pendulum, after breaking the specimen, continue to swing in the same direction and the
ultimate height attained by it at the end of the swing is measured. With the help of this data the energy consumed in
breaking the specimen can be calculated. This can also be directly read on the scale provided on the machine. The pointer
on the machine scale, which also moves as the pendulum swings, at the end of the swing not only indicates the energy
consumed during the test but also shows the energy remaining unspent.
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Fig 13.11.A pendulum type Impact testing machine. Fig.13.12. Standard dimensions of an Izod impact

The test specimen used flaod impact testis held in the support in a cantilever position, as shown in Fig .13.13.
dimensions of the specimen are shown in Fig.13.12. For breaking the specimen during the test the swinging load strikes
it near its upper end as shown in the diagram

TheCharpy impact test is another very commonly used test. Its test specimen is similar to the one used in Izod test
butis shorter in length and the position of 'V’ notch is in centre. A charpy test specimen with its principal dimensions

is shown in Fig 13.14 for conducted the test the specimen is held in the supp®isiply supported bearithe

position of the V-notch is kept in such a way that the pensdulum hammer will strike the specimen on the face opposite
to the one which carries the notch (see Fig 13.15). The test is performed in the same way as lzod impact test, i.e., the
pendulum is locked at a proper height in starting position, the specimen is placed in supports in proper position and
pendulum is unlocked to swing and strike the specimen at its centre to break the specimen at its centre to break the
specimen. As usual, the pendulum swings to the other side after breaking the specimen and its final height at the end
of the swing is noted.

The principle of both the tests is shown mathematically in Fig 13.16 and the method of calculation of the energy
consumed in the fracture of the test specimen in either test is as follows :
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proper position for test. of Izod and charpy impact tests.
Initial energy of pendulum = Potential energy at helght
Weight = WH
= Kinetic energy for striking the specimen
Remaining energy after = Kinetic energy spent in carrying the fracture pendulum weight to a
fracture. vertical heighty after
= WH
0 Energy consumed = Initial energy - remaining energy after in fracture of specimen fracture
= WH-Wh
= W (H-h).
FATIGUETESTING

Components which have to withstand static loads can be easily designed on the basis of the yield strengths of the
materials of which these component are to be made. But there are situations in which a component has to withstand
cyclicloading, i.e., its fatigue properties includingfétegue strengtiorendurance limitwhich are used in the design

of such components.

Several different designs of fatigue testing machines are available. The criteria used for classifying these machines are
the type and method of application of load. Laboratory tests are usually carried out on a constant load machine. The
test specimen used looks like the one used in tensile testing. It is loaded in the machine with its both ends being
supported. It is loaded at two points just like a simple beam subjected to pure bending. When it is rotated each point
onits circumference will alternate between maximum tension and maximum compression in eachiretatieach
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rotation of the specimen the given point on its surface will once undeng@aiigum tensile streasnd themaximum
compression stres$his will continue to be repeated so long as the specimen will rotate.

Fig 13.17. Fatigue (S-N) curve for mild steel Fig.13.18. S-N curve for Aluminium

The number of cycles to be used, the number of rotations required to be made by the specimen, until fatigue failure
occurs, will depend upon the magnitude of the applied stress. Greater the magnitude of the applied stress smaller will
be the number of cycles required and vice versa. Depending upon the amount of stress several thousand cycles per
minutes may be required. A number of failure tests are conducted in a row using different loastsemsds) Vibg

of no. of cycles (Ngurve, calledSN curvejs drawn with stress values taken along the ordinate and logarithvns of

(No. of cycles used until failure) taken along the abscissa. The value of stress below which failure of material will not
occurs is known asndurance limit.

Figs. 13.17 and 13.18 above shows the fatigue curves drawn for two different metals- mild steel and aluminum. It will
be observed that ti&N curve for mild steel shows a distifetigue limitorendurance limitwhile that for a aluminum

does not. This characteristics is found common with most metals in two distinct categotiesS-N curves for most
ferrous metalsvill showdistinct endurance limivhile those for non-ferrous will not.

CREEPTEST

As already explained materials (specially metals ) under specificservice conditions are subjected to steady loads under
varying conditions of temperatpre and pressure for a very long period of time. In such situations, the material continues
to deform slowly until it loses its usefulness. With time, this deformation may grow to such alarming dimensions that

it may lead to fracture of the compepent without any increase in load. This phenomenon isreafed

oestake place a erature itis more pronounced at high temperatures and occurs
quires a high significance in"that rarggeep cruves obtained by drawing a plot
r percent strain) and time at constant temperature andieensteggsFor this, a

Ithough elongation in metal

constant load is applied to a fensile test specimen, maintaining a constant temperature, and the elongation in this

~ SPecimendetermined as a functiom of ime. 2 piot s then made from the data obtained and the curve drawn. A typical
creep curvelrawn from the data obtained frororaep tests shownin Fig. 13.19, which clearly indicates the different
stages of creep.
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Fig.13.19. A typical creep curve showing different stages of creep
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As soon as the load is applied there ign@tantaneous straioreated in the metal. Durimgimary creepstage work
hardening takes place due to deformation and the creep rate is found to be decreasingebBamitayy creeptage
the creep rate is steady and deformation takes place at almost constant rate.

The last stage aertiary creepstage is attained if the applied stress and temperature both are substantially high. This
results in an accelerated rate of creep and finally the metal fails.

In brief, it is commonly noticed that steels with coarse grains are more creep resistant than those with fine grains at
elevated temperatures. Itis also reckoned that addition of alloying elements like nickel, manganese, tungsten, vanadium,
chromium, molybdenum, etc. help in reducing the creep rate in steels.

Stress-rupture curves
These curves are of great significance for design engineers while designing components for high temperature
applications. These curves, callsttess-rupture curvesyre drawn with the help of the data obtained fetrass-
rupture testsThese tests are simply extensions of the creep tests, wherein a test specimen is subjected to a definite
applied load at a constant temperature until its failure. A number of such tests under different applied loads and different
temperatures are conducted and the rupture-time data collected is plotted to draw a raumbepofa single diagram.

ooao



CHAPTER: 14
MATERIAL'S CORROSION-ITS NATURE AND
CONTROL

INTRODUCTION

This chapter gives general guidance on the causes, appearance and prevention of corrosion which, if not detected in
its early stages, can have disastrous consequences. Information on corrosion theory isincluded where it has bearing
on the practical aspect of the inspection and maintenance of aircraft and the practical aspect of the inspection and
maintenance of aircraft and aircraft parts.

All metals are subject to chemical and electro-chemical attack which converts them into metallic compounds such as
oxides, hydroxides, carbonates, sulphates or other slats. Some metals resist attack better than others but the resistanc
of most metals may vary with such factors as physical environment, applied or internal stress, heat treatment state or
working temperature. Although many of the metals used in aircraft construction have reasonable resistance to
corrosion, itis essential thatall possible action is taken to preventits occurrence and to detect and remedy any corrosive
attack, even if it appears to be insignificant.

As corrosion may arise from many different causes and can affect all kind of metallic structures and components, itis
beyond the scope of this chapter to enumerate all the defects that may result fromit. Itis alsoimpracticable #® enumerat
every remedy as the treatment of each affected part must be determined by its nature and its function in the particular
aircraft. Guidance on the repair and re-protection of corroded parts should be obtained from the appropriate
Manufacturer's Publications, but whenever doubt exists the Manufacturer should be consulted.

TYPE OF CORROSION

Corrosion is largely an electro-chemical phenomenons and is liable to occur whenever a difference in potential exists
between two metals or a metal and substance in its vicinity in the presence of an electrolyte. It can also occur when
adifference in potential exists between separate regions of a single piece of metal or between the different constituents
of an alloy. The degree of which will be negligible; serious attack usually takes place only if moisture is present to
actas an electrolyte between the poles created by any differences in potential. Two changes converted into a metallic
compound, whilst the cathodic pole of the circuit may be reduced.

Direct Chemical Attack

When metals combine with atmospheric oxygen or are attacked by acids, the anodic and cathodic changes occur at
the same point. Impurities in the atmosphere can be responsible for this type of corrosion. Thus, aircraft operating
near the sea are affected by airborne salt particles, whilst the high sulphur content of industrial atmospheres has a
markedly deleterious effect on some exposed metallic surfaces. There is also the possibility of accidental contact with
harmful substances. Where this form of attack occurs, the attacked metal is converted into a chemical compound by
the corrosive agent, e.g. aluminium may be converted to a aluminium sulphate by battery acids.

NOTE
On aircraft used for crop spraying, special care must be given to the inspection of the structure owing to the corrosive
nature of some of the chemicals used.

Electro-chemical Attack

The close proximity of dissimilar metals in aircraft, aided by the presence of conductive media such as water, encourages
the establishment of circuits and results in the metal which is anodic to the other being attacked. In some cases, such
as when aluminium alloy and magnesium alloy are in contact, both metals may be corroded. Electro-chemical attack
will be encouraged by the existence of stray currents from electrical apparatus or electrostatically-charged bodies.

Evidence of Attack
Both types of corrosive attack start on the surface of the metal but can work their way into the core if undetected.
Evidence of corrosion will be indicated in the following manner.

@  Aluminium Alloy
Corrosion of the aluminium surface is usually indicated by whitish powdery deposits with dulling of the surface
on unpainted parts. The white powdery deposit also forms at discontinuities in protective coating and may
spread beneath paint causing blistering or flaking. As the corrosion attack advances, the surface will appear
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mottled or etched with pitting. Swelling or bulging of skins, pulled or popped rivets are often visual indications
of corrosion.

()  Alloyand Carbon Steels
Corrosion is indicated by red rust deposits and pitting of the affected surfaces.

(©) Corrosion Resistant Steels
Corrosion is indicated by black pits or a uniform reddish-brown surface.

FORTION OF CONTAMIMANTS
CLADDING IH GAP
CORRODED (ELECTROLYTE])
AWAY GhAP

(SACRIFICIAL) BETWEEM
INTERGRAMNULAR FASTEHNER
CORROSION AND
COUNTERSINK

FIZSSURES

¥ STEEL OR CADMIUM &
“WLATED FASTENERS

Fig. 14.1, Electrical Asepct of Corrosion
Terminology
The terminology used in describing corrosion is based on either the appearance of the corrosive attack or the mechanism
associated with its formation. Frequently, several types of corrosion will occur simultaneously and it becomes difficult
to determine the specific cause. The following types of corrosion are those most commonly experienced.

Surface Corrosion

This may take the form of a uniform etching of the surface, pitting or exfoliation of the surface grain boundaries. Light
alloys are usually blotched by white or grey powdery deposits, whilst ferrous materials other than stainless steels
become covered with reddish-brown rust, and a greenish powder forms on copper. Surface corrosion reduces the
amount of sound material remaining and so weakens the structure but, since there is usually an indication of its existence,
it is possible for it to be remedied by careful and systematic maintenance.

Note
In many instances the reduction in strength of a structure due to corrosion attack is out of all proportion to the reduction
in thickness of the metal.

Intergranular Corrosion

The detection of this type of corrosion is difficult as the surface evidence may only be visible through a magnifying
glass. Indications of the presence of corrosion can be obtained by anodising the part and examining for discoloration
(black spots). Considerable experience is required for correct recognition, and often a metallurgical microsection
examination will be necessary. The attack penetrates into the core of the material along the boundaries of the metal
grains. As the material at the boundaries is usually anodic to the grain centres, the corrosion products often become
concentrated at the boundaries, although sometimes the attack is transgranular and it is the material adjacent to the
boundary which is attacked. The rate of attack is not limited by the lack of oxygen butis accelerated if applied or residual
stress is present. Repeated tensile or fluctuating stresses encourage separation of the boundaries, so accelerating the
spread of intergranular corrosion and giving rise to corrosion fatigue. As a result higher stress concentrations occur
inthe remaining sound material, cracks spread and complete failure follows. Asthere is no effective method of limiting

or determining the loss of strength that occurs through this form of corrosion, material or parts showing any signs of

it must be rejected immediately.
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Pitting
Detected as a series of pits on the metal surface, usually in small, well defined local areas.

Filiform and Exfoliation (or Laminar) Corrosion

Filiform corrosion usually occurs under thin oil, grease or varnish films and is likely to be found on metal surfaces which
have a protective film of any sortif there is evidence of a lack of adhesion of the protective film, and appears like ‘worm-
casts’ on aluminium and magnesium alloys. Exfoliation appears as eruptions or flakiness on extruded alloys and can
be a serious problem, although it is a relatively less harmful form of intergranular attack.

Note
Intergranular corrosion may occur without stress in the presence of acid chloride solutions or urine, etc., and the latter
is often the cause of intergranular cracks which lead to component failure.

Galvanic

Galvanic corrosion is usually visible as pitting and is often referred to as dissimilar metal corrosion. However, itis not
limited to just dissimilar metal couples. Various types of concentration cells, where electron flow occurs between areas
or points of different electrical potential, are also examples of galvanic corrosion. Pitting results when in the presence
of a conducting solution, electron flow occurs between different metals or between different points or areas on a metal
surface exhibiting different electrical potential.

Microbial

Microbial (microbiological) corrosion occurs in integral fuel tanks and is caused by the presence of bacteria and fungus
in aviation kerosene. The fungus grows at the fuel \ water interface, and the metabolic products formed corrode the
metallic structure.

Stress Corrosion
This type of corrosion usually manifests itself as fine cracks. It occurs in alloys that are susceptible to cracking when
exposed to a corrosive environment while under a tensile stress.

CONDITIONS CAUSING CORROSION

Because of the stringent weight limitations of aircraft, structural parts and components cannot be designed so that they
are heavier than is dictated by the requirements of mechanical strength. Thus, any loss of strength through corrosion
damage is more critical than in other forms of transport. Aircraft parts should therefore be manufactured, protected
and assembled so that corrosion is unlikely to occur and, after entering service, every precaution should be taken to
preserve the original finish. Cleaning and inspection, and when necessary re-protection, are essential at frequent
intervals throughout the working lives of all components and parts.

Basic Factors of Material and Assembly
The following factors are important as a guide to the prevention of corrosion.

Selection of Materials

As material specification used in initial construction or for subsequent repair are chosen by the Manufacturer, who

should make resistance to corrosion a factor in selecting the appropriate specification, maintenance responsibility is
normally limited to ensuring that all instructions for handling, storage, heat treatment, assembly and protection are

correctly carried out and that a close watch is maintained for sign of incipient corrosion.

Dissimilar Metals

The contact of dissimilar metals, which occurs in many parts of aircraft structures and in most accessories and

components, is always likely to cause electro-chemical reaction, butin many instances such reaction can be prevented

by maintaining protective or insulating layers between the metal surfaces. It should be remembered that parts to the

same materials specification may have arelative difference in potential if their heat treatment states are compound, etc.,

as though they were dissimilar metals . Some examples of dissimilar metal contacts are quoted:

@ Steel bolts through aluminium alloy spares and structural members.

(b)  Steel brake components secured to magnesium alloy wheels.

(©) Parts made of brass, steel, tungsten, etc., such as clips or brackets, attached to aluminium alloy structural
members.

(d)  Aluminium alloy skin panels riveted to extruded stringers.

(e) Steel levers, shafts and gears housed in castings of light alloy.

HEATTREATMENT
Incorrect heat treatment may lower the corrosion resistance of the material treated, thus it is essential that all heat
treatment should be applied strictly in accordance with approved specifications. The corrosion resistance of high-
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strength aluminium alloys is affected by their cooling rate; if this is rapid their susceptibility to intergranular corrosion
is reduced, provided that locked-up quenching stresses are afterwards relieved.

NOTE

Heat is sometimes applied to structural parts for purposes other than the development of particular mechanical
properties of the metal, e.g. when metal to metal joints are bonded by thermo-setting synthetic resins under the
influence of heat and pressure. Since 'heat treatment' of this kind is not always covered by official specification, close
adherence to the aircraft Manufacturer's instructions is essential to ensure that the corrosion resistance and other
properties of the metal are not impaired.

Welding

Welded joints are sometimes subject to corrosion because the heated strip has been rendered anodic to the
surrounding metal but the danger can be greatly reduced by the exercise of skill and care. It should be remembered
that the fluxes used in welding are often corrosive and hence all residues from fluxes should be thoroughly cleaned
off immediately after welding. Some stainless steels are particularly susceptible to intergranular attack in the welded
region (weld decay), although the likelihood of this can be reduced if the part is annealed after welding or if the steel
contains stabilizing elements such as titanium or niobium . Inert gas welding processes which do notrequire flux are
sometimes used when the removal of flux would be difficult.

Fretting

This is a type of corrosion which can have serious consequences, as it reduces the fatigue strength of the structure;
it occurs when parts are bolted tightly together and yet slip slightly on one another during flexing or other movements
of aircraft parts. the heating caused by friction promotes oxidisation of steel parts and the oxide is then rubbed off to
form dust frequently described as “cocoa”. Fretting of aluminium alloys produces a black oxide. Structural assembly
bolts should be inspected to ensure that the protective treatment plating is intact and should be assembled within the
stipulated torque loading limits and in accordance with the Manufacturer’s instructions.

Stress

Metals under stress generally corrode more rapidly than unstressed metals. The influence of stress on the development
of intergranular corrosion is mentioned. Corrosion that is continuing on parts under repeated stress is very much mor
eharmful than corrosion for the same length of time without stress, and can lead to rapid failure of the part from fatigue.
In many cases, stress corrosion cracks have resulted from initial pits in the surface.

High Temperatures

Parts which become heated in service, such as brake drums, combustion chambers and exhaust pipes, tend to oxidise
more rapidly than unheated parts. This tendency is reduced if the parts are made from alloys containing nickel or
chromium, althought the corrosive effects of the sulphur present in exhaust gases may still do harm to heated engine
parts.

Electrical Equipment

Faults in the insulation of electrical equipment which lead to current leakage can cause the equipmentitself to corrode
or can encourage electro-chemical attack in the surrounding structure. Insulation should therefore be carefully tested
asoutlined. Sparking in confined spaces will produce nitric acid in the presence of moisture and this acid will then attack
the surrounding material.. Nitric acid attack can be prevented by ensuring that the vents of such equipment as magnetos
are kept clean so asto permit the escape of the oxides of nitrogen evolved. Certaininsulating materials give off vapours
which are corrosive, e.g. phenolic resin-bonded insulating materials give off vapours which corrode cadmium plate.

Factors Due to Environmentand Operation

Corrosion can arise from many circumstances, some of which are unavoidable but many of which can be anticipated
and controlled. When conditions that create corrosion are an inevitable accompaniment of storage or operation, the
only safeguard is adequate maintenance.

Damage to Protective Coatings

Metallic surfaces protected by chemical films, metal plating or organic coatings, may suffer severe attack if the protective
coat is physically damaged. Some protective coatings are susceptible to attack from certain types of lubricants, de-
icing fluids or hydraulic fluids, but this danger can be reduced by selecting protectives that are specially resistant for
the items that are likely to be in contact with these fluids. Scratches caused by careless handling and abrasion from
grit or water striking the aircraft at high speed can provide starting points for corrosion, but the seriousness of such
defects depends on the materials affected. Thus aluminium alloy sheet clad with pure aluminium is not much harmed
by minor scratches since the aluminium cladding provides ‘sacrificial protection’. Onthe other hand, chromium plated
steel will rust readily if the chromium is damaged.



L.N.V.M. Society Group of Institutes, Palam Extn., Part-1, Sec.-7, Dwarka, New Delhi - 45 163

Surface Defects

Corrosion may arise from particles of foreign matter, such as rolling-mill scale or emery particles, which are embedded

in the surface. Particular care is necessary after such operation as filing, grinding or abrasive grit blasting to ensure
that all particles are completely removed. A high polish is given to some components to enable them to resist attack,
and this resistance will be lowered if polished surfaces are roughened or scores.

Crevice Corrosion

Intense corrosion is often found where non-conducting materials, such as plastics, glass-wool or upholstery, are in
contact with metal. A similar effect may occur in inaccessible corners formed in metal parts. In such places, oxygen
is replenished less quickly than elsewhere with the result that the crevice is rendered anodic to the surface outside and
is therefore subject to electro-chemical attack. It follows that the contact of metals and non-conductors should be
treated like the contact of dissimilar metals, and that all enclosed regions in aircraft structures should be vented and
drained as adequately as possible. Ventilation also helps to prevent the accumulation of condensed moisture and
discourages the growth of moulds and bacteria which can also promote corrosion.

Marine Corrosion

The salt presentin sea water will attack many metals directly. Landplanes may be affected by airborne particles or spray
droplets, whilst amphibians require constant attention to keep them free from the salt deposited by evaporated spray.
If trapped in the aircraft structure, sea water will provide a particularly active electrolyte for electro-chemical action.
Hulls are sometimes damaged because of the voluminous character of the corrosion products precipitated in crevices;
as the material accumulates, plates may be bulged and rivets fractured. The inside of the chine members where the side
sheeting joins the planing bottom is particularly vulnerable to corrosion because of its moisture trapping shape.

Fuels, Oils and other Liquids

Although petroleum products contain sulphur compounds and organic acids, they do not usually corrode fuel tanks,
pipe-lines, etc., because of the resistant nature ofthe materials from which these items are made. The danger of corrosion
chiefly arises from the water content of oils and fuels; the water acts as an electrolyte to promote combination with
oxygen dissolved in the oil or fuel. This effectis most pronounced with leaded patrol, and light alloy tanks containing
such fuels should be protected with inhibitor cartridges. Careful inspection of the external surfaces as well as the internal
structure of the keel areas, particularly of pressurised aircraft, is necessary due to condensation and spillage from toilet
and galley installations. Battery acids, de-icing fluids, disinfectants, water methanol spillage and urine can also cause
extensive attack on structural parts and care should always be taken to wash off any of these fluids which may be spilt.
Integral fuel tanks should be designed to give good water collection and drainage. Water in aviation kerosene may cause
serious corrosion within the fuel system. It may be saline or brackish, which with other contaminants such asiron oxide,
micro-biological organisms, etc., may have very serious effects.

NOTE

All aviation fuels absorb moisture from the air and the amount of dissolved water contained varies with the temperature
of the fuel. When the temperature of the fuel decreases, some of the dissolved water comes out of solution and falls
tothe bottom of the tank. When the temperature of the fuel increases, water is drawn from the atmosphere to maintain
a saturation solution. Changes in temperature, therefore, result in a continuous accumulation of water.

THE CONTROL OF CORROSION
Details of corrosion control during design and production are outside the scope of this chapter:the following paragraphs
relate to care and maintenance under operating conditions.

Cleaning

It cannot be too strongly emphasized that frequent cleaning is essential for the prevention of corrosion. During take-
off and landing, aircraft are splashed with mud and water; during flight, engine oil and exhaust products are deposited
on parts of the structure, and at all times contamination by atmospheric dirt is likely to occur.

Metal-skinned structures should be washed down thoroughly using solutions, materials and equipment which are
recommended by the aircraft Manufacturer. Non-flammable de greasing cleaners for aluminium alloys are available in
powder or ; they should be applied with a bristle brush, care being taken to remove all dirt from odd corners, panel
edges, screw and rivet heads, etc. If deterioration of protective treatments or signs of corrosion are revealed by cleaning,
the affected parts should be treated. Cleaning preparations should be washed off with cold water after they have
loosened the dirt, and the parts should be dried thoroughly before restoring any protective treatments.

NOTE
There are certain proprietary cleaners which , although harmless to metals, are inclined to rot fabric and other textile
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materials. It follows that care should be taken to prevent them from wetting fabric or upholstery. Transparent plastics
can also be damaged by cleaning chemicals and should therefore be suitably protected.

At the intervals specified in the Approved Maintenance Schedule, marine aircraft should be beached and hosed down
with fresh water. The bilges should be drained and flushed through with fresh water at the same time. Care should
be taken that all deposits of salt and marine growths are removed from both the inside and outside of the aircraft and
that all damage to protective coatings is made good. All submerged parts of the hull and floats should then be sprayed
with liquid lanolin, pigmented lanolin or seaplane varnish, the spraying being continued to approximately 0.6 m (2ft)
above the water line.

Where battery or other acids have been spilled, the surrounding area should be rinsed with generous quantities of clean
water to dilute and remove the acid. The affected part should then be brushed with a dilute solution of sodium
bicarbonate for lead acid batteries, and diluted acetic acid for nickel cadmium batteries, to neutralize any remaining
electrolyte. Afterthis hasremained onthe surface for afew minutes, the area should again be washed with water, finally
wiped dry, and the protective treatments restored.

NOTE

In cases where spillage of acid or heavy concentrations of battery fumes (e.g. due to a runaway battery) have occurred
which are not contained within a known area, it may be necessary to dismantle parts of all the surrounding structure
to ensure the effective removal of all traces of electrolyte.

High octane fuels, which are doped with tetra-ethyl-lead and ethylene dibromide, produce lead bromide when burnt.
This is ejected in the exhaust gases and can do considerable harm if deposited on aluminium alloys. Such deposits
should be removed by using detergents or emulsifiable cleaners which will not softenthe underlying paint coat. Where
possible all apertures at wing root joints, etc., should be sealed to exclude exhaust gases from the inside of the structure,
but if the gases do penetrate, internal cleaning will also be necessary. If the deposits are so hardened that they will
not yield to normal cleaning, a paint stripper should be applied . Using a high pressure jet of water or rubbing with

a damp rag, the stripper and paint can then be removed together. Afterwards the cleaned area must be re-protected

NOTE

Paint strippers containing methylene dichloride or ethylene dichloride can seriously reduce the strength of resin-
bonded joints, and hence aircraft on which processes such as "Redux " bonding have been used should only be cleaned
with strippers which are recommended for the purpose by the aircraft Manufacturer. Information on acceptable
materials, if notin the appropriate Manual, is normally available in Service Bulletins published by the Manufacturer's
Service Department.

Although accumulation of oil and grease may notinthemselves be corrosive, they tend to retain dirt and metal particles,
to damage surface finishes and prevent inspection for cracks, etc. They should be removed from such parts as the
landing gear and engine nacelles by means of solvents or emulsifiable cleaners. The cleaning agents recommended
by the aircraft Manufacturer should always be used.

NOTE

It is important that the cleaning fluids specified by the manufacturers are used in the strength recommended and in
applications where their use has been specified. Cases have arisen where cleaning fluids in combination with kerosene
have had a deleterious effect on aircraft structures, the penetrating qualities of kerosene promoting seepage into skin
joints. Such cases are particularly troublesome and it becomes difficult to diagnose the cause of corrosion. Also,
unspecified cleaning fluids might contaminate or destroy jointing compounding, bonding adhesives or sealing
mediums.

Wrong methods of cleaning can do more harm than good. The following points should be noted:

a. Steel wool should not be used on aluminum alloy or magnesium alloy surfaces as particles may be lodged in
crevices or embedded on organic coating and so provide starting points for electro-chemical attack.
b. Aluminium-clad light alloy sheet should not normally be polished with mechanical buffing wheels, except under

a carefully controlled technique, as this will remove the coating of pure aluminium and the unprotected alloy core
will be subjected to corrosion.

C. Dirt and swarf should not be washed or brushed inside the structure where particles may be trapped behind
stringers, frames, etc. (Trapped water can do more damage than the dirt.) Interior cleaning should be done with
an efficient vacuum cleaner.

d. Pressure cleaning should be used with caution, particularly where bearings are in use. Steam cleaning should
only be used when specified, for it can penetrate joints and leave water residues.
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INSPECTION

Every precaution must be taken to ensure that all corrosion is detected in its early stages. Corrosion cannot always
be found by visual examination alone, and one of the methods of non-destructive examination such as radiological
examination may be of assistance. However, corrosion tends to blister paint and its presence can be suspected if the
paint flakes off when pressed.

NOTE
Because of the rapid improvements that have been made in radiological techniques, the latest information on this subject
should be sought from the aircraft Manufacturer.

Atthe time specified in the Approved Maintenance Schedule and whenever the aircraft has been subjected to especially
corrosive conditions, the inside and outside of the structure should be thoroughly examined . The upholstery and floor
coverings should be removed and all access panels should be opened to facilitate inspection. With a strong light, a
detailed examination should be made of the spars, ribs, frames, bulkheads, stringers, etc.. Particular attention should
be given to poorly vented regions and to places where dampness and condensation are apparent or suspected.
Strontium chromate inhibitor pellets are sometimes used in areas where water accumulates and the condition of such
inhibitors should be assessed. The satisfactory adhesion of sealant fillets and paint work should also be verified.
@ Special attention should be given to parts of the fuselage where condensation may tend to collect. Considerable
condensation will occur on the inner surfaces of pressure cabin structures. Water will run down the cabin wall
structure and this will tend to start corrosion in the lower parts of the structure.
(b)  Inspecter should give special attention to such areas and particularly to the faying surface between stringers
and skin, where moisture may remain trapped and promote corrosion. In some cases it may be necessary to
dismantle parts of the structure to ensure adequate inspection.

NOTE

On some types of aircraft operating under widely different conditions, recent investigations have revealed the presence
of serious corrosion which had remained undetected in parts of the structure. In some instances it has been shown
that normal methods of inspection and radiological examination were inadequate, and dismantling, particularly of
pressurised skin structures, was therefore necessary.

Where evidence of surface corrosion exists, the extent of pitting or exfoliation should be tested by probing with a fine
needle. Whenever possible, the strength of all suspect rivets should be tested by applying a moderate shear load to
the rivet head. The remedial action to be taken will depend on the depth and extent of the attack and the thickness
and function of the affected parts, but any areas where rivets fail must obviously be repaired in accordance with the
appropriate Repair Manual. Elsewhere , if the attack is not serious , the corrosion can be cleaned off and the part re-
protected, butany intergranular or widespread surface corrosion will also necessitate repair by renewal of the damaged
areas.

Assessment of the condition of parts subjected to high temperatures is not easy but, as a general rule, discoloration
and light scaling are normally acceptable (light scale sometimes protects the metal from further attack) whlist heavy
scale is an indication that the strength of the metal has been reduced. However the majority of exhaust systems fitted
to aero engines are manufactured form stainless steel or inconel and visual examination of these components is often
misleading. This is because those parts of the system which are subjected to the highest temperatures will, after
extensive periods in service, suffer form intergranular corrosion. If undetected this is obviously dangerous and may
constitute a fire hazard, but detection is possible by measurement of magnetic permeability . A rough check for this
condition can be made with a small horse- shoe magnet, the component under examination being rejected if the magnet
shows any tendency to adhere to it, but sensitive instruments which measure the relative magnetic permeability should
be used whenever possible. The guidance of the Manufacturer should be followed when assessing the condition of
particular exhaust systems.

It is a wise precaution to remove a sample number to key assembly bolts during major inspections, care being taken
to ensure that different bolts are removed at each inspection. Bolts securing engine mounting, wing and empennage
attachment bolts, and undercarriage assembly bolts should be examined for signs of fretting corrosion. The bolt holes
and surrounding material should be inspected for intergranular penetration and fatigue cracks.

NOTE
This should only be done by skilled personnel with the appropriate jigs and assembly equipment.

It should be remembered that metal tubes may corrode internally as well as externally. Sealed tubes, which have been
protected internally before assembly should not cause concern, but open-ended tubed can accumulate moisture.
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Visual examination for corrosion is one of the most essential aspects of inspection and is necessary on all components,
pipelines, control cables, electrical equipment, instruments, etc. For further information on the inspection of particular
systems and components, reference should be made to the appropriate Manual .

Storage

Aircraft, engines and components will deteriorate rapidly when stored unless adequate precautions are taken to protect
them from climatic conditions, damp, condensation and accumulations of dust. It should be remembered that conditions
suitable for some materials may not suit others. The following information stresses some important factors of good
storage.

The most suitable environment for storing complete aircraft is a cool, dry hangar with a relative humidity of less than
60 % where the structure is protected from strong sunlight, rapid changes of temperature, atmospheric impurities of
marine or industrial origin, and the corrosive effect of blown dust. Before prolonged storage is contemplated it is
advisable, where possible, to remove all sound insulating and textile materials of a hygroscopic nature. After storage,
special attention should be given to parts of the structure which have remained in contact with material of a hygroscopic
nature. It should also be noted that damp wood will evolve acids that can be harmful to adjacent metal even though
the wood may not be in direct contact with it.

Aircraft should be stored in a dry, clean condition, all drains and vents should be clear and unobstructed, and blanks
should be fitted to intakes and apertures in which condensation might occur. Colour indicator type of silica gel may
be used in enclosed spaces to absorb atmospheric moistures.

Temporary protectives such as rust inhibitors and lanolin should be applied to the exposed metal surfaces which are
likely to corrode. Guidance onthe protection of particular aircraft should be obtained from the Manufacturer concerned.

If aircraft have to be stored for long periods in the open or under detrimental climatic conditions, they should be
adequately covered and protected by a special process. Packaging by the spray application of a plastics film is a
satisfactory method ,provided every precaution is taken to control the humidity of air inside the protective covering
and an externally visible moisture absorption indicator is used.

There are numerous precautions, with variations in materials, equipment and methods of application, which are specific
for various engine types and installations; these must be applied strictly in accordance with the appropriate Manual
and related technical documents.

Metals held in stores should not only be stored under controlled conditions but should be protected by a method
suitable to the specification and shape of the material. Thus a coating of lanolinis usually applied to light alloy castings,
whilst sheet and strip light alloys are most effectively safeguarded by spraying them with an approved plastics film
on to a pre-oiled surface. Plastic films, which can be peeled off before fabrication, have the added advantage of
protecting them against mechanical damage.

Components such as instruments, hydraulic valves and electrical equipment are usually packaged by their Manufacturers
and given a guaranteed shelf life. However, it should be remembered that the shelf life is only valid if the storage
conditions are suitable; in humid conditions corrosion may occur even if the packaging appears to be undamaged. The
only remedy is periodic inspections, cleaning and re-protection throughout the shelf life of the component.

Aircraft, engines and components which have been stored for any considerable period should be carefully examined

and tested before being put into service. Temporary methods of protection should be removed, and all permanent
protection should be inspected and rectified as necessary.

ooo



CHAPTER: 15
CORROSION-REMOVALAND RECTIFICATION

INTRODUCTION
This chapter gives general guidance on the removal of corrosion products and on the cleaning and pre-treatment of
the metal parts of aircraft.

Many of the processes recommended in this chapter are covered by specifications issued by the Ministry of Defence
or the British Standards institution. Since these specifications are frequently re-issued, the alphabetical suffix of each
DTD Specification has been omitted, but the application of any particular process should always conform to the latest
issue of the relevant specification. All processes should be approved by the aircraft manufacturer.

TREATMENT OF STRUCTURAL PARTS

Wherever corrosion is found in aircraft it is essential that the corrosion products should be completely removed. This

is necessary for two reasons, firstly to permit the extent of the damage to be assessed and secondly because the presenc
of corrosion products assists in the continuation of the attack. The full value of protective treatments will only be
achieved if the surfaces are thoroughly cleaned and the treatments are applied immediately after cleaning.

Preliminary Cleaning of Corroded Areas

Parts which cannot be removed for cleaning should have all oil, grease, moisture and surface dirt cleaned off before
the application of corrosion-removing chemicals. Oil and grease should be wiped off with rags soaked in organic
solvents such as trichloroethylene fluid (BS 580) (Type 2 or other suitable grade), or a mixture of equal volumes of
white spirit (BS245) and either (a) solvent naptha (BS 479) orqkylgne (BS 458), used at room temperature as
recommendedin DEF STAN 03-2. (De greasing procedures are detailed in specification DEF 1234.) Surface dirt should
be removed with detergent solutions, using hand brushes with non-metallic bristles such as nylon.

Removal of Old Protective Coatings

To facilitate the inspection and re protection of corroded surfaces, the protective coatings in the vicinity of the damage
should be removed. Whenever possible this should be done chemically, as mechanical methods such as wire brushing,
grinding or rubbing with emery, may overheat the surface or remove an undesirable amount of material. There is also
the danger that abrasive methods may drag surface metal over the corroded area or cause particles to become embedde
which will cause further corrosion later.

Air-blast abrasive equipment has been proved satisfactory, particularly for relatively large areas of surface corrosion
removal. The abrasive mustin all cases be aluminium oxide or glass beads. Never silicon carbide; for coarse and rapid
removal the particle size should not exceed 180 mesh (0.08 mm) and for fine control the size should be 400-600 mesh
(0.038-0.0225 mm). Due to the possibility of cladding removal from aluminium skins and cadmium plating form steel
fasteners, etc., abrasive should only be considered if a completed organic finish is to be applied.

Removing Organic Coatings

Non-flammable paint strippers should be used to remove paint, varnishes, synthetic enamels, cellulose, etc., Anumber
of proprietary solutions are available which are satisfactory for the majority of organic coatings; they are neutral and
will not attack the underlying metal provided they are rinsed off after the paint has been removed. The strippers should
be brushed over the paint, left on the surface for a few minutes and loosened paint then wiped off with a cloth, aluminium
wool or non metallic material, e.g. wood, Tuflon or suitable plastics materials. Steel wool should not be used.

Where a paint coating is required or renewed in localised areas only, surrounding areas should be masked by means
of suitable tapes, and these should be removed at suitable stages during the painting process to prevent subsequen
contamination of later stages, and as soon as practicable after completion of the painting operation.

Where damage or removal of pressure cabin sealants or other sealing or stopping material has occurred, these should
be renewed either before or at some convenient point during repainting operations. Where stopping materials have
been used originally, these may be replaced with an approved air drying scheme compatible with original.

NOTE

The effects of certain strippers on adhesive-bonded joints, plastic parts and windows should be borne in mind, and bare should
taken to avoid caustic strippers on aluminum, alloys. Rubber gloves and goggles should be worn to prevent any contact between
the stripper and the skin.
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When the paint has been removed, all traces of the stripper and residue should be removed by one of the following
methods.
(@  Water-miscible paint remover:
Washing with clean water and drying, followed by solvent cleaning.
b) Solvent-miscible paint remover:
Washing with the appropriate solvent only.

Removing Chemical Coatings

Itis not always essential to remove chemical coatings such as anodic film, from aluminium alloys or phosphate coats

from steels. As it is generally impossible to restore chemical coatings without removing the part and immersing itin

a suitable bath, itis sometimes advisable to retain as much as possible of the original coating and, after local cleaning

of the corroded areas, to apply one of the brush-on processes, followed by organic coatings for subsequent protection.

If the affected parts can be removedi itis preferable to clean them completely and then re-protect by the original methods.

a) Anodic Film: Anodic films may be removed from aluminum alloys by the application of a solution of 10%
sulphuric acid by volume in water plus 4% by weight of potassium fluoride .

b) Chromate Films: Magnesium alloy parts which can be immersed should be cleaned as recommended . Local
cleaning where immersion is not justified can be effected by swabbing with a solution of 100 g of chromic
anhydride in 1 litre of water, with 14 drops of concentrated sulphuric acid added (2 oz of chromic anhydride in
1 pint of water, with 8 drops of concentrated sulphuric acid added). Where parts are not machined to fine
tolerances, abrasion with fine ‘wet’ glass paper is permissible. The glass paper should be well wetted before use
and care should be taken to prevent abrasive particles from remaining embedded in the surface. After rubbing
down, the chromic-sulphuric acid solution should be applied and let on the surface for 2 or 3 minutes. The surface
should finally be washed off with generous quantities of water and thoroughly dried.

c) Phosphate Films Phosphate films on steel are generally tenacious and are not easy to remove without immer-
sion in acid solutions. To clean a small area of a part in situ, mechanical cleaning is usually most satisfactory, but
when complete stripping is required a dip in dilute hydrochloric acid is recommended.

Removing Metallic Coatings

Coatings of cadmium, zinc, nickel, copper, and tin are frequently used to protect steel aircraft parts, light alloys are
usually by other methods. Immersion in an acid solution is usually the most effective method of removing a metallic
coating, but it should be remembered that the removal of original deposits before replateing is necessary only if the
thickness of the depositis critical. Mechanical cleaning is also used on occasions, particularly if the old depositis flaking
or peeling, but whichever method is used care should always be taken to avoid removing too much material, especially
on parts to close dimensional tolerances.

Removal of Corrosion Products

Although the cleaning methods outlined in paragraph above will remove superficial corrosion, surfaces which have
been seriously attacked may still retain powdered oxides, salt crystals, etc., in pits and surface cavities. Chemicals
suitable for cleaning each of the principal materials used in aircraft construction are available, but in some cases the
chemicals will themselves cause corrosion ifthey penetrate faying surfaces. There is also evidence that some pickling
and electro-chemical polishing techniques have an adverse effect on fatigue life and this aspect should receive serious
consideration when selecting cleaning processes for parts which are subjected to fluctuating stresses in service. When
doubt exists regarding the corrosive nature of certain chemicals, they should be tested as recommended in the following
paragraph.

Test for Cleaning Chemicals

a. Prepare two panels of approximately 90C ¢inft %) area from material of the same specification as that to be
treated.

b. Apply the chemical to be tested to one face of each test pieces and clamp the treated faces together.

C. Expose the sandwiched test panels to alternate humid and dry atmospheric conditions in temperature conditions
of 38°C (100 F). About 16 hours a day in humid conditions and 8 hours a day in dry conditions is recommended.

d. After approximately 10 days the panels should be separated, rinsed and scrubbed , and examined for corrosions.

e. The chemical will be acceptable if the metal is only lightly etched, but should not be used on the aircraft if it has

caused deep pitting or intergranular corrosion of the test panels.

Chemical Cleaning of Steel

The removal of rust from steel by pickling in acid is often recommended, butitis not a practical method for in situ parts
or welded steel tubular structures. A variety of proprietary rust removing solutions is available; most of them are
solutions containing phosphoric acid, which, in addition to dissolving oxide film, partly inhibit the steel surface from
further rusting. These solutions should always be applied as directed by their Manufacturers.
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NOTE
Where parts are removable, the use of alkaline de-rusting solutions (with cleaning agents) is recommended.

Chemical Cleaning of Aluminium Alloys

Cleaning methods will vary according to the extent and location of the corrosion and the specification of the alloy

concerned. General guidance on some recommended methods of cleaning are given below:

a. Light corrosion deposits on aluminium alloys can often be wiped off with solvents or detergents which will leave
a clean surface ready for pre-treatment and re-protection. The use of nonflammable preparations which are free
of caustic substances is recommended. Swabbing with trichloroethylene is not advised because concentration
of the fumes can be harmful and, in any case, the function of this chemical is to remove grease and not corrosion
products. When solid particles are held in suspension with surface grease, they will be removed if the parts can
be immersed in boiling trichloroethylene laquor but this is seldom a practical method of cleaning aircraft
structural parts during maintenance. The use of an inhibited phosphate chemical brightener is also recom-
mended.

b. Heavy deposits on clad aluminium alloys should be removed chemically because mechanical cleaning will take
off the protective cladding and expose a greater area of the core to subsequent corrosion. Preparations of
thickened phosphoric acid are recommended for this purpose. All other material, including non-clad aluminium
alloys, should be masked to prevent them being attacked by the acid. The corroded surface should then be
brushed with the acid and, after an interval of not more than 3 minutes, scrubbed with a stiff nonmetallic brush
until all corrosion products are removed from pits, rivet heads, etc. The surface should then be rinsed off with
generous quantities of water to remove all traces of remaining acid, and should then be thoroughly dried.

C. Heavy deposits on non-clad aluminium alloys can be removed mechanically, i.e. by scraping, wet sanding with
fine sandpaper or by light abrasion with aluminium wool (steel wool should not be used), provided dimensional
tolerances are not exceeded. A general purpose surface wash which will also form a base for painting can be
made up as follows:

Butyl alcohol 40%

Isopropyl alcohol 309 Byolume
Phosphoric acid (85% solution) 1%

Water 20%

The alcoholic-phosphate wash should not be used on high strength wrought aluminium alloy such as DTD
5024,5044,5114 and 5124. On other alloys it should not be allowed to remain on the surface for longer than 15
minutes; in fact shorter times are desirable, particularly if the temperature is high. It should be applied with a
soft cloth or bristle brush, washed off with water and the surface dried. As an alternative proprietary ‘brush
on’ solutions mentioned in paragraph below may be used.

d. The use of phosphoric acid corrosion removers is usually followed by the application of a chromate bearing
conversion coating treatment such as the Alocrom series. These remove the final traces of corrosion and provide
an improved surface conditions for painting. The application of a 10% chromic anhydride solution for a few
minutes is also efficacious, particularly on polished skins.

Chemical Cleaning of Magnesium Alloys

A solution of 10% by weight of chromic acid in distilled water with 0.1 % sulphuric acid added is a satisfactory chemical
for removing corrosion products from magnesium alloys. The solution should be brushed over the corroded area,
working it well into pits and crevices, and should be left for about 5 minutes. It should then be rinsed off with clean
water. Reference should be made to the requirements of specification DTD 911.

Note on Mechanical Cleaning

Although mechanical cleaning is often necessary when preparing fabricated parts for anti-corrosive treatments, its use

should be restricted during maintenance work on complete aircraft.

a. Steel and non-clad aluminium parts should be rubbed down with fine ‘wet’ glass paper in preference to emery
papers. Wet sanding methods are more efficient, as water acts as a lubricant and permits a finer grain to be used,;
the rubbing should be in the direction of the working stress.

b. Castings, forgings and extruded members can be hand scraped to blend out corrosion pits. Steel carbide tipped
scrapers are recommended and should be used so that pits are transformed into saucer-shaped depressions
which relieve stress concentration. Afterwards the depth and area of the depressions, and the total number per
unit area of surface, should be assessed to ensure that the material has not been unduly weakened.
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C. Light abrasion is sometimes helpful in removing heavy deposits from skin panels. Pumice powder applied with
a solvent-moistened cloth is generally satisfactory. If clad aluminium alloy sheet is cleaned by this methods, a
simple test with caustic soda should be made afterwards to determine whether sufficient aluminum remains to
protect the alloy core. If the surface layer of pure aluminium has been rubbed off, a spot of dilute caustic soda
solution will turn the surface black. After making the test the caustic soda should be thoroughly washed off.

TREATMENT OF COMPONENTS
The information in this paragraph relates to component parts which can be removed for immersion treatments.

Degreasing
The trichloroethylene vapour method is satisfactory for most aircraft materials, but in cases of heavy contamination
the following alternative may be used:

Aluminium Alloys

Mild alkaline baths effectively remove grease from aluminium but the baths should be inhibited to limit attack on the
metal. A satisfactory bath can be prepared from a 4-5 % w\v (36 to 48 g\ litre (6 to 8 0z\ gal) ) of a mixture of crystalline
trisodium phosphate and sodium metasilicate in proportion between 2:1 and 1:2 w\w (if anhydrous trisodium phosphate
is used , the proportion will be between 1:1 and 1:4 ) with or without a suitable wetting agent.

Steels
The immersion pickling processes will remove residual grease as well as rust, scale and other surface dirt. However,
cleaning with trichloroethylene or other solvents is necessary prior to pickling.

Magnesium Alloys

Sometimes pickling in a 5to 10 % solution of concentrated nitric acid in water is recommended for castings and parts
which are not machined to close tolerances. The electrolytic-fluoride process will also remove corrosion products
and has the further advantage that the fluoride film created on the surface is, to a certain degree, corrosion-resistant.

Pickling Processes

The following immersion processes are of value in preparing metal parts for subsequent protection treatment. Their
action is generally twofold: they remove corrosion products and the residue of original treatments, and to some degree
they etch the treated surfaces to provide a better key for organic protective.

Aluminium Alloys

Treatments should be selected to suit the nature of the parts and to prepare them for the finish specified in the drawings
or repair scheme. Some suitable processes for the preparation of clad sheet for painting are described in DEF STAN
03-2; they are for use as an alternative to etch primers. When proprietary processes are used the Manufacturer’s
instructions should be carefully followed to ensure that the fatigue resistance of the metal will not be lowered.

a Chromic-sulphuric Acid Process
After degreasing and rinsing the parts, they should be immersed for approximately 20 minutes in one of the
alternative solutions given below. The temperature of the solutions should be maintained between @3 to 65
(110 to 15CF). This process should not be used for spot welded or riveted assemblies but is satisfactory for
castings, forgings, extrusions, etc., provided they are thoroughly rinsed and dried afterwards.

Solution 1 Sulphuric acid (Sp.Gr. 1.84) 15 % bylume
Chromic acid (CrQ 5 % by weight
Water Remaider
Solution 2 Sulphuric acid (Sp.Gr. 1.84) 15 % bylume
Sodium bichromate T\2 % by weight
Water Rerainder
b. Phosphoric Acid Processes

The constituents of an alcoholic-phosphate wash are given in paragraph before; this solution can be used in a
mild steel tank to pickle aluminium alloy components. A variety of proprietary solutions containing phosphoric
acid are also available; some of these build up a thin phosphate film which provides a good base for painting.
However, a distinction should be made between phosphoric acid processes which create phosphate films and
those which only clean and etch. The proprietary cleaning processes listed in DTD 900 include Titanine metal
degreasing paste, Jenolite AKSI etching compound and the ICI Deoxidine process 202. These are materials
which can be brushed over aluminum assemblies surfaces thoroughly after treatment, drying carefully after
washing. Deoxidine 170 is a hot dip process which is suitable for both steel and aluminium alloy ; another
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treatment not covered by the specification is Deoxidine 125 which can be applied to both these metals by fold
dipping or by brushing. If any of these treatments are applied by brush, all crevices and seams should be blown
out with compressed air before proceeding to paint the treated area. Painting should follow promptly since none
of these treatments builds a resistant film.

C. Chromic-phosphoric Acid Process
After degreasing and rinsing the parts, if specified in the Maintenance Manual or other appropriate instructions,
they should be immersed in a near-boiling agueous solution as follows, for 20 minutes, if of sheet material, or up
to 1 hour if cast.

Chromic acid (CrQ 0.75-1.0% wiv
[7.4-9.9 gllitre (1.2-1.60z/gal)]
Phosphoric acid (Sp.Gr. 1.75) 0.5-0.75%v/v

[5- 7.4 cnillitre [0.8-1.2 fl.oz/gal)]
NOTE
The use of Deoxidine 624 followed by Alocrom 1200 is recommended. Alocrom 1200 or other similar conversion coating treatment
should be used after pickling processes (particularly phosphoric acid) prior to painting, except when etch or wash gomers are
be used.

Steels

The chemical treatments for steel can be divided into two main groups. Pickling is a process in which acids are used
to remove rust and scale so that a chemically clean surface is produced which requires immediate protection to safeguard
from further corrosion. In contrast, phosphoric acid processes, in addition to de-rusting, coat steel surfaces with
insoluble phosphate films which confer a measure of protection and form a good base for paint.

NOTE

Phosphating processes should only be used on aircraft parts if cadmium plating is impracticable.

a Pickling Solutions
Information on the pickling of steels is given in DEF STAN 03-2 , which specifies solutions of 10% hydrochloric
acid in water or 10 % sulphuric acid in water. Since immersion in these solutions causes hydrogen absorption,
heat-treated steels of more than 1004 MRI/{&5 tonf/in?) ultimate tensile stress (UTS) should only be pickled
by the electrolytic method given in paragraph (b) below. The danger of blistering and embrittlement of other
steels due to hydrogen entering the metal can be reduced by adding inhibitors (such as quinoline ethiodide) to
the acid, but if inhibitors or wetting agents are used the parts should have a final dip for not more than 2 minutes
in an acid solution free of such substances. After immersing parts in dilute acid solutions they should be rinsed
in clean water and dried. Limited brittleness can be reduced by heat treating the steel at 150.to 200

b. Electrolytic Pickling
The advantages of this method are twofold. Chemical cleaning is assisted by the evolution of oxygen of the
surface of the metal and, as hydrogen is only produced on the cathode, no embrittlement occurs. An electrical
bath is required containing a solution of 30 % by volume of concentrated sulphuric acid in water, to each litre of
which can be added 18 g of potassium dichromate (3 oz\gal). With the part as the anode, a current density of 1000
amps/ nt (100 amps/ft) should be applied for approximately 5 minutes, after which the part should be rinsed in
clean water and thoroughly dried.

C. Phosphating Processes
Certain commercial phosphoric acid treatments, such