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PREFACE

This book covers the theoretical aspects of producing metals and non-metals. It will also help you to
learn the principles of physico-chemical treatment of materials to manufacture various parts and products.
An old adage in materials science says: "materials are like people; it is the defects that make them
interesting”. The number and the quality of structural or engineering materials, their technology of
production and machine tools used determine how much products a country produces and how well its
people live.

Perhaps you already know that people have inhabited this planet for about 2.5 million year. Here we
mean so-called skillful people who used tools such as wooden sticks and pieces of stone. Let us assume that
this period equals 24 hours, which will help us to consider the progress of humanity.

For many years people were food gatherers, eating only berries, eggs and meat left by other animals.
Only 250,000 years ago people learned how to make fire. According to our scale it happened 2h 24 min ago.
About 20,000 years ago (11.5 min ago) the first complex tool (which had more than one part), supposedly
appear for hunting, was evolved. The main part of the fundamental mechanics - the wheel - was invented
about 5,500 years ago (that is about 6 minutes ago).

The metallic tools, such as an anvil, an ax, a chisel, a saw with the set of teeth, shears and
proportional divider were developed several thousands years ago (that is several minutes ago). Although
people had tools, all work was done by either the physical power of men or beasts, and sometimes by
waterwheel. The first real machine appeared in 1776. This machine was the steam engine, invented by James
Watt (7.5 seconds ago).

The first motor-car, electric lamp, telephone, airplane, photography, etc. were discovered about 100
years ago (3 sec).

Production of Ti and Mg (industrial method), semiconductors, synthetic rubber, TV sets started about
50 years (1.5 sec) ago.

Modern microelectronics, space laboratory and stations, melting and welding in the space the
amorphous alloys appeared practically during your life (15 to 20 years) ago (less than 1 sec). You are living in
a very interesting period of time - the time of technical revolution. So you have got a chance to do as much as
you can for humanity.

Of course, first of all, you must know modern engineering materials and machine tools, which are the
basis of the modern mechanized society. You must know the composition of material, its mechanical,
physical and chemical properties to select a structural material for manufacturing the machine elements.

The course consists of 6 parts:
1 structural materials
metallurgy
foundry practice
metal forming
welding
6. metal cutting operations.

Materials science is an interdisciplinary field involving the properties of matter and its applications
to various areas of science and engineering. It includes elements of applied physics and chemistry, as well as
chemical, mechanical, civil and electrical engineering. With significant media attention to nanoscience and
nanotechnology in the recent years, materials science has been propelled to the forefront at many universities,
sometimes controversially.

Material science is very important for you because it gives an overview of the main technical notions
and principals that are very important for the future specialists of your major. The main challenge you will
face is technical English. This book will help you to learn more than 2000 technical terms. The dictionary in
the end of the book summarizes all these words for you with translation into Russian and Ukrainian.

A word of warning and encouragement: Don't worry if you don't understand this book completely on
the first reading. We didn't understand it all on the first writing! Remember that this isn't a book to read once
and put on a shelf. We hope you'll find yourself referring to it again and again for useful information and for
inspiration.

arwDd



1 STRUCTURAL MATERIALS
1.1. Classification and General Properties of Structural Materials

Structural or engineering materials are materials used to manufacture parts of structures,
machines and devices. Structures are the objects without moving parts erected by engineers, such as
a concrete dam, a steel melting furnace, a suspension bridge and an oil refinery tower. Machines
include lathes, steam and gas turbines, engines, electric motors and generators. Devices are the most
recent addition to engineering materials and refer to such innovations as a transistor, a photoelectric
cell, piezoelectric pressure gauges, ceramic magnets, lasers, transformers, voltmeters, etc.

All structural materials fall into two large classes: metals and non-metals. In their turn
metallic materials are divided into two groups: ferrous and non-ferrous metals or alloys. The
examples of ferrous metals are iron, manganese and chrome. Ferrous alloys are the combination of
more than one metal, or metals and non-metals. Ferrous metals and alloys are divided into steels
and cast irons (Fig. 1.1). The rest of metals (copper, aluminium, titanium, nickel, silver, gold, etc.)
are referred to as non-ferrous ones and used both in pure state and as alloys. Non-metallic materials
fall in two groups: organic (wood, leather, plastic, rubber, etc.) and non-organic (ceramics, glass,
concrete, graphite, etc.) ones. Organic materials are polymers whose molecules consist of many
repeating links.

Another way of classifying the engineering materials is based on their nature:

- metals and alloys;

- ceramics and glasses;

- organic polymers.

Metals and alloys possess characteristic appearance. In addition to their capability of changing
permanently their shape, metals and alloys have good thermal and electrical conductivity. Ceramics
and glasses are nonmetallic inorganic substances, which are brittle and have good thermal and
electrical insulating properties. Organic polymers are relatively inert and light and generally have a
high degree of plasticity. Fig. 1.2 lists typical examples from each of these three groups of
materials. In addition, a number of examples of materials, which are composites, made up of two
groups also shown.

To manufacture any machine, device, or part of a machine an engineer must know properties
of structural materials. There are several kinds of properties of structural materials such as physical,
chemical, mechanical, technological and service ones.

The physical properties include mass density, melting point, heat and electric conductivity,
thermal expansion, magnetic saturation and permeability, etc.

Structural Materials

Metals Non-metals
/ N\ / N\
Ferrous Non-ferrous Organic Non-organic
/o N\ | | |
Steels Cast iron Cu-alloys Wood Ceramics
Al-alloys Leather Glass
Ti-alloys Plastics Concrete
Mg-alloys Rubber
Ni-alloys

Fig. 1.1. Classification of structural materials



The chemical properties of materials determine their ability to resist moist air, acids and
other aggressive media. Hence, corrosion and oxidation resistance are one the main chemical
properties.

Structural materials must possess sufficiently high technological properties such as
machinability, malleability, weldability, foundry properties (fluidity, shrinkage, etc.) Thus, the
technological properties indicate how much labor, machine time, tools and materials are needed to
produce a machine part.

METALS AND ALLOYS

Steels cast Fong, akeminium
copper, siver gold
Brasues, bronzes, manger

invas, Stumn, duralumin
WO

&4 %o
&8 g
CERAMICS AND CLASSES
ORGANIC POLYMER
MgO, €4S, Zn0), SC. DaTi Plastics: PVC, PTFE,

polyethrylery

Shica, soda-ime-glass conoreta,)
cement. Fernles and gamets
Graphie, S,

Flres: Te ne, rlon
cotton, Natural ang symtheti
rubbers Laater

Ge, Gafs

Fbre-rerdorced  plastics

Corbon-reinforced rubibes

Fig. 1.2. The major groups of engineering materials

The service properties characterize the behavior of the materials in exploitation. They are
service life, reliability (safety), cold and heat resistance, etc.

1.2. Mechanical Properties
1.2.1. Stress and Strain

The mechanical properties are of special importance for engineering materials. Knowledge
of the mechanical properties allows design and process engineers to determine the limiting loads
which a machine part can be exposed to under certain work conditions (load and media) without
damage and failure.

The mechanical properties are usually characterized by the following quantities:

- strength, which is a resistance of a material to deformation and failure;

- plasticity, i.e. the ability to withstand permanent deformation, remaining after removal of
the deforming forces without failure; low plasticity or its deficiency is called brittleness;

- hardness, which is the capability of external layers of a material to resist plastic
deformation upon penetration from side of a harder body with definite shape;

- impact strength, which is the work, required to fracture the specimen by the impact load,;

- fatigue strength, which is the resistance to failure under repeating loads a few millions of
times.

Deformation, or strain, is the change in size and shape of a solid body due to the influence of
applied forces. The Fig. 1.3 illustrates the simplest case of an axial tension for cylindrical body by
forces P.

The stress ¢ developed in the body:

o=P/F, MPa (1.1)
where F is the area of body's section which is perpendicular to the forces P.

10
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vP
P

Fig. 1.3. Axial tension of cylindrical body

Strain (deformation) may be either elastic or plastic. Elastic deformation (Fig. 1.4b)
disappears completely when the external force causing it is removed. Elastic strain does not lead to
any appreciable changes in the structure and properties of material; the applied load causes only a
slight relative displacement of the atoms. Plastic deformation (Fig. 1.4 d) leads to the slip of crystal
parts relatively one another and to change of specimen's shape. When the load is removed, the
shape, structure and properties of the body are not restored, the body acquires residual deformation.

H E A

Fig. 1.4. Elastic and permanent strain in shear:
a - unstressed crystal; b - elastic strain; c - elastic and plastic strain; d - plastic (residual) strain

The main purpose of mechanical tests is to get knowledge about machine parts' workability
under the certain conditions of work. Due to this reason mechanical properties are determined in
static and dynamic tests, at variable loads, low and elevated temperatures, in vacuum and
chemically active media. Static tests include tension, compression, bending, shear, torsional and
hardness ones (Fig 1.5). These tests are carried out by slowly increasing load P and are referred to
as static tests.

= ¢
7
P P g/ , ~— P
A=h-L=(P) AI=h-l=f(P) e=f(P) AO=AiP) L=A(P)
a b c d e

Fig. 1.5. Schemes of tests: a - tensile, b - compressive, ¢ - bending, d - shear and e - torsional tests

1.2.2. Tension Tests

This type of tests is widely used for structural steels, cast irons, nonferrous metals, their
alloys as well as nonmetallic materials.

11



Tension tests are conducted on standard specimens (mainly of round or square cross
section). Testing machine has an instrument that records the stress - strain diagram. The applied
load P is plotted against the elongation Al of the specimen.

Fig 1.6 illustrates the specimen before and after the tests as well as stress-strain diagram.
After the tests the length of the specimen increases, and its cross section decreases. The local
reduction of cross section is formed on the specimen. It is referred to as necking. The diameter d; is
measured at this spot, and then the cross-sectional area F; is calculated.

The diagram has typical points A, B, C, D, E, F, which allow us to specify the
characteristics of metal resistance to deformation. These characteristics are known as stresses,
expressed in megapaskals (MPa).

-

P,N k. P .
: /
do d C D /
L
> 1 C
-~ q%n P' ! ™
~= /
/
o - / “
o) S| A -~
/
L—J 2 A’n'\illual Lwd.nl Al.lvl:“l 1/
L_J .Q—A.Lﬂ‘.ﬂ_—_— 0 l lo‘zn/olﬂ A[
a b c

Fig. 1.6. (a) The Specimen for tests, (b) stress-strain diagram obtained after tension test
of a ductile metal; (c) principle of a conventional yield point determination

We can see, that the relationship between the stress and strain remains linear up to the point
A, or up to load Pp. According to Hooke's law of proportionality, stress ¢ and relative strain e=Al/l,
may be written as the relationship:
c = Eg, MPa (1.2)
where E is the constant of proportionality, or modulus of elasticity, or Young’s modulus, MPa.

The modulus of elasticity equals the tangent of the angle that line OA makes with the axis of
abscissas. For the most typical metals the magnitude of this modulus ranges between
4.5-10* MPa for magnesium and 40.7-10* MPa for tungsten. The modulus of elasticity depends only
slightly on the structure of the metal and is determined by the forces of the interatomic bonds.

Taking into consideration the magnitude of the load Py, the limit of proportionality is
defined as:

o, =P,/F,, MPa (1.3)

At the beginning of the test up the to point B or load P, deformation is only elastic one. It
means that deformation disappears completely when load P is removed. The stress calculated for
the load P, is called elastic limit:

c.=P_ /K, MPa (1.4)

The elastic limit is frequently defined as the stress at which residual strain reaches a certain
value (from 0.005 to 0.05 % of the initial gauge length of the specimen). Hence, the elastic limits
are denoted by G0.005; 00.01, 00.05-

At an increase in load above P, the relationship between the load and the elongation deviates
and can no longer be linear. The straight line on the stress-strain diagram becomes a curve and, a
horizontal step CD is sometimes observed at a certain load Py. This step indicates that the metal is
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elongated (yields) without any increase in the load. The stress corresponding to the load Py is called
the yield limit or yield point:
o, =P,/F,, MPa (1.5)

Yield step CD is observed only in testing of high plastic metals. For brittle materials the
conventional yield limit is defined as the stress at which the specimen receives permanent
elongation equaled to 0.2 percent of the initial gauge length lo (Fig. 1.6 c). It is denoted by &g 2.

The quantifies op, ce, Go0s and oy(co2) characterize the resistance of a material to small
plastic deformation. A further increase in load leads to more essential deformation of the whole
volume of the metal. The stress corresponding to the maximum load preceding failure of the
specimen is called the ultimate strength or tensile strength (the point E):

o, =P,/F,, MPa (1.6)

In ductile metals, deformation is concentrated at one part of the cross-section starting with
the stress o,. A localized reduction of the cross-sectional area, called necking, appears on the
specimen, the load drops and, at a certain moment, failure occurs.

In determining op, oy and o the corresponding loads P, Py and P, were considered to be
applied to the initial cross-sectional area Fo of the specimen. Hence, we don't take into consideration
the substantial reduction in cross-sectional area of the specimen in testing, thus op, oy and oy are
conditional values. The true, instantaneous, stress St is found by dividing the load P at the failure
instant by the cross-sectional area of the specimen F; at the same instant. A true stress-strain
diagram is shown in Fig. 1.7.

A

¢ I

Strain , %
Fig. 1.7. True stress-strain diagram

Stress S, MPa

The failure stress (true stress):
S; =P /F,MPa (1.7)

Tension tests are also used to determine ductility indices: the relative elongation, in percents
and the reduction in area. The relative elongation & is defined as the ratio of the increase in the
gauge length of the specimen after fracture to its initial gauge length lo, expressed in percent:

5=l 1000 (1.8)
|

0

The reduction in the area o is defined as the ratio of the reduction in area of the fractured
specimen’s necked portion to the initial cross-sectional area, also expressed in percent:

2 2
Fo=Fi 10006 = do -k

0 0

Q= 100% (1.9

1.2.3. Hardness of Metals

Hardness is the property of materials to resist plastic deformation (less frequently, brittle
fracture) upon penetration. Due to the rapidity and simplicity of the tests as well as the possibility of
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assessing the properties of metal without destroying it, hardness measurement has found
exceptionally wide application in the quality control of metals and alloys. There are various
methods of testing metals for hardness. The most popular of them are briefly described below.

Brinell Hardness Tests. This method is based on forcing a hardened steel ball 2.5, 5.0 or
10.0 mm in diameter, at constant load P into flat surface of metal on the Brinell press
(Fig. 1.8 a). When the load is removed, an impression (indentation) remains on the surface of the
metal (Fig. 1.8. b).

The Brinell hardness number BHn, or Brinell hardness HB, is the ratio of the load P, applied
to the ball in the test to the area of the impression obtained F:

HB=P/F= 2P MPa (1.10)

aD(D—D?—d?)

a b
Fig. 1.8. Principle of Brinell hardness test:

a — Brinell press; b — principle of testing; 1 — table for specimen; 2 — fly-wheel; 3 — ball (indentor); 4
— electrical motor; 5 — weight

The ball diameter D and the constant load P are selected to suit the composition of the metal,

its hardness and thickness of the test specimen. The load P=300D? is taken for steel and cast iron;
P=100D? for copper and its alloys;
P=25D? for very soft metals (aluminium, babbitts), where P is taken in N, D in mm.

So maximum one is P=300-100=30000 N (=3000 kgf=3t). Minimum one is P=25-6,25=
=156 N (=15,6 kgf=0,0156t)

In practice the diameter of impression is measured and used to find the Brinell hardness
directly from specially compiled tables. When hardness number is calculated by formula 1.9 (in
kgf/mm?) it is denoted HB250, HB320; when calculations are made in MPa it is denoted
HB2500MPa, HB3200MPa.

Disadvantages of the Brinell tests are:

- the ball may be deformed, when the hardness of testified material exceeds
HB 4500 MPa, or HB450;

- significant size of the impression;

- the test may be used only for specimens with comparatively high thickness
(t>2...6 mm). But now very hard balls from WC (tungsten carbide) may be used and scale of Brinell
Hardness may be prolongeted.

Rockwell Hardness Tests. In Rockwell tests the hardness is determined by the depth of the
indentation, without taking into consideration its diameter.

The indenter, or penetrator, is a diamond cone (brale) with an apex angle of 120°, or
hardened steel ball 1.5875 mm in diameter. The diamond cone is used for testing hard metals, and
the steel ball is used for softer ones. The cone or ball is indented by two consecutive loads
(Fig. 1.9): the minor Py equal to 100 N and additional load P; equal to:

- 900 N for ball (B scale) - soft-materials;

- 1400 N for cone (C scale) - middle hardness ones;

- 500 N for cone (A scale) - very hard materials.
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Fig. 1.9. Principle of Rockwell hardness test:
a- Rockwell hardness machine; b — principle of testing; 1 — fly wheel; 2 —table for specimen;
3 —indenter; 4 — scale; 5 — level; 6 — weight

Rockwell hardness is measured in conventional units. The hardness number is read directly
on the dial of the instrument. Rockwell hardness is indicated: HRA40, HRC35, HRB70. The
Rockwell hardness number is conventionally calculated by the formulas:

HRC(HRA)=100-¢, (1.11)

HRB=130-¢, (1.12)
where e is found by the formula:

e=(h,-h,)/0.002, (1.13)

where hg is depth of penetration of the indenter when preliminary load Py is applied;
h; is depth of penetration of the indenter due to the total load P.

Rockwell method doesn't have the disadvantages typical for Brinell method: soft and hard
metals may by tested; the impression size is small; finished parts may be tested without destruction.

Vickers Hardness Tests (diamond pyramid tests). This method is used for measuring
hardness of thin components (t=0.25...3.0 mm) or of thin and hard surface layers as well as of very
soft metals and alloys.

It consists in forcing a square-based diamond pyramid (with angle of 136° between opposite
faces) into the ground, or even polished surface being tested. A square indentation is obtained
(Fig. 1.10).

Fig. 1.10. Vickers hardness machine (a) and principle of testing (b)

The Vickers hardness number HV is the ratio of the load P applied to the diamond pyramid to
the permanent indentation:

HV=2PSdI—2a/2 —18.544 P/d?, MPa (1.14)

where P is the load applied (50, 100, 200, 300, 500, 1000, 1200 N),
o is angle between opposite faces of the pyramid indenter (a=136°),
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d is arithmetic average of the two diagonals of the indentation in mm, measured after the
load is removed with a micrometer microscope.

The thinner the specimen, the less the load required in the Vickers hardness tests.

Vickers and Brinell hardness numbers have the same dimensions (MN/m? MPa) and
coincide for materials with hardness up to about 4500 MPa (Fig 1.11).

The minimum thickness of specimen for hardness testing:

- by Brinell method is 2...6 mm;

- by Rockwell method is 0,4...2 mm;

- by Vickers method is 0,25...3 mm.

HRC.  HRA
85
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400
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Fig. 1.11. Comparison of several hardness scales

Hardness tests are performed more frequently than any other mechanical test for several
reasons:

- they are simple and inexpensive - usually no special specimen need to be prepared;
- the test is nondestructive - the specimen is neither fractured nor excessively deformed; a
small indentation is the only deformation;

- other mechanical properties may often be estimated from hardness data, such as tensile
strength (Fig. 1.12).
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Fig. 1.12. The relationship between hardness and tensile strength for steel, brass, and cast iron

1.2.4. Mechanical Properties Determined in Dynamic Tests

Many parts and structures in normal operational conditions undergo impact loading which
promotes brittle fracture. Susceptibility to brittle fracture is enhanced by increase in grain size of
metal structure, loading rate, decrease in temperature and presence of notches. Chemical content
also influences on impact strength: it is reduced by increase of carbon content as well as detrimental
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impurities, such as sulphur, phosphorus, hydrogen, nitrogen and oxygen. Static tests do not reveal
the resistance of materials to brittle fracture. Therefore the dynamic tests are used.
The dynamic impact bending tests (GOST 9454-78) have gained the widest application.

They are of the most severe type and promote brittle fracture. Notched-bar test specimens are
commonly used in these tests. The impact strength KC is determined as a ratio of the work required
to fracture the specimen to its cross-sectional area and, hence, represents the specific work required
to fracture. The area is gauged at the notched section before fracture (specimens of brittle materials
do not require notches). The impact strength is normally denoted (signed) in accordance with the
form of the notch (U-notched specimen with the notch radius of 1 mm,
V-notched with the radius of 0.25 mm (Charpy) and crack-notched) as KCU, KCV and KCT
correspondently. The work required to get the fracture decreases with the decrease in notch radius.

The pendulum-type machine is used for impact testing (Fig. 1.13). The specimen is placed on
two supports of the machine so that the blow of the striker is opposite to the notch. The pendulum
of mass G is then raised to height H, from where it is released to fracture the specimen and rise
again to height h. The work required to fracture the specimen is:

W =mg (H-h) =mgl (cos a., —cos a,), MJ, (1.15)
where g is intensity of gravity, or free-fall acceleration;
m is the mass of the pendulum;
t is the length of the pendulum rising;
H, h are the heights of the pendulum rising;
oy, o are the angles of the pendulum rising.

Impact strength can be found by the formula:
KC = WI/F, MJ/n?, (1.16)
where F is the cross-sectional area of the specimen at the notch before fracture.

Fig. 1.13. Pendulum-type impact testing machine (a), notched-bar test specimen (b);
principle of the impact test (c): 1 — base; 2 — pendulum (striker); 3 — scale; 4 — specimen;
5 — belt of the brake; 6 — handle of the brake.

1.2.5. Fatigue

Fatigue is a kind of failure that occurs in structures subjected to dynamic and fluctuating
stresses (e.g., bridges, aircraft and machine components). Under these circumstances it is possible
for failure to occur at a stress level considerably lower than the tensile or yield strength for a static
load. The term “fatigue” is used because this type of failure normally occurs after a lengthy period
of repeated stress or strain cyclings. Fatigue strength is important property, because fatique practure
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is a cause of failure in metals, estimated to comprise approximately 90% of all metallic failures.
Polymers and ceramics (except for glasses) are also susceptible to this type of failure.

Fatigue failure is brittlelike in nature even in normally ductile metals, in which there is very
little (if any) gross plastic deformation associated with failure. The process occurs by the initiation
and propagation of cracks. Usually the fracture surface is perpendicular to the direction of an
applied tensile stress.

In a fatigue failure the fracture consists of two distinct zones (Fig. 1.14). The first zone (1)
has a smooth, rubbed-over surface and is called the fatigue zone. This zone is gradually formed. At
first a microcrack (fatigue crack) is initiated. It then develops into a macrocrack due to the repeated
action of the forces on the metal. When the fatigue crack occupies a considerable part of the cross-

section, failure occurs in the other part. The second, after-fracture zone (2) has a coarse-crystalline
surface on brittle metals and a fibrous surface on ductile metals.

Fig. 1.14. Fracture obtained in failure: 1 — fatigue zone; 2 — after-fracture zone;
3 — point of initiation of a crack

The crack is most often formed at the surface of the first zone The resistance of a metal to
failure from cyclic loading is characterized by its endurance limit, i.e. the maximum stress that the
metal can withstand without failure when subject to a great number N of cycles (N is stipulated by
the specification and may range from 10° to 10° or even higher).

The endurance limit is commonly determined by subjecting a rotating specimen (plain or
notched) to flexural loads which develop reversing stresses (tension-compression) in a symmetrical
cycle where o |=o,..|.

At least ten specimens are tested to find the endurance limit. The first specimen is tested at the
stress 61(01=0.60; for steel), determining the number of cycles N when failure occurs. The stresses

o2, o3, etc. for the second and subsequent specimens are increased or reduced each time by 20 or
40MPa, depending upon the number of cycles which caused the failure of the first specimen.
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Fig. 1.15. Fatigue curve
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The results of the tests are plotted on a diagram with the coordinates stress o vs number of
cycles N in either rectilinear or logarithmic scales (Fig. 1.15). The horizontal portion is the
maximum stress at which failure will not occur even at an infinite number of loading cycles. It
corresponds to the endurance limit. Endurance limits are expressed in terms of the nominal stresses

and denoted by ¢.1, MPa.
1.3. Atomic-Crystal Structure of Metals
1.3.1. General Features of Metals

Among 106 elements known today, 76 are metals. Such elements as Si (silicon), Ge
(germanium), As (arsenic), Se (selenium) and Te (tellurium) are considered to be intermediate
between metals and nonmetals. In the solid state metals possess a number of typical properties:

- high thermal and electrical conductivity;

- positive temperature coefficient of electrical resistivity (the electrical resistance of pure

metals increases with the temperature; about 30 metals display superconductivity, their

electrical resistance drops abruptly to practically zero at temperature near absolute zero);

- thermionic emission, i. e. capacity to emit electrons when heated,;

- good reflection of light; metals are opaque and have a specific metallic luster;

- they lend themselves well to plastic deformation.

All metals and alloys are crystalline bodies. Their atoms are arranged in a regular order
repeated periodically in three directions. This distinguishes them from amorphous bodies, whose
atoms are arranged in random disorder.

All typical properties of metals can be explained by the fact that they contain highly mobile
collective conduction electrons. The bonds between the outer electrons and atoms' nuclei are weak,
so metals have so-called “collective” electrons, which move freely between the positively charged
and periodically located ions. Therefore metals have high electric and heat conductivity as well as
electron emission capacity. By regular atoms arrangement metals possess high light reflection and
high plastic properties.

1.3.2. Concept of Crystal Lattice

The atomic-crystal structure is the mutual positions of the atoms existing in a crystal. A
crystal consists of the atoms arranged in a definite order, periodically repeated in three coordinate
directions.

The concept of a space lattice, or crystal lattice describes the atomic-crystal structure of
substances. Fig. 1.16 illustrates an example of such a crystal lattice. Heavy lines indicate the
smallest parallelepiped (crystal lattice), which could be repeated consecutively along its three axes
to build up the whole crystal.

Fig. 1.16. Schematic representation of a crystal lattice
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The metals and alloys have various types of crystal lattices. But the great majority of
commercially important metals have one of the following highly symmetrical compound lattices
with close-packed atoms: body-centered cubic (bcc) (Fig. 1.17a); face-centered cubic (fcc)
(Fig. 1.17b); hexagonal close-packed (hcp) (Fig. 1.17c¢).

Fig. 1.17. Types of crystal lattices of metals: a — body-centered cybic,
b — face-centered cybic, ¢ — hegagonal-close-packed

1.3.3. Allotropic (Polymorphic) Transformations

At different temperatures many metals exist in different crystalline forms. These forms are
sometimes called allotropic (polymorphic) modifications. As a result of polymorphic
transformation, atoms of a crystalline body with a lattice of one type are rearranged to form a
crystal lattice of another type.

The curve of cooling the pure iron is represented in Fig. 1.18. Iron exists in the a-Fe and
y-Fe allotropic forms. a-Fe exists at temperatures below 911 and above 1392°C (sometimes it is
named o-Fe (see Fig. 1.18)). In the temperature range from 911 to 1392°C iron is in gamma form.
The crystal lattice of a-Fe is the body-centered cubic type. Up to 768°C iron is magnetic, above this
temperature it is nonmagnetic. The crystal lattice of y-Fe is face-centered cubic type.

Polymorphic transformations are known for metals: Fe, Co, Ti, Mn, Sn, Li, Ca, Sr, Zr, rare-
earth metals, etc.

1.3.4. Anisotropy of Metals Properties

Different densities of their atoms in various planes and directions cause that many properties
of metal crystals (chemical, physical, mechanical) depend on the direction, they are measured in.
This inequality in the properties of a monocrystal in various crystallographic directions is called
anisotropy.

All crystals are anisotropic bodies. They differ from amorphous solids (glass, plastics, etc.),
which display the same properties in any direction.

Engineering metals are polycrystals. Their crystallites have a statistically disordered mutual
orientation. Consequently, the general properties of a polycrystalline body are more or less the same
in all directions, i.e. engineering metals are isotropic materials.

20



55 &
1500
1400
1300
1200
1100
1000

900

800 768" @_ _*
700 = ,

600
500
400
300
200
100

Nonmagnetic

Magnetic

Time
Fig. 1.18. Cooling curve of pure iron

1.3.5. Defects in Crystal Lattices of Metals

A real crystal always has defects in its structure. These defects are classified by their
geometric features into:

- point (zero-dimensional)

- linear (one-dimensional) } defects

- plane (two dimensional)

Point defects are the small ones along all three dimensions. Their size does not exceed
several atomic diameters. Point defects include (Fig. 1.19)

- vacancies (Schottky defects), i.e. lattice points where atoms are absent;

- interstitial atoms (Frenkel defects), i.e. additional atoms in crystal lattice;
- substitutional atoms, i.e. foreign atoms in lattice nodes of the basic metal.
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Fig. 1.19. Point imperfections in a crystal lattice

Vacancies are most frequently formed by atoms leaving their regular position at the lattice
points, jumping to the surface of the crystal and evaporating from the surface of a crystal. Less
frequently, vacancies may be formed by atoms jumping into an interstitial position.

The vacancy concentration increases with the temperature growth. The number of vacancies
at temperatures near the melting point may reach one per cent of the total number of atoms in the
crystal. At a given temperature not only single vacancies are formed in crystal, but double, triple
and even larger ones as well.
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Vacancies are formed not only by heating but also in the process of plastic deformation and
in bombardment of a metal with high-energy atoms or particles (irradiation in a nuclear reactor).

Interstitial atoms are formed by jumping of an atom to interstitial position, which leaves a
vacant site. A vacancy positions itself at the lattice point that was previously occupied by the atom.
In the closely packed lattice, typical for the most metals, the energy required to form interstitial
atoms is several times greater than that required to form thermal vacancies. For this reason,
interstitial atoms are rare in metals, and thermal vacancies are the main point defects in this kind of
crystals.

Point defects cause local distortion of the crystal lattice and influence certain physical
properties of metals (electrical conductivity, magnetic properties, as well as the phase
transformations in metals and alloys).

Linear defects are very small in two dimensions and of great extent along the third dimension.
They are called dislocations. A crystal lattice with edge dislocation is shown schematically in Fig.
1.20. The edge dislocation is a localized distortion of the crystal lattice due to the presence of an
“extra” atomic halfplane or extraplane B.

In addition to edge dislocations there are also screw dislocations. The screw dislocations are
formed by incomplete shear of crystal in vertical plane (Fig. 1.21.)

Dislocation density p is defined as the total length of the dislocations | in cm per unit
volume V of the crystal in cm®. The technical metals have dislocation density 10%...10" cm?, i.e.
up to one hundred million km in cm®.

Plane defects or surface imperfections are small only in one dimension and constitute the
interfaces between the separate crystallines (grains) or their blocks in polycrystalline. By different
orientation of the neighboring grains, the atoms are arranged much less regularly at the boundary
between grains than within the volume of the grains (Fig. 1.22.)
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Fig. 1.22. Polycrystalline structure of metal
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The grains of metal are usually oriented with respect to one another by angles ranging from
several to dozens of degrees (high-angle boundaries). The atoms are arranged much less regularly at
the grains boundary than within the volumes of the grains.

1.3.6. Theoretical and Engineering Strength of Metals

Based on the crystalline structure and interatomic forces we can theoretically estimate the
force or the stress, required to cause slip or fracture in perfect crystal. To shear the crystal, two rows
of atoms must be simultaneously displaced with respect to one another by shear stress
(see Fig. 1.4.)

The theoretical shear stress is:

Ttheor *G/27,

where G is the shear modulus (analogous to tensile modulus E). But the theoretical strength,
calculated by this formula, is from 100 to 1000 times as much as the real strength of engineering
materials, or engineering strength.

There is no a mistake in theoretical calculations. The matter is that there is no simultaneous
displacement of atoms in technical metals during their deformation and fracture. Dislocations are
present in structure of real metals promoting the processes of slipping (sliding) and transference of
atoms.

This way plastic deformation corresponds to the motion of large numbers of dislocations.
An edge dislocation moves in response to a shear stress applied in a direction perpendicular to its
line; the mechanics of dislocation motion is represented in Fig. 1.23.

Shear Shear Shear
SIress siress SIress
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step to
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Fig. 1.23. Movement of an edge dislocation in shear

Let the initial extra half-plane of atoms be plane A. When the shear stress is applied as
indicated (Fig. 1.23a), plane A is forced to the right; this in turn pushes the top halves of planes B,
C, D, and so on, in the same direction. If the applied shear stress is of sufficient magnitude, the
interatomic bonds of plane B are severed along the shear plane, and the upper half of plane B
becomes the extra half-plane as plane A links up with the bottom half of plane B (Fig. 1.23b).

This process is subsequently repeated for the other planes, so that an extra half-plane moves
from left to the right with discrete steps by successive and repeated breaking of bonds and shifting
by interatomic distances of upper half-planes. Before and after the movement of a dislocation
through some particular area of the crystal, the atomic arrangement is ordered and perfect; it is only
during the passage of the extra half-plane that the lattice structure is disrupted. Ultimately this extra
half-plane may emerge from the right surface of the crystal, forming an edge that is one atomic
distance wide, which is shown in Figure 1.23c.

The process of plastic deformation by dislocation motion is called a slip. A plane along
which the dislocation line traverses is termed a slip plane (Fig. 1.23c). Macroscopic plastic
deformation simply corresponds to permanent deformation caused by the movement of dislocations,
or slip in response to an applied shear stress.

The theoretical strength is strength of a perfect crystal (without dislocations). Due to this the
theoretical strength is much higher than the engineering strength. The strength of metals is not a
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linear function of the dislocation density. As we can see at the diagram (Fig. 1.24), there are two
main methods of increasing the strength:

- by producing metals and alloys of defectless structure;

- by increasing the density of defects, including dislocations, as well as structural barriers
impeding the movement of dislocations.

(8]

Dislocation density p
Fig. 1.24 Dependence of the resistance to deformation on the number of defects (dislocation density)
in metal: 1 - theoretical strength; 2 - strength of “whiskers”; 3 - pure unhardened metals;
4 - alloys strengthened by alloying, strain hardening, heat and thermomechanical treatment

The curve shows that the minimum strength corresponds to a certain critical dislocation
density, equal approximately to 10°... 10® cm™. This value refers to annealed metals. As the number
of defect reduces the resistance to deformation and the strength increase and rapidly approach the
theoretical value. Crystals practically without dislocations may be produced. These filament-like
crystals are small in size, from 2 to 10 mm long and 0.5 to 2 um (micrometers) thick, and are called
“whiskers”. Their strength approaches the theoretical value. For example, the tensile strengths of
such filament crystals of iron, copper and zinc are 13000; 3000 and 2250 MPa; their corresponding
engineering strengths are 300; 260 and 180 MPa.

Any increase in size of the whiskers sharply reduces their strength. The whiskers are used
for producing of fibrous (composite) materials. High strength and plasticity are obtained in this case
by reinforcing a soft metallic matrix (copper, aluminum, silver, nichrome, etc.) or plastics
(polymers) by defectless, filament-like crystal of metals or fibres of nonmetals (o -A1,03, carbon
fibres, carbides B4C, SiC, etc.). The tensile strength of filament-like crystals amounts to 20000 MPa
for A1,03, 7000 MPa for B4C 11000 MPa for SiC and 21000 MPa for carbon filaments.

If the number of defects (dislocations, point and surface defects, etc.) of the crystal structure
exceeds 10°...10° cm™, its strength continues to raise. The relationship between the yield point Oy
and the dislocation density p is:

G, =0, +aGbyp, (1.17)
where oy is shear stress before deformation (after annealing);
b is Burgers vector;
o is strain hardening factor; depends upon the type of lattice and composition of the
alloy.

This equation is the basis for all practical engineering methods of strengthening metals and
alloys.

The dislocation density should not exceed 10% or 10** cm™. At higher density the metal
becomes brittle; and cracks are formed in it.
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1.3.7. Diffusion

Many of the fundamental processes occurring in metals and alloys (crystallization, phase
transformations, recrystallization, surface impregnation, etc.) are of diffusive nature. Diffusion
refers to the displacement of atoms within a crystalline body over distances exceeding interatomic
for the given substance.

In metals diffusion takes place predominantly by the substitutiuonal mechanism. Here, as it
Is shown at the Fig. 1.19 b, atom 1 has higher energy and can move into a vacancy. Thus, a new
vacancy has been left at the previous location of this atom, which can be occupied by atom 2, etc.

Diffusion of the elements with a small atomic radius (C, N, H) in a metal takes place
according to the interstitial mechanism.

The rate of diffusion is defined as the quantity of matter that diffuses through unit area of the
interface in unit time. The higher concentration of diffusing element and temperature is, the higher
the rate of diffusion.

1.4. Solidification and Metal Structure
1.4.1. Primary Crystallization of Metals in Solidification

The transformation of metals from the liquid to the solid (crystalline) state is called
solidification, or crystallization. The process of solidification begins when temperature becomes
lower than melting point, that is, the process begins in the conditions of supercooling of metals
(Fig. 1.25).

t Vi<V Y,

Fig. 1.25. Cooling curves for a pure metal

At very low rates, the degree of supercooling is small and solidification proceeds at a
temperature near to the equilibrium one (curve vs). The horizontal portion found on the cooling
curves at the solidification temperature (representing a stop in the fall of temperature) is due to the
evolution of the_latent heat of solidification, even when heat is dissipated in cooling. The degree of
supercooling increases with the cooling rate and the solidification process proceeds at temperatures
below the equilibrium temperature of solidification.

The rate of solidification and the structure of the solidified metal depend on the rate of
nucleation RN (number of crystals appearing in unit time and in unit volume) and on the rate of
growth RG of the nuclei, i.e. on the linear rate of crystal growth. The higher the rate of nucleation
and growth of the nuclei is, the more rapid the process of solidification will be. It is usually
assumed that with an increase in the degree of supercooling, the rate of nucleation and,
consequently, the number of nuclei, increases faster than the rate of crystal growth. The greater the
rate of nucleation and the lower the rate of crystal growth, the smaller the crystals (grains) finally
will be, and the finer the grain structure of metal will be obtained. The size of obtained grains S is

25



related to the number of nuclei (nucleation rate) RN and to the rate of crystal growth RG by the
equation:

S=1.1(RG/RN)** (1.18)

The grain size of metal strongly affects its mechanical properties. These properties,
especially, ductility and plasticity, are higher for fine-grained metal.

Nucleation in a liquid metal by the described mechanism is considered to be spontaneous.
Spontaneous nucleation, i.e. the formation of nuclei, based on phase and energy fluctuations may
take place only in highly pure liquid metals. Commercial, or engineering, metals always contain a
large amount of impurities of various kinds (oxides, sulphides, nitrides, etc.), which under definite
conditions facilitate the formation of nuclei. These conditions are:

- the impurity should have a higher melting point than the base metal,

- the crystal lattice of the impurity and crystal lattice of base metal should differ only to

the minimum extend (principle of structural and dimensional conformity).

Inoculation is the use of impurities, or admixtures, called inoculants, which are added to the
liquid metal to obtain fine grain according to the mechanism described above. These inoculants are
added in such small amounts (0.001...0.15%) that practically they do not change the chemical
composition of the metal. But they enable a fine grain to be obtained and thereby improve the
mechanical properties of the metal.

1.4.2. Macro- and Microstructure of Metals and Alloys

In their ordinary structural state pure metals are of low strength and do not possess, in many
cases, the required physicochemical, mechanical and technological properties. Consequently, they
are comparatively seldom used in engineering practice. The majority of metals employed are alloys.
Alloys are produced by melting or sintering of two or more metals, or metals and nonmetals,
together. The chemical elements that make up an alloy are called its components.

The conceptions of phase and structure, widely used in physical metallurgy, have been
introduced to deal with the constitution, transformations and properties of metals and alloys.

A phase is a homogeneous portion of an alloy, having the same composition and the same
state of aggregation throughout its volume, and separated from the other portions of system by
interfaces. For instance, a homogeneous pure metal or alloy is a single-phase system. A state in
which a liquid alloy or metal coexists with its crystal is a two-phase system. Alloy may have two
and more phases in solid state, for instance, aluminum and silicon in Al-Si alloy (Fig. 1.26).

As the result of various physicochemical interactions of the components the following
phases can be formed in alloys:

- liquid solutions;

- solid solutions;

- chemical compounds;

- phase, or mechanical mixtures.

. .\'\Si
® \J

\AI

Fig. 1.26. Double-phase structure of Al-Si alloy

As a rule, in liquid state components of alloys are unlimitedly dissolved each in other
forming liquid solutions.
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Solid solutions are phases in which one component of the alloy retains its crystal lattice, and
atoms of the other component (or components) are located in the lattice of the first one, called the
solvent, changing its size (lattice constant). Distinction is made between substitutional and
interstitial_solid solutions (Fig. 1.27). In forming a substitutional solid solution, the atoms of the
dissolved component (called solute atoms) substitute for a part of the atoms of the solvent (called
matrix atom) in its crystal lattice. In forming an interstitial solid solution, the solute atoms are
accommodated in the interstices (interatomic spaces) of the crystal lattice of the solvent.
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Fig. 1.27. Substitutional (a) and interstitial (b) solid solutions

All metals are mutually soluble to some degree in solid state. For instance, up to
5,5 % Cu can be dissolved in aluminium and up to 39 % Zn in copper without changing the type of
their crystal lattice. A continuous series of solid solutions may be formed in cases when the
components can substitute each other in the crystal lattice in any quantitative ratio.

Chemical compounds are formed according to the law of normal valence. They have typical
features that distinguish them from solid solutions:

- they have a crystal lattice that differs from those of the components forming the
compound,;

- there is a simple multiple relation of the atoms of elements: this enables their composition
to be specified by a simple formula A,Bn, where A and B are elements, n and m are small whole
numbers;

- the properties of the compound differ greatly from these of its components;

- the compound has a constant melting point;

- the formation of the chemical compound is accompanied by a substantial thermal affect.

Mechanical (phase) mixtures are formed during crystallization of double alloys: Fe-C,
Pb - Sn, Al-Cu and so on. They are combinations of two pure metals, or metal and solid solution or
solid solution and chemical compound. Mechanical mixtures have constant chemical composition,
for example, 0,8%C and 99,2% Fe, 13% Pb and 87% Sb and constant temperature of crystallization
or recrystallization.

The industrial alloys consist of many components (two, five, ten and more), therefore they
have numerous phases and complex structure composition. The structure refers to the shape, size or
mutual arrangement of the corresponding phases in metals and alloys. The structure defines
properties of metals and alloys.

There are some methods to control the structure of metals and alloys. They distinguish
concept of macrostructure and microstructure.

Macrostructure is constitution of a metal or alloy investigated by the naked eye or by low-
power magnification (not more than x50).

Microstructure is constitution of metal or alloy observed by means of optical metallurgical
microscope with magnification ranges from x50 to x2000.

Macrostructure can be examined either on a fracture or on specially prepared macrosection
(Fig. 1.28). A study of a fracture is the simplest way to reveal the crystalline structure of metals. A
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fracture reveals grain size and shape, special features in smelting and casting of the metal, heat
treatment used and, consequently, certain properties of the metal. Fractures may be: brittle, plastic,
combine (intermediate), fatigue.

Fig. 1.28. Macrostructure of steel: (a) - “as cast”; (b) - forged; (c) - rolled

If the macrostructure is studied on special macrosection, the specimens are cut out of large
billets (ingots, forgings, etc.) or machine parts and are then ground, polished and etched with
special reagents called etchants. An examination of a macrosection can disclose the shape and
arrangement of the grains in cast metals; directions of grain flow lines (of the deformed crystallites)
in smith and closed-die forgings; defects impairing the continuity of the metal (shrinkage porosity,
gas holes, cracks, etc.); chemical non-homogeneity of an alloy, caused by the crystallization process
or resulting from heat -treatment or chemical heat-treatment (carbonizing, nitriding, etc.).

The microstructural analysis reveals the mutual arrangement of the phases, their shapes and
sizes. Microstructure is studied on a microsection made of the metal to be analyzed. This is a small
specimen, prepared by careful surface grinding, polishing and etching by special reagent. The
microstructure of metals is observed by means of an optical or an electron microscope. The useful
magnification of an optical microscope does not exceed x2000. This enables details of the structure

0
to be observed if they are larger than 2000 A or 2.0-10"'m (Fig. 1.29).
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Fig. 1.29. Microstructure of hipoeutectoid steel with 0.4%C (a),
eutectoid steel with 0.8%C (b) and hypereutectoid steel with 1,1%C

Today the electron microscope is extensively used to study the structure of metals. Its
effective magnification may reach x5000000. The use the electron beams of exceptionally short
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wave-length (0.04 to 0.12x10°m) enables details of the object to be distinguished that are near

0
1 A (10™° m) in size (subgrains, dislocations and separate atoms).

1.5. Phase Diagrams and Structure of Alloys. System of Iron-Carbon Alloys

1.5.1. Essence and Plotting of Phase Diagrams

The solidification (crystallization) of metallic alloys and many laws concerning their
structure can be described by means of the equilibrium diagrams discussed below. These diagrams,
also called constitutional and phase diagrams, are convenient graphical representations of the phase
content and structure of an alloy at any temperature and composition. Equilibrium or phase
diagrams as their name implies are plotted for equilibrium conditions or for conditions sufficiently
close to equilibrium.

The method of thermal analysis is the most frequently used for the phase diagrams plotting.
The idea of method is the plotting the cooling curves of different alloys by special device and a
thermocouple (Fig. 1.30).

Plotting of lead-antimony (Pb-Sb) diagram is frequently discussed as an example.

The group of Pb-Sb alloys is taken, where Sb content increases from 0 to 100 %:
(table 1.1).

4
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Fig. 1.30. Method of thermal analysis in plotting of phase diagrams: 1-alloy; 2-crucible;
3-thermocouple; 4-device, recording the change of the temperature in the time

Table 1.1 - Group of Pb-Sb alloys for the thermal analysis method

No of alloys 1 2 34|56 |. [11] 12
Pb, % 100 95 [ 90 | 87|80 |70 | ..|10| O
Sh, % 0 5 10 | 13 |20 [ 30 | ... | 90 | 100

Every alloy is melted in the crucible; and the cooling curve is plotted by the device
(Fig. 1.31).
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Fig. 1.31. Plotting of Pb-Sb phase diagram
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Upon cooling the temperature of pure lead (Pb) drops uniformly to temperature 327°C or
melting point, at which lead solidifies. A horizontal step appears on the curve because the latent
heat of solidification evaluate. When lead has completely solidified, the temperature again drops
uniformly. Antimony (Sb) solidifies in a similar manner (alloy Nel2).

Other alloys, except Ne 4 (table 1.1), solidify in interval of temperatures, i.e. they have
temperatures of solidification beginning and temperatures of solidification finish. For example,
when alloy Ne 2 is cooled, the temperature drops uniformly to the temperature of 285°C. At this
temperature solidification begins and an inflection (critical point) is observed on the cooling curve.
This inflection is due to a reduction in the cooling rate as a result of the evolution of the latent heat
of solidification. Solidification of the alloys begins at the temperatures lying on the liquidus line
ABC. Crystallization ends at the temperatures lying on the solidus line DBF.

Liquid lead-antimony solution exits at temperatures above the liquidus line. Two phases:
liquid alloy and solid Pb exist between the lines AB and DB; and liquid alloy and solid Sb exist
between lines BC and BF. Alloy Ne 4 differs from other alloys because it solidifies at constant
temperature, like pure metals. Similar structure consisting of definite combinations of two (or more)
solid phases, simultaneously freezing out of the liquid alloy, is called a eutectic. The eutectic is a
mechanical mixture with a definite composition (in our case 13 %Sh+87%Pb).

During solidification the liquid solution of all Pb-Sn alloys is converted into eutectic at
temperature 245°C (solidus line DBF).

1.5.2. Components and Phases of the Iron-Carbon System

The iron alloys are the most extensively used in industry. The most widely used ones are
steel and cast iron, which are alloys of iron with carbon. Various alloying elements are added to
obtain steel and cast iron with the required properties.

Iron is a metal of silvery-whitish color. Its atomic number is 26, the atomic mass is 55.85,

0
and the atomic radius is 1,27 A . The melting point is 1539 °C. The density of a-iron at room
temperature is 7,68 g/cm. Iron is polymorphic, the crystal lattice of a-Fe is of the body-centered

0
cubic type with a lattice constant of 2.8606 A .
The y-iron exits at temperatures above 911°C to 1392°C. It has face-centered cubic lattice

0
with constant of 3,645 A at the temperature 911°C. The density of y-Fe is from 8.0 to 8.1 g/cm®.
Carbon is nonmetallic element. Its atomic number is 6, the density is 2.5g/cm?, the atomic

0
mass is 12.011, the melting point is 3500°C, and atomic radius is 0,77 A. Carbon is also
polymorphic. It is brittle, and has low mechanical properties, when it has the graphite allotropic
form. But carbon also occurs in the metastable diamond form.

The following phases and structural components are distinguished in the Fe-C system of
alloys: liquid alloy, solid solutions (ferrite and austenite), the compound (cementite), mechanical
mixtures (pearlite and ledeburite) and free graphite.

Ferrite (Fig.1.32a) is solid solution of carbon and other constituents in o-iron. Depending
upon temperature, the carbon content in ferrite ranges from 0.006% at 20°C to 0.02 % at 727°C.
Under a microscope ferrite is seen as homogeneous polyhedral grains. It has the following
approximate mechanical properties:

o, =250MPa, 6, =120 MPa, &=50%, ¢ =80%, HB="700...800 MPa.

Austenite (Fig.1.32 b) is the solid solution of carbon and other constituents in y-iron. The
maximum solubility of carbon in y-iron is 2.14 %. The microstructure is made up of polyhedral
grains. Austenite possesses the following approximate mechanical properties:

o, =400MPa, o, =200MPa, 6=25%, ¢=20%, HB=1800...2200 MPa

30



Fig. 1.32. Phases in steel: a — ferrite; b — austenite; ¢ — cementite (white); d — lamellar pearlite;
e — globular pearlite; f — ledeburite; g — lamellar graphite; h — spheroidal (globular) graphite. x100

Cementite (Fig.1.32 c) is a chemical compound of iron and carbon, iron carbide FesC. It has
a carbon content of 6.67%. Owing to the ability of its decomposition at high temperature the
melting point of cementite has not been precisely determined, but is taken equal to about 1250°C. It
has high hardness, about 10000 MPa, and low, near zero, ductility. Cementite is a metastable phase.
Under equilibrium conditions (holding at high temperature) cementite disintegrates into iron and
carbon: FesC—3Fe + C with formation of graphite.

Pearlite (Fig 1.32 d, e) is the mechanical mixture of ferrite and cementite with constant
carbon content equal to 0.8 %. Pearlite is a structural component, which may be considered as two
phases: ferrite and cementite. Pearlite has the following approximate mechanical properties:
6, =700 MPa 6, =500 MPa, & =10%, ¢ =15%, HB =2500...2800 MPa. It is named eutectoid.

Ledeburite, or eutectic (Fig. 1.32 f) is the mechanical mixture of pearlite and cementite at
t<727°C or austenite and cementite at t>727°C. It has carbon content equal to 4.3 % C. The
ledeburite has low strength and ductility, but high hardness, near 6500 MPa.

Graphite (Fig. 1.32 g, h) is soft, and has low strength. Its hardness is HB 100MPa. But
carbon graphite fibers of high strength can be obtained in the decomposition of certain organic
compounds (natural gas). They are used e.g. for reinforcing of aluminium alloys.

1.5.3. Iron-Cementite Equilibrium Diagram (Metastable Equilibrium)

The iron-cementite diagram shows the phase composition and structure of alloys in the
carbon content range from pure iron to cementite (6.67 %C) (Fig. 1.33). The Fe-Fe;C system is
metastable. The formation of cementite in place of graphite takes place in case of rapid cooling of
alloys.

Point A (1539°C) on the Fe-Fe3C diagram is the melting point of pure iron. Point G (911°C)
corresponds to the allotropic transformations a<>y.
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Fig. 1.33. The iron-cementite equilibrium diagram

The carbon content (by mass) for the characteristic points of the diagram is as follows:

- point E (2.14 %C) is the maximum carbon content in austenite at the eutectic melting

temperature 1147°C;

- point S (0.8 %C) is the point of eutectoid formation;

- point C (4.3 %C) is the point of eutectic formation;

- point P (0.02 %C) is the maximum carbon content in ferrite at the eutectoid temperature

727°C.

Line ABC indicates the temperatures at which austenite (or ferrite 5) begins to freeze out of
the liquid alloy, it is the liquidus line; line CD (liquidus line) - the temperature at which primary
cementite (Fe3C) begins to precipitate out of the liquid alloy.

Line AHJECF indicates the temperatures at which the solidification of alloys is finished. It
is solidus line. Line ECF corresponds to the crystallization of the eutectic, which is called
ledeburite. Thus:

Liquid — Austenite+ Fe,C, (1.19)

Phase and structural changes in Fe-FesC alloys following solidification are due to the

allotropy of iron and the change in solubility of carbon in austenite and in ferrite as the temperature
is lowered.

In cooling line SE (the maximum solubility of carbon in austenite) is Acm. It represents the
temperatures at which secondary cementite starts separating out of the austenite:

Austenite. — Austenite; + Fe,C,, (1.20)

The horizontal line PSK at the eutectoid temperature 727°C, conventionally labeled A; (in
cooling Ary, in heating Ac,), is termed the lower critical temperature, below which, under
equilibrium conditions, all austenite will have transformed into ferrite and cementite phases:

Austenite— Ferrite + Fe,C (1.21)
—_—

Pearlite

The phase boundaries denoted by Az (line GS, in cooling Ars, in heating Acs) and by Acm
(line SE, in cooling and in heating is denoted by the same A.n) represent the upper critical
temperature lines, for hypoeutectoid and hypereutectoid steels, respectively.
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The critical point of the y<>a transformation at 1392°C is denoted by Ac4 (in heating) and
by Ar, (in cooling).

Variation of the solubility of carbon in ferrite with the temperature corresponds to line PQ.
In cooling under equilibrium conditions, this line corresponds to the temperatures at which tertiary
cementite begins to precipitate out of the solid alloy; in heating it is completely dissolved at these
temperatures. When the temperature drops to 727°C the austenite containing 0.8 %C (point S), is
transformed into pearlite. Line PSK is named the austenite-pearlite transformation line.

Alloys, containing 0,02 %C or less are called ingot irons or simply irons.

Alloys, containing from 0,02 to 0,8 %C are called hypoeutectoid steels; steel with 0.8 %C is
eutectoid steel; alloys, containing from 0.8 to 2.14% C are called hypereutectoid steels.

Alloys, containing from 2.14 to 6.67 %C are called cast irons: they are hypoeutectic
(C=2.14...4.3 %), eutectic (4.3 %C) and hypereutectic (from 4.3 to 6.67 %C) alloys.

1.5.4. Effect of Carbon and Minor Constituents on the Properties of Steel

Steel is a multiple-component alloy containing carbon, alloying elements (Mn, Si, Ni, Cr,
W, etc.), a number of constant (Mn, Si, Cr, Cu, etc.) and unavoidable impurities (S, P, O, N, H and
others), which influence its properties. The presence of these impurities is due to the difficulty of
removing them in smelting of the steel (S, P, O, N, H), or their transfer to steel in deoxidation (Mn,
Si, Al), or from the charge of scrap metal (Cr, Ni, Cu, etc.)

Effect of Carbon. The more carbon is in steel the more cementite and less ferrite is in it
(Fig 1.34). Hard and brittle particles of cementite impede the motion of dislocations, thereby
increasing the resistance to deformation and also reduce the ductility and toughness. Consequently,
an increase in carbon content in steel increases its hardness, tensile strength and yield point, and
reduces the percent elongation, reduction in area and impact strength. The carbon content in excess
of 1.0 or 1.2 % increases the hardness of steel in the annealed state, but reduces its tensile strength
(Fig. 1.35). The latter is due to the precipitation of secondary cementite along the boundaries of
grains, forming a continuous network.

Effect of Silicon and Manganese. The silicon content in carbon steel as an impurity does
not usually exceed 0.35 or 0.4 %. The manganese content ranges from 0.5 to 0.8 %.

Silicon and manganese are introduced in the deoxidization period in steelmaking. Silicon
and manganese deoxide liquid steel, i.e. they combine with the oxygen of the ferrous oxide (FeO)
and go over into the slag in the form of oxides SiO, and MnQO. Deoxidation improves the properties
of steel.

The silicon that remains after deoxidation in the solid solution (in the ferrite) greatly
increases the yield point oy. This, in turn, reduces the drawing capacity of the steel and, especially,
its capacity to be efficiently cold-headed. Therefore, the silicon content must be kept low in steels
intended for cold press working and cold heading.

Manganese appreciably raises the strength of steel without practically reducing its ductility.
It sharply reduces the read-shortness, i.e. brittleness at high temperatures due to the effect of
sulphur.

Volume,% v
Fe,C
50
Ferrite
V08 .14 13 %
F P L C(FeyO)
F+P P+C P+L L+C

Fig. 1.34. Percent change in ferrite and cementite volumetric content in steel and cast iron
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Fig. 1.35. Effect of carbon on the mechanical properties of steel

Effect of Sulphur. Sulphur is a harmful impurity in steel. It forms the chemical compound
FeS with iron, which is practically insoluble in iron in the solid state, but is soluble in the liquid
metal. This compound forms a eutectic with the iron with the low melting point (988°C). The
eutectic is formed even with slight sulphur content, separating out of the liquid at the very end of
solidification, and locates mainly along the grain boundaries. When the steel is heated to the rolling
or fording temperature (1000° to 1200°C) the eutectic melts violating the bonds between the metal
grains. As a result, tears and cracks are developed when the metal is hot-worked. This phenomenon
is known as hot-shortness, or red-shortness. The presence of manganese in steel, which has a
greater affinity to sulphur than iron and forms the high-melting compound MnS, practically
excludes red-shortness.

Sulphur inclusions unfavorably affect the mechanical properties: impact strength (KCU),
ductility and cold resistance. For these reasons, the sulphur content in steel is strictly limited.
Depending upon the quality of the steel, the maximum permissible content ranges from 0.015 to
0.055 %S.

Effect of Phosphorus. Phosphorus dissolves in both a-Fe and y-Fe. When it dissolves in
ferrite, phosphorus distorts the crystal lattice and increases tensile strength and yield point, but
greatly reduces ductility, toughness and cold-resistance. The maximum phosphorus content may
range from 0.015 to 0.060 %.

Effect of Nitrogen, Oxygen and Hydrogen. Nitrogen and oxygen are present in steel in the
form of brittle nonmetallic inclusions (oxides SiO,, MnO, Al,Ogz, nitrides FesN, TiN, VN etc.).
They reduce ductility, toughness, impact strength and cold resistance.

The hydrogen absorbed in smelting steel not only embrittles steel, but also promotes the
formation of flakes (cavities) in rolled stock and large forgings.

Vacuum smelting and blowing by inert gases processes, widely used in steelmaking in
recent years, considerably reduce the gas content in steel.

1.6. Heat-Treatment of Steel
1.6.1. Phase Transformations in Iron Alloys

The heat-treatment of steel is based on:
- polymorphism of iron;
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- different solubility of carbon in o-Fe and y-Fe;

- ability of cementite Fe3C to decompose by the reaction Fe;C<>Fe+3C;

- high diffusion ability of carbon.

Let us consider the transformation of a ferrite - cementite mixture (pearlite) into austenite,
using eutectoid steel (0.8 %C) as an example. According to the diagram Fe-Fe3;C, when the steel is
heated above line PSK (or point S), pearlite transforms in austenite:

Fe, + Fe,C —>Fe (C)

0.02%C 6.67%C 0.8%C (1.22)
—_—

pearlite auctenite

As we can see the polymorphic transformation Fe,—Fe, and carbon diffusion take place.
According to scientific investigations, process of pearlite-to-austenite transformation consists of
some steps (Fig. 1.36):

- beginning of austenite formation at temperature higher than 727°C (point 1);

- end of ferrite-to-austenite transformation (point 2);

- complete dissolution of the carbides and receipt of non-homogeneous austenite

(point 3);

- homogenization of austenite (point 4).

When steel with an austenite structure, obtained by heating to temperature above the line
GSE, is supercooled to temperatures below the line PSK (A1), the austenite is in a metastable state
and undergoes the transformation.
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Fig. 1.36. Pearlite-to-austenite transformation in heating

The kinetics of supercooled austenite transformations may be comprehensively described by
means of an experimentally plotted time-temperature-decomposition diagram, or isothermal
(constant-temperature) austenite transformation diagram (more commonly called TTT diagrams,
because they relate the transformations of austenite to the pertinent time and temperature
conditions). Such diagrams are also called S-curves and C-curves because of their shapes
(Fig. 1.37). Curve 1 of diagram represents the beginning of austenite decomposition and curve 2
indicates the time required for complete decomposition. The area to the left of the curve 1 showing
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the start of austenite decomposition determines the length of the incubation period. In the
temperature and time ranges, specified by this area, supercooled austenite exists in which no
appreciable decomposition has yet occurred.

If austenite is cooled with low speed (V1), decomposition of the austenite occurs with the
formation of a lamellar structure of ferrite and cementite (pearlite). This process is diffusive. This
follows from the fact that austenite, which is practically homogeneous in its carbon concentration,
decomposes with the formation of ferrite (almost pure iron ) and cementite containing 6.67 % C, i.e.
into two phases with greatly differing carbon content.

The transformation Austenite—Pearlite has the same steps as transformation
Pearlite—Austenite, but the process goes in reverse order. At low degrees of supercooling (V1) a
clearly differentiated ferrite-cementite aggregate (pearlite) is formed. At a higher degree of
supercooling (V2) a finer mixture called sorbite is obtained. At still greater supercooling of the
austenite (V3) an even more dispersed mixture, called troostite, is obtained. Pearlite, sorbite and
troostite are ferrite-cementite mixtures differing from each other by dispersion only.
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Fig. 1.37. TTT diagram for carbon steel

If austenite is supercooled with high speed (Vs), diffusion is completely suppressed and the
formation of phase consisting of ferrite and cementite becomes impossible. This leads to the
diffusionless transformation of austenite into the structure of hardened steel, called martensite,
which is a supersaturated interstitial solid solution of carbon in a-iron. For this reason, the carbon
content in the martensite in the general case is the same as in the supercooled austenite (ferrite
contains no more than 0.02 %C).

An intermediate transformation takes place with intermediate cooling speed (V4). This
transformation has many features inherent in both the pearlite (diffusion) and the martensite
(diffusionless) transformations. As a result of this supercooled austenite transformation, a structure
is formed which consists of the a-phase (ferrite), oversaturated with carbon and particles of
cementite of a typical needlelike shape. This kind of structure is called bainite.

1.6.2. Practice of Heat-Treatment of Steel

The term heat-treatment means a change in the structure and, consequently, in the properties
of an alloy, accomplished by heating it to a definite temperature, holding at this temperature and
subsequent cooling at a special rate.
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There are several kinds of heat-treatment used in practice (annealing, normalizing,
hardening and tempering) which differently affect the structure and properties of steel, and which
are assigned to meet the requirements to the semifabricated materials (castings, forgings, rolled
stock etc.) and finished articles.

The scheme of main kinds of heat-treatment is given below (Fig. 1.38).

First type annealing includes homogenization, recrystallization and residual stress-relief
annealing (Fig. 1.39). A distinctive feature of this kind of annealing is that mentioned processes are
performed regardless of whether or not phase transformations take place in the alloys during the
treatment.

Homogenization (Diffusion Annealing) is applied to alloy steel ingots to reduce dendrite and
intracrystalline segregation, which increase the susceptibility of steel to brittle failure, anisotropy of
properties, etc. Dendritic segregation reduces the ductility and toughness of steel. Steel should be heated to a
high temperature, equal to (0.8...0.9). T melting, K, or 1000...1200°C, in diffusion annealing because the
diffusion processes required to equalize the composition throughout the steel are more fully completed at
these temperatures.

|Homogenization (Diffusion annealing) |

Firsttype [—|Recrystallization Annealing

/Annealing Stress Relief Annealing

Full Annealing |

Second type-—| Partial Annealing |

Isothermal Annealing |

Normalizing Full Hardening |

(Hardening [ [Partial Hardening |

| Low-temperature Tempering |

Tempering | ———————[Medium-temperature Tempering |

High-temperature Tempering |

Fig. 1.38. Scheme of main kinds of heat-treatment
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Fig. 1.39. Temperature regions for heating of steel for heat-treatments:
1- diffusion annealing; 2- recrystallization annealing; 3- stress-relief annealing; 4- full annealing;
5-partial annealing; 6 — full quenching; 7 — partial quenching; 8 — low — temperature tempering;
9 — medium - temperature tempering; 10 — high - temperature tempering
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The total time required for diffusion annealing may reach from 50 to 100 hours and even more. A
coarse grain is produced by diffusion annealing. After homogenization metal undergoes full
annealing or normalizing to refine the grain and improve the properties.

Recrystallization annealing consists of heating of cold-worked steel to a temperature above
that of recrystallization (0.4...0.6) Trerr, K, holding at this temperature and subsequent cooling. The
temperature of recrystallization annealing depends upon the composition of the steel and is usually
in the range from 650 to 750°C. The heating time is from 0.5 to 1.5 hours. Recrystallization
annealing removes (eliminates) strain hardening, decreases strength and increases plastic
properties.

Stress Relief Annealing is applied to castings, weldments and work pieces, following
machining and other operations, in which residual stresses have developed in previous processing as
a result of non-uniform cooling, non-uniform plastic deformation, etc. The annealing temperature is
usually from 350 to 600°C, the holding time is several hours. Residual stresses are also relieved in
performing other kinds of heat-treatment, for example, recrystallization annealing, annealing with
phase recrystallization (second type), tempering hardened steel, etc.

Second-type annealing (Phase recrystallization). Annealing of this type consists in heating
steel to temperatures above point Acs or Ac; (Fig. 1.39), holding at these temperatures and slow
cooling. As a result of the phase transformations in the annealing process a state of practically
equilibrium structure is reached.

Full annealing is the heating of steel to temperatures above point Acs or Acny (line GSE)
(Fig. 1.40).

Partial annealing is the heating of steel to temperatures above point Ac; (line PSK).

In isothermal annealing alloy steel is heated as for ordinary annealing and then is cooled
relatively rapidly (by putting the steel into another furnace) to a temperature lower than Ac;
(usually by 50 to 100°C) (Fig. 1.33). The steel is hold isothermally at this temperature during a
certain time sufficient for complete austenite decomposition. This is followed by comparatively
rapid cooling in air. The main advantage of isothermal annealing is that it reduces the time, required
for the process, especially for alloy steel, which must be cooled very slowly to obtain the required
reduction in hardness.

Normalizing of steel. Normalizing consists in heating hypoeutectoid steel to a temperature
exceeding Acs (lines GS) and hypereutectoid steel to one exceeding Acm (lines SE) by 50 or 60°C,
holding and then cooling in air.

Y A+ 30 t0 50°C )
‘.ﬂ(.
700 [~

hr/ton P+F

T, hr
Fig. 40. Diagram of the full annealing of hypoeutectoid alloy steel
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Fig. 1.41. TTT curve for the isothermal annealing of alloy steel

Normalizing causes recrystallization of the steel and, consequently, refines the coarse-
grained structure obtained in casting or rolling.

More rapid cooling (in air), used in normalizing, causes the austenite to decompose at lower
temperatures. This increases the dispersity of the ferrite-cementite aggregate and improves the
mechanical properties of steel.

Hardening of steel. Hardening (quenching) consists in heating to a temperature from 30 to
70°C above point Acs (line GS), or above point Acn (line SK), holding until the phase
transformations are completed and then cooling at a rate above the critical (Fig. 1.34). Such cooling
is called quenching (carbon steels are usually quenched in water, alloy steels in oil or other media).
The austenite is transformed into martensite during quenching.

t:l(\
800

600

Colding

400

200

0
Fig. 1.42. Diagram of hardening of hypoeutectoid alloy steel

Hardening or quenching is not final heat-treatment. It is followed by tempering to reduce
brittleness and stresses due to hardening and to obtain the required mechanical properties.

Tool steels are hardened and tempered mainly to increase their hardness, wear resistance and
strength; structural steel, to increase its strength (oy, oy) and hardness and to obtain a sufficiently
high ductility (5 and ¢) and impact strength (KCU).

Tempering of Steel. Tempering consists in heating hardened steel to a temperature not
above Acs, holding at given temperature (from 1.0 to 2.5 hours) and subsequent cooling at specified
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rate. Tempering is a final operation in heat-treatment. Steel acquires the required mechanical
properties (Fig. 1.43) as a result of tempering. Besides, tempering completely or partly relieves the
internal stresses developed in quenching. The higher the tempering temperature the more
completely are the stresses relieved.

Low-temperature tempering is performed by heating to temperatures from 150 to 250°C. It
decreases the internal stresses and transformers martensite, produced by quenching, into tempered
martensite. Mechanical properties retain without any appreciable changes.

Medium-temperature tempering at 350 to 500°C provides improvement of elastic limit and
toughness and some decrease in strength and hardness. The tempered steel has structure containing
temper troostite.

High-temperature tempering is performed in the range from 500 to 680°C. The steel has a
structure consisting of temper sorbite. This heat-treatment almost completely relieves internal
stresses, increases the plasticity and toughness and reduces the strength and hardness.
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Fig. 1.43. Effect of tempering temperature on mechanical properties of steel
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1.7. Chemical Heat-Treatment (Casehardening) of Steel

Chemical heat-treatment, or casehardening as it is called in most cases, consists in adding
some elements (for instance, carbon, nitrogen, aluminum, chromium and other) to the surface of
steel by diffusion of this element from surrounding media at a high temperature.

Carburizing is the process of adding carbon to the surface layer of steel. Distinction is made

between two main procedures: (l) pack carburizing and (2) gas carburizing.

In pack carburizing the saturating medium is a solid carburizer, usually activated charcoal,
semicoke or peat coke. A widely used -carburizer consists of 20 to 25 % BaCOs,
3.5 % CaCOg3 and charcoal. Work pieces and carburizer are placed in metallic boxes, closed and
heated to temperature from 910 to 930°C. Under such conditions:

BaCO, +C — BaO +2CO, (1.23)
2CO —»2C0, +C, (1.24)
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The carbon C,; evolved in this reaction is in the atomic state. It diffuses into the austenite.
Gas carburizing is accomplished by heating the work in a medium of gases containing
carbon:
CH, »>2H,+C,, (1.25)

Gas carburizing time ranges from 6 to 12 hours to obtain a case from 0.7 to 1.5 mm in
thickness.

The final properties of carburized works are obtained as a result of hardening and low-
temperature tempering. Idea of carburizing is to obtain surface layer, which has high strength,
hardness and wear resistance.

Nitriding is the process of adding nitrogen to the surface of steel by heating it in ammonia
gas at 480...700°C:

2NH; - 6H+2N,,, (1.26)

The atomic nitrogen thus formed diffuses into iron and forms solid solution with a-phase
and chemical compounds (FesN, Fe;N, CrN, MoN, A1N) and therefore increases hardness, strength,
wear resistance and resistance to corrosion.

Cyaniding and Carbonitriding of steel are processes in which both carbon and nitrogen are
added to the surface layer of steel. Cyaniding consists in heating the steel in a liquid medium; if the
process is performed in gaseous atmosphere, it is called carbonitriding.

Diffusion coating. The impregnation of the surface of steel with Al, Cr, Si, B and other
elements is called diffusion coating, or metallic cementation. Components whose surface is coated
in this manner acquire various valuable properties, such as high heat resistance, corrosion
resistance, increased wear resistance and hardness.

The diffusion coating of steel with various metals and silicon can be done at 900...1050°C
by:

- embedding the components in the corresponding mixtures (usually ferroalloys and 0.5 to 5

- immersing them in the molten metal if the diffusing element has a low melting point (zinc,
aluminum));

- impregnation from a gaseous medium (A1C13, CrCly, SiCly, etc.).

1.8. Classification and Identification of Iron-Carbon Alloys
1.8.1. Steels

All the elements, with the exception of carbon, nitrogen, hydrogen and, to some extent,
boron form substitutional solid solution with iron. Dissolving in the iron, they change the
temperature intervals in which a- and y-iron exits. With respect to their effects on the temperature
intervals in which the allotropic forms of iron exit, alloying elements can be classified into two
groups.

Elements of the first group include nickel and manganese. They lower point Az and raise
point A4. As a result the range of the a-phase is narrowed. As shown in Fig. 1.44a, alloys, having an
alloying element (Ni or Mn) exceeding certain limit, undergo no phase transformations (o<>y)
when cooled down to room temperature. Their structure at room temperature consists of y-phase
and they are called austenitic alloys.

Alloys which partly undergo an a<»y transformation are called semiaustenitic alloys.

Elements of the second group (Cr, W, Mo, V, Si, Al, etc.) narrow and completely enclose in
a loop the y-phase region (Fig. 1.44Db). By this at certain alloying element content the alloys consist
at all temperatures of the solid solution of the alloying element in the a-iron. These are called
ferritic alloys, and alloys with only a partial a—y transformation are said to be semiferritic.
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With respect to their relation to carbon, all alloying elements can be classified into three
groups:

- graphitizing elements: silicon, nickel, copper and aluminum (these elements are in the solid
solution);

- neutral elements: e.g. cobalt, which neither forms carbides nor causes graphitization;

- carbide-forming elements, which can be arranged in the following order of their increasing
affinity for carbon and the stability of their carbide phases:

Fe->Mn—->Cr—>Mo—->W—->Nb—>V —>Zr—>Ti

1539k L 1539 L
iaei N 1401
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e
=
Temperature,'C

Temperature,’"C

0 v (b)
(a) % alloying element
% alloying element (Si, AL P, Be, Cr, W,
(Mn. Ni) Mo. Sh, V, Ti)
Fig. 1.44. Schematic binary equilibrium diagrams of iron-alloying element (Ni, Mn) (a)
and iron-alloying element (Cr, W, Mo, V) (b) systems

If the Mn, Cr, W and V content is small in steel, they dissolve in cementite, in which they
substitute iron atoms. The composition of the cementite can be represented in this case by the
formula (Fe, M)3; C, where M denotes the alloying element.

Special carbides (Fe, Cr)7 Cs, (Cr, Fe)23Cs, Fe, M0,C, Fe, W,C are formed in the steel when
alloying element content is sufficient.

All steels can be classified according to:

- their structure;

- their purpose;

- their quality;

- their deoxidization and etc.

According to their structure under equilibrium conditions, steel can be classified as
(Fig. 1.45):

- hypoeutectoid (F+P);

- eutectoid (P);

- hypereutectoid (P + Carbides);

- ferritic (F);

- semiferritic (F + P);

- austenitic (A);

- semiaustenitic (A+F);

- ledeburitic (P+C).

According to their purpose steels can be classified as:

- machine (constructional) steels;

- boiler steels;

- die steels;

- high speed (rapid-tool, red-hard) steels;

- electrical steels;

- heat-resistance steels;

- stainless (rustless, corrosion-resistant) steels;

- welding steels, etc.
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According to their deoxidation steels can be classified as:

- rimming steels (deoxidized by Mn only);

- semikilled steels (deoxidized by Mn and Si);

- killed steel (deoxidized by Mn, Si and Al).

According to their quality, or method of production steels can be classified (in the former
USSR) as:

- ordinary quality steels (S<0.05 %, P<0.06 %);

- quality steels (S<0.035 % P<0.035 %);

- high-quality steels (S<0.025 %; P<0.025 %);

- super-grade steels (S< 0.015 %; P<0.015 %).
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Fig. 1.45. Structural class diagrams of steel

Identification of Steels in Ukraine and Community of Independent States. Ordinary
quality steels (common steels), according of their purpose and guaranteed properties, are classified
into three groups: A, b and B.

Group A: Cr0, Ctlkm, Crlnc, Crlem, Cr2...Ct6cm,

where Crt is means steel;

0...6 is conventional steel grade number;

K11 IS riming, ric is semikilled, cm is Killed steel.

Group A consists of steels that are supplied with their mechanical properties guaranteed, but
not their chemical composition. The higher the number, the more the carbon content, the higher the
strength and the lower the ductility.

The group B comprises steels which are supplied with their chemical composition
guarantied: b Ct0, b Ct 1km...b CT6.

The group B consists of steels of improved quality which are supplied with their mechanical
properties and chemical composition guarantied. The available grades are B Crt2,
B Cr3,BCr4,BCr5.

Quality engineering carbon steels are identified by the numbers 08, 10, 15, 20... 85, which
indicate the average content of the carbon in hundredths of one per cent. But ¥7, ¥8...Y13 denote
tool carbon steels, where the numbers stand for the average carbon content in tenths of
1 %.

Alloy steels are to be identified by numbers, letters (conventional symbols of the chemical
elements) and certain letters at the end, for example, 15X, 45XA, 12XH3A, 20X2H14A, etc. The
two-digit number at the beginning of the designation indicates average carbon content in hundredths
of one per cent; the chemical symbols indicate the alloying elements. The number following each
alloying element symbol indicates the approximate content of the element in whole percent. The
absence of the number following the symbol indicates that the content of the particular element is
about one percent. The letter at the end of designation indicates the quality of steel:

- the absence of a letter -quality steel;

- letter A - high-quality steel;

- letter 1T - super-quality steel;
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For example: 12XH3A is high quality steel, containing 0.12 %C; 1 %Cr, 3 %Ni,
06X 18H9-III is super-quality steel, containing 0.06 %, 18 %Cr, 9 %Ni.

In Ukrainian and Russian standards the alloying elements are indicated by single capital
Russian letters, representing the following elements:

A-nitrogen (in the middle of the designation), E-niobium, B-tungsten, I'-manganese,
D-copper, E-selenium, K-cobalt, H-nickel, M-molybdenum, II-phosphorus, P- boron, T-titanium,
d-vanadium, X-chromium, 1I-zirconium, Y- rare earths, FO-aluminum.

1.8.2. Cast Irons

Alloys of iron and carbon in which the carbon content exceeds 2.14 % are called cast irons.
Carbon in cast iron may be in the form of either cementite (according to the metastable diagram
Fe-Fe3C), or graphite (according to the stable diagram Fe-C), or in both forms.

Cast iron in which all carbon is in the form of cementite (Fe3;C) is called white cast iron.

Cast iron in which part of the carbon (more than 0,8 %) is in the form of cementite is called
mottled cast iron.

Cast iron in which not more than 0.8 %C is combined in Fe3C is called graphited cast iron.

Graphited cast iron may be pearlitic, pearlitic-ferritic and ferritic.

The degree of graphitization depends on cast iron composition and the rate of crystallization
and cooling (Fig. 1.46). Carbon and silicon promote the graphitization; Mn, Cr, Ti, V, Nb and other
combine with carbon in carbides and prevent the graphitization.

With respect to the graphite form cast irons can be classified into the following groups:

- grey cast iron which has lamellar graphite inclusions (see Fig.1.32 g);
- high-strength cast iron with graphite as a spheroidal inclusions (see Fig. 1.32 h);
- malleable cast iron, which has flaky nodules of graphite (temper carbon). Grey cast iron

normally has composition: 2.2...3.8 %C, 1.0...3.0%Si, 0.5...0.8 %Mn, up to 0.2 %P, up to
0.15 %S.

C+Si, %

41 | J
Si 0 25 50 75

a b Wall thickness, mm
Fig. 1.46. Structural diagram of cast iron with a wall thickness of about 50 mm and various carbon
and silicon content (a) and at different wall thickness (b): I-white cast iron; I1- mottled cast iron;
I11-pearlitic grey cast iron; IV-ferritic-pearlitic grey cast iron; V-ferritic grey cast iron

Average mechanical properties of grey cast irons:

pearlitic cast iron ferritic cast iron

G, =300MPa 6, =100MPa

HB =2300...2900 M Pa HB =1200...2050 MPa
dand =0 dand ¢~ 0.5%

The less amount of C and Si and the more Mn content the higher strength and hardness of
cast iron.

Grey cast irons are graded as:
C4Y10,CY15,CU18,C420,CY25,CYH430,CU35,CH40,CH45

ferriticand pearlitic
ferritic-pearliric

inoculated

The grade means: CU grey-cast iron: (10...45) - 5,=100...450 MPa.
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Grey cast iron is produced by melting and pouring the metals of specified composition into
moulds. During solidification the lamellar graphite precipitates.

Inoculated cast iron (CY30...CU45) is obtained by special additions, called inoculants
(ferro-silicon with 75 % Si, calcium-silicon, etc), in amount from 0.3 to 0.8 percent to the liquid
cast iron just before pouring the moulds. Inoculation is resorted to obtain iron castings of various
wall thicknesses with pearlite metallic matrix and the graphite lamellar of small sizes.

White and chilled cast iron, owing to the presence of cementite, are extremely hard
(HB 4000...5000 MPa), brittle and practically unmachinable. The high hardness of the casting
surface provides good resistance against wear, especially abrasive wear. Thus, chilled cast iron is
used to make rolls of sheet mills, wheels, balls of ball mills, etc. For such components, cast iron
with low silicon content, lending itself well to chilling, is used. Its approximate composition is from
2.8 t0 3.6 %C, 0.5...0.8 %Si, 0.4...0.6 %Mn.

The alloyed with Cr, Mn, Ti, etc white cast irons are also used. Their identification is similar
to alloy steel: 300X, 250X2, 300X28H2, etc.

High-strength cast iron is obtained by making small ladle additions of certain alkali or
alkali-earth metals (Mg, Ce, Y, Ca) to the liquid metal. In the most cases, the residual magnesium
content amounts to 0.03...0.07 %. With respect to other constituents, high-strength cast iron does
not differ from ordinary grey iron. Magnesium and other elements cause the graphite to precipitate
in the process of solidification of the cast iron as spheroidal inclusions instead of lamellar.
Spheroidal graphite, having minimum surface for a given volume, weakens the metallic matrix to a
lesser extent than lamellar graphite. These cast irons have higher mechanical properties than
ordinary grades of grey cast iron: 6,=(400...1000) MPa, 6~(1.5...10) %, HB=(1800...2200)MPa.

High-strength cast irons can be identified by the letters BY followed by a number. The
number indicates the average tensile strength in MPa- 10 BU 60, BY 70, BY 100.

Malleable cast iron is obtained by prolonged heating of white-iron castings at high
temperatures (annealing).This leads to the formation of rounded graphite nodules. Compared with
the lamellars, such nodules, called temper carbon, reduce the strength and ductility of the metallic
matrix in the cast iron structure considerably less. The metallic matrix of malleable iron is
commonly ferrite (ferritic malleable cast iron), or less frequently pearlite (pearlitic malleable iron).
Ferritic malleable iron has the higher ductility and employed in the engineering industries.

The thickness of the cross sections of the casting should not exceed 50 mm to obtain white
iron and to prevent the precipitation of lamellar graphite during crystallization.

The malleablizing procedure to obtain pearlitic and ferritic malleable irons is illustrated in
Fig. 1.47.

Malleable iron can be identified by letters KU followed by two numbers. The first number
indicates the tensile strength in MPa-10" and the second is the percent elongation: K4 35-10,
KY 60-3, KU 35-10, KY 60-3, etc.

First stage of
i 950..970°C -~ graphitization
P(A+Fe,C)=A+G

e Eutectoid
760°C temperature range

720°C
Second stage of
| graphitization

P(F+C) = F+G

n-
T. hr

Fig. 1.47. Temperature vs time diagram of the malleablization procedure to obtain malleable cast iron
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1.9. Non-ferrous Metals
1.9.1. Aluminum and Its Alloys

Typical features of aluminum are its low density (2.7 g/lcm®), low melting point (660°C) and
high electrical and thermal conductivity, high corrosion resistance due to the film Al,O3 on its
surface.

On the basis of its purity, distinctions are made between aluminum of extra-high purity
grade A999 (99.999 % Al), high purity: grades A995, A99, A97, A95 (99.95 %A1) and commercial
purity: grades A85, A8, A7, A6, A5, AO (99.0 % Al).

The mechanical properties of high-purity annealed aluminum are: ;=50 MPa, o, =15MPa,
0~50%.

Commercial Al is used for the elements of structures and for components not subjected to
loads, under conditions when high ductility, good weldability, corrosion resistance and high thermal
and electrical conductivity are required. Aluminum is used for wires in electrical lines and
equipment (its electrical conductivity is 65 % of the electrical conductivity of copper), for cables,
electrical conductors, for various pipelines, milk tanks, doors, panels, etc.

Al-Cu, Al-Si, Al-Mg, Al-Cu-Mg, Al-Cu-Mg-Si, Al-Mg-Si and Al-Zn-Mg-Cu are most
extensively used alloys.

All alloys of aluminum can be divided into 3 groups:

- wrought alloys, intended for the manufacture of sheets, plates, pipes, bars, rolled shapes,
etc.;

- casting alloys, intended for foundry castings;

- alloys, obtained by powder metallurgy techniques: SAP-sintered aluminum powders
(Al+Al,03) and SAA- sintered aluminum alloys.

Typical wrought alloys are duralumins 11 and /{16 (4...5 % Cu, 1...1.5 % Mg, ~ 0.5% Mn)
which have ©=400...500 MPa, ©(,=250...380 MPa, 6=10...15% and are widely used for
manufacture of sheets for airplanes, rockets, etc.

Besides duralumins, high-strength (c=500...520 MPa), forging and heat-resistance (for
components operating at 250...350°C) aluminum alloys are used.

Aluminum casting alloys are intended for foundry castings. The best known are the
Al-Si alloys, called silumins, eutectic alloys containing from 10 to 13 % Si. Due to eutectic these
alloys have good foundry properties: low melting point (~600°C), high fluidity, small shrinkage,
etc.

Cast alloys are identified: AJI1, AJI2...AJ121, where, A-aluminum JI-cast, 1...21-number of
grades.

Alloys based on Al-Al,O3; composition have the designation SAP (sintered aluminum
powder) and consist of aluminum and disperse flakes of A1,03 (6...22%). Compared with other
Al alloys the SAP materials have high corrosion resistance and heat resistance when heated for a
long time up to 500°C, or when subjected to a short-term load at 1000°C.

Sintered aluminum alloys (SAA) contain a great number of alloying elements (in powder)
and have special properties (low coefficient of linear expansion, etc.)

SAP and SAA are obtained by cold briquetting of powder mixtures, vacuum degassing and
sintering under pressure.

1.9.2. Copper and Copper-base Alloys
Copper is a red metal with a rose-colored fracture. The melting point is 1083°C, the density

is 8.94 g/cm®. It has the highest electrical and thermal conductivity among all metals, except silver
and gold.
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With respect to purity copper is available in the following grades: MOO (99.99% Cu), MO
(99.95% Cu), Ml (99.9% Cu), M2 (99.7% Cu), M3 (99.5% Cu), M4 (99.0% Cu). Impurities found
in copper have a strong effect on its properties.

Copper has good resistance to corrosion under ordinary atmospheric conditions in fresh and
sea water and aggressive media, but can't withstand sulphurous gases and ammonia. Mechanical
properties of copper are given in table 1.2.

Table 1.2 - Mechanical Properties of Copper.

Condition oy, MPa oo MPa 3,%
as-cast 160 35 25
hot-worked 240 95 45
cold-worked 450 250 3

Copper is used in electrical, electronics and electrovacuum engineering (mainly for
conductors).

Distinction is made between two main grades of copper alloys: (1) brasses, alloys of copper
with zinc and (2) bronzes, alloys of copper with other elements, among which there may be zinc,
but only in a combination with other elements. Copper alloys have high mechanical and processing
properties and good resistance to wear and corrosion.

The alloys are identified by the letters: JI for brass and bp for bronze. This symbols, JI or Bp,
are followed by the symbols of other components. The numbers following the symbols are
separated by hyphens, in the same order as the components are given. In the grade symbols for
brasses the first number is copper content and, the remainder points to zinc content. In those for
bronzes, copper content is not given, but it is remainder.

Thus, for example, grade JI J)K M 59-1-1 is the brass, containing 59 % Cu, 1 % Fe, 1 % Mn,
and the remainder is zinc. Grade bp OC 6.5-0.15 is the bzonze containing 6.5 % Sn, 0.15 % Pb and
the remainder is copper.

In the Ukrainian and Russian Standards the alloying elements are denoted by the letters
which represent: O-tin, 1I-zinc, Mu-manganese, X-iron, ®-phosphorus, b-beryllium, X-chromium,
H-nickel, C-lead, Al-aluminum, K-silicon.

Distinction is made between wrought and casting brasses and bronzes.

1.9.3. Magnesium and Its Alloys

Magnesium is light-grey metal; its characteristic features are low density (1,74 g/cm®) and
melting point (651°C). Magnesium has adequate corrosion resistance in the atmosphere, but only
poor resistance in fresh and sea water. Magnesium is combustible in air. Pure magnesium is used in
pyrotechnics and the chemical industry.

The most widely used alloys are those with Al (up to 10 %), Zn (up to 6 %), Mn (up to
2.5 %) and with Zr (up to 1.5 %).

Magnesium casting alloys MJI1...MJI12 and wrought alloys (MAL...MA14) owing to their
high strength to density ratio (ci/y) have found wide application in aircraft construction, in rocket
engineering, in electrical and radio engineering, in automobile, textile industry, etc.

1.9.4. Titanium and Titanium-base Alloys

Titanium is a silvery-white metal. Its melting point is 1665+5°C, density is 4.5 g/cm®. Three
grades of commercial titanium are available (in Ukraine): BT1-00 (99.53 % Ti), BT 1-0 (99.48) and
BT 1 (99.44 % Ti). Pure Ti has 6;=250 MPa, 5=70 %.

A stable oxide film readily forms on the surface of Ti. As a result, it has high corrosion
resistance in fresh and sea water and in certain acids. It is also stable against cavitation corrosion
and corrosion under voltage.
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Ti is alloyed with Al, Mo, V, Mn, Cr, Sn, Fe, Zr, Nb, Si. Titanium alloys have a high
strength-to-density ratio (ot/y), higher than that of steel. They are widely used in aviation and rocket
engineering, in equipment engineering, in shipbuilding, etc. Ti-alloys have high ductility at low
temperatures. This makes them suitable for cryogenics engineering.

1.9.5. Babbits

Babbits are antifriction alloys based on either tin or lead (table 1.3). These alloys are used
for lining (babbiting) sleeve bearings. Distinguishing features of babbits are their low melting point
(350...450°C), capacity for running-in and the absence of a tendency to seize with steel. An alloy
with high antifriction properties has heterogeneous structure consisting of a soft and ductile matrix
(Sn or Pb) with hard inclusions.

Table 1.3 - Chemical Compositions of Babbits

Composition, %

Grades Sn Cu Sb Pb
B89 89 35 Rest -
B83 83 6.5 Rest -
B16 16 2.5 16 Rest

The soft matrix of babbits B83 and B89 is the solid solution of antimony and copper in tin.
The hard particles in the structure are crystals SnSb, CugSns, CusSn.
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2 METALLURGY
2.1. Materials Used in Metallurgy

Metallurgy is a science and engineering which studies the methods used to obtain metals in
free condition from compounds that occur in nature.

Only some metals are mined in the native state. Among these are gold, silver, platinum,
mercury, tin and, partly, copper. Most of the metals, however, are found in the earth in the form of
oxides, silicates, sulphides, carbonates, etc. Native metals and metal compounds are associated with
considerable amount of foreign materials, such as rock, gravel, sand, clay and other impurities that
require removal.

Metal ore is its chemical compounds plus foreign impurities. Ore may be rich or poor. In the
last case it must be dressed (concentrated) to remove undesirable impurities. When ore may be
mined and converted in metal with commercial profit it is called pay or able ore. Ores of different
metals are put through various dressing processes to obtain them with small quantity of impurities,
i.e. to obtain almost pure metal compound and then to obtain metal in the free condition.

To convert ore in metal the high temperature is usually required. To obtain high temperature
we use fuel, which may be:

- gaseous (native gas, blast-furnace gas);

- liquid (black mineral oil, or mazut);

- solid (anthracite, coke, charcoal).

Electric energy is also used in metallurgy to receive heat.

Some impuirities, in the main oxides, find their way into a furnace together with ores. As a
rule, oxides have high melting point: A1,03-2040°C, Ca0-2570°C, MgO-2800°C, etc. Besides that,
an ash is formed on account of fuel burning.

To remove these impurities and ashes from the furnace fluxes are used. Fluxes render the
impurities fusible at operating temperatures, combine with them and carry them off into slag.

All metallurgical processes are accompanied by slag formation, representing oxides,
suphides, nitrides, and other chemical compounds. Slags are formed on the account of added fluxes
as well as damage of furnace lining. The slag importance in metallurgy is very high: such important
reactions as oxidation and deoxidation are possible because of slags, sulphur and phosphorous are
assimilated and carried away with slag. Slags protect metal against gas saturation, facilitate heat
accumulation in metal. The principal components of ferrous metallurgy slags are: CaO, SiO,, P,0s,
Al,0O3, FeO, MnO, CaS, MnS, etc. The main slag characteric is its basicity mostly determined as
CaO/SiO,.

Metallurgical furnaces are operated at high temperatures. To prevent damage their walls are
covered with refractory or fireproof materials. Refractory are materials that can stand at high
temperatures from 1580 to 2400°C and more without considerable mechanical damage and
withstand chemical attack of molten metal and slag.

According to chemical composition refractories are divided into:

acid materials:
dinas brick (93...95% SiO,, max. working temperature1700°C),
silica sand (95...98%SiO,,~1700°C)

basic materials:
magnesite (90...95 % M g0, 2000 - 2400°C)

Ca0O/SiO,)14 dolomite (M gOCa0,1800...1900°C)
chromomagnesite (MgO + Cr,O,,~ 2000°C)

CaO/SiOz<1{
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inert refractory:

chamotte (brick made of fireproof clay : 55 %SiO,,

~45% A1,0,,)1580...1758°C

graphite (powderand bricks) (~ 90 %C,1750...2000°C),
carbon fireproof materials (graphite + fire - clay, > 2000°C)

Correspondingly, slags may be acid, neutral or basic. Only acid slag may be built up in a furnace
with acid lining and, on the contrary, in the basic furnace basic slag must be formed, because of
acid slag reaction with basic lining, or basic slag reaction with acid lining with formation of easy
fusible compound: SiO,+Ca0O=CaSiO3 and with destruction of lining.

Ca0/Si0, ~1

2.2. Blast-Furnace Process

Blast-furnace process is used in ferrous metallurgy for cast iron production. The main
product of ferrous metallurgy is steel, but two-stage process of steel production is now
predominantly used in the metallurgy: Fe-ore—cast iron—steel.

Cast iron (iron) is a general term applied to iron-carbon alloys, containing more than
2.14 %C.

So iron is obtained in blast furnace by reducing from ores by carbon. The following raw
materials, named charge, are commonly used in the blast furnace process: iron ore, fuel, flux.

Four chief types of iron ore are used:

- hematite Fe,0s3;

- limonite 2Fe,03-3H,0;

- magnetite Fe3Oq;

- siderite FeCOg;

After mining the iron ore is crushed to powder, dressed from impurities and sintered in
pieces. Such sintered ore is called agglomerate. During agglomeration main part of sulphur is
removed from the ore and limestone CaCOg is added to the ore. Hence, we receive and use in blast
furnace so-called fluxed ore.

The main fuel in blast furnace is coke, which is produced of coking coal by preheating it at
temperature ~ 1000°C without air during 14...16 hours. Coke has the chemical composition:
80...88 %C, 8...12 % ash, 2...5 % moisture, 0.5...1.8%S, 0.02...0.2 %P. Part of coke may be
replaced by natural gas (CH,), or black mineral oil, or powder coal, or blast furnace gas.

Limestone CaCOgs is used as a flux in the blast furnace.

The modern blast furnace constitutes the largest and most complicated type of metallurgical
plant. Such a plant is capable to produce more than ten thousand tons of iron a day and night
(24 hours). It works continuously from 7 to 10 years.

The blast furnace is like a vertical pipe, lining by refractory inside, in which fluxed ore and
coke, named a charge, are charged from the top and preheated air (1100°C) is blown into the
furnace below. Iron and slag are tapped from the furnace periodically through a tap hole and a slag
hole.

The blast furnace derived its name from the fact that air to support combustion must be
blown into it under pressure, because of the resistance offered by the column of material within the
shaft to passage of the combustion gases. A typical blast furnace is shown in Fig. 2.1.

Chemical reactions between carbon, oxygen, iron and its oxides occur within the blast-
furnace by combustion of coke and temperature equal from 1500 to 2000°C.

Nearby tuyeres carbon of coke combines with oxygen of air with evolution of heat:

2C+0, —2CO+Q (2.1)
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Fig. 2.1. Blast furnace: 1 —iron taphole; 2 — tuyeres; 3 — exhaust pipes; 4 — top;
5 — air blast pipe; 6 — slag hole

Reduction of iron is performed in the first turn by CO in succession from higher to lower
oxydes and to pure iron (Fe,03—Fe30,—~FeO—Fe):

3F6203 +CO —> 2Fe304 +C02 (22)
Fe;04 +CO — 3FeO+CO, (2.3)
FeO+CO —» Fe+CO, (2.4)

Reduction by CO is called indirect one, reduction by C and H; is called direct one:
3Fe,05 +C —2Fe;0, +CO...and so on (2.5)
3Fe,03 +H, —»2Fe;0,4 + H,0...and soon (2.6)

At temperature above 1000°C the carburizing of iron takes place:

3Fe+2CO =Fe;C+CO, (2.7)
3Fe+C=Fe;C (2.8)

Hence, because of the carburizing we have cast iron with approximately 4 % of carbon
instead of pure iron.

The reduction of Mn, Si, P also takes place, and S from coke dissolves in molten cast iron.
As a result, cast iron has the following chemical composition: 4.0...4.4 %C, 0.6...3.0 %Si,
0.3...1.0 %Mn, 0.15...0.30 %P, 0.03...0.07 %S.

The blast-furnace produces:

- conversion iron, or steelmaking pig iron, or pig iron used for steel-making practice
(contains ~I %Si);

- foundry iron, poured in pigs and used for remelting in foundry shops (contains ~3 %Si);
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- ferromanganese - alloys used for deoxidation and for alloying of steel. FeMn has average
chemical composition: 7 % C, 70 % Mn, the rest-Fe;

- ferrosilicon - alloy used for deoxidation and alloying of steel: 2%C, 13%Si, the rest-Fe;

- slag (Ca0, MgO, A1,03, SiO,, FeO, MnO, etc.) used in building industry;

- blast-furnace gas (14...18 % CO, 22...28 % CO, 2...6 %H,, 50...55% N,) has low
calorific value (3350...4000 kJ/m®).

2.3. Steel production
Steel contains lower amount of carbon and impurities than steelmaking pig iron (table 2.1).

Table 2.1 - Chemical Compositions of Steel and Cast Iron

Alloy C,% Mn,% Si, % S,% P,%
Steel 0.05...1.3 04...0.8 0.2...04 to 0.05 to 0.05
Pig iron 4..4.2 0.75...1.25 0.75...1.75 t0 0.3 to 0.07

To produce steel, utilizing pig iron, it is necessary to decrease content of carbon, other
elements and impurities.

There are three main steel production methods in metallurgy: (lI)oxygen-converter process,
(2) open-hearth process and (3) electric-furnace melting.

2.3.1. Oxygen-Converter Process

Oxygen converter is pear-like tank made of steel sheets and having a refractory lining inside
(Fig. 2.2).

0;

"~

Fig. 2.2. Oxygen converter: 1-steel construction; 2-refractory lining; 3-hole for steel tapping;
4-tilting device; 5-water-cooled copper lance; 6 — oxygen jet; 7 — liquid metal

The liquid pig iron (conversion iron) is poured into converter and by water-cooled lance
oxygen less than 10...12 atmospheres pressure is given on metal surface. When the blowing is

started, the slagforming components (lime CaO, iron ore Fe,Os, etc.) are introduced into the
converter.

Oxygen penetrates into liquid metal and oxidizes iron according to the law of mass:
[Fe]+{1/20,} =[FeO], (2.9)
where component is: in metal [], in slag (), in gas atmosphere {}.

Iron protoxide reacts with C, Si, Mn, oxidizes them and their oxides pass from metal into
slag and atmosphere:
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[FeO]+[C] — [Fe]+{CO}; (2.10)

Indirect oxidation <[FeO]+[Si] — [Fe]+(Si0,); (2.11)
[FeO]+[Mn]— [Fe]+ (MnO); (2.12)
Direct oxidation by O, also proceeds:
[Si]+{0,}— (510,) (2.13)
2[Mn]+{0,} —>2(MnO) (2.14)
2[C]+{0,} > 2(CO) (2.15)

Due to high-basic slag formation, reactions of desulphurization and dephosphorization take

place:
[FeS] +(Ca0) — (CaS) + (FeO) (2.16)
2[P]+5(Fe0)+4(Ca0) — (4Ca0 - P,Os ) + 5[Fe] (2.17)

By oxidation of alloying elements and impurities (Fig. 2.3), accompanied with great amount
of heat evolved, metal is overheated to high temperature t. To cool metal coolers in form of steel
scrap are added during melting.

t,'C

1600
/

1200 L 1

-

0.16

~

0.08

C, Mn, Si, %
S, P, %

0 0

8 16 24
time, min

Fig. 2.3. Variation of temperature t and chemical content of steel vs time in oxygen converter process

Any fuel is not needed for oxygen-converter process. It is carried out very rapidly, during
from 25 to 40 min. High production rate creates some problems with control and getting required
chemical composition of steel.

When the carbon content is dropped to required level the blowing is stopped and alloying is
accomplished. So far as steel is saturated with oxygen the operation of deoxidation must be
performed.

The FeMn and FeSi are added into the converter and Al is placed into the ladle, where the
steel is poured from the converter. When steel mixes with deoxidizers the deoxidizing reaction
occurs by the formula:

[FeO]+[Mn,Si, Al] > (MnO,SiO,, Al,05)+[Fe] (2.18)

The capacity of oxygen converters ranges from 50 to 400 tons, the tap-to-tap time is 25...45
minutes, providing thereby the highest productivity.
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2.3.2. Open - Hearth Process

The main parts of modern open-hearth furnace (Fig. 2.4) is a reaction chamber 7 formed by
bottom 6 below, roof at the top and side walls, all made of refractory materials. The front wall has
doors 5 through which scrap is charged into the reaction chamber, samples of steel are taken, and
the process of melting is inspected. The back wall has an opening (taphole) closed with refractory
mass during melting and opened when the metal in the furnace is ready for tapping. Ports 3, 4 and 8,
9 connect the reaction chamber with regenerators 1, 2 and 10, 11 which are brick-lined chambers
filled with a checkerwork of refractory brick. The regenerators serve to utilize waste heat of the
combustion product leaving the furnace, so that the temperature during melting can be increased
from 1400°C (in a furnace without regenerators) to 1800°C.

Ports 8 and 9 are conduits for supplying the gaseous fuel and air that form the flame in the
furnace and for removing the combustion products.

Reverse valves 12 and 14 are used to reverse periodically, every 10 or 20 minutes, the
direction of the air and gas flow from one end of the furnace to the other. The valves are connected
to a flue for directing combustion products to the stack 13 after they have given up most of their
heat to the checkers. During the furnace operation, the waste gases from the furnace are conveyed
through downtakes 3 and 4 (left in Fig. 2.4) into regenerators 1, 2. After heating the checkers the
gases are taken by flues 17 and 18 to the stack 13.

Fig. 2.4. Open-hearth furnace: 1, 2, 10, 11 — regenerators; 3, 4, 8, 9 ports; 5 — door; 6 — bottom;
7 — reaction chamber; 12, 14 — reverse values; 13 — stack; 15 — air; 16 — combustion products;
17, 18 —flues; 19 — gas

At the same time, cold gas 19 and air 15 pass through right flues, regenerators 10 and 11 and
uptakes 8 and 9 and enter the reaction chamber 7 at a temperature of 1.000...1.200°C to heat and
melt the metal and slag. When one part of regenerators is substantially cooled and the other heated,
the direction of gas and air flow is reversed, so that the temperature in the reaction chamber is
always near stable.

According to the charging materials used for melting in an open-hearth furnace, a distinction
is made between ore, pig-and-ore and pig-and-scrap_processes.

The ore process uses molten pig iron with addition of iron ore to oxidize the impurities in
the iron.

The pig-and-iron process employs a charge consisting mainly of molten pig iron with the
addition of scrap and iron ore.

In the pig-and-scrap process the charge is solid. It consists mainly of steel scrap and solid
pig iron.

The reactions of metal oxidizing by FeO (iron ore) in open-hearth furnace are the same as in
an oxygen converter.

After oxidation steel is deoxidized, alloyed and then tapped.
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Open-hearth furnaces have capacity from 20 to 900 tons, the tap-to-tap time is 5...10 hours.
The steel quality is the same for oxygen converter and for open hearth furnace. But the open-hearth
process considerably lost in productivity.

The open-hearth process is a dying process; it is not used in the United States, Germany, and
Japan. But the main amount of common and quality steel in Ukraine is still produced in the open-
hearth furnaces.

2.3.3. Electric Steel Making

Electrometallurgy is a branch of engineering concerned with the reduction of metals from
their oxides and manufacture of various steels and alloys with electric energy being used as the
source of heat.

Electric furnaces have a number of substantial advantages over other types of melting plants:
some types of high-quality steel, such as high-alloy tool steel, stainless, refractory and heat-
resistance steels and many structural steels can be smelted only in electric furnaces. It is easy to
form an oxidizing, reducing or neutral atmosphere in the electric furnace. Steels with lower content
of sulphur and phosphorus, deoxidized and poorly contaminated by nonmetallic inclusions may be
easily produced in such furnaces.

All metal-melting electric furnaces can be divided into three groups according to the
methods by which electric energy is transformed into heat:

- electric-arc furnaces;

- induction furnaces;

- resistance furnaces.

The method of heating may be used to classify all electric-arc furnaces into direct-arc,
indirect-arc and plasma furnaces. In direct-arc furnace electric arc is drawn between electrodes and
metal being heated. In indirect-arc furnace the arc strikes between electrodes (as a rule, 2
electrodes) and metal is heated by radiation from the arc. A plasma furnace is similar direct-arc
furnace, if plasmatrons are used instead electrodes.

Figure 2.5 shows a direct-arc furnace. The furnace has a steel shell 4 in the form of a tapered
cylinder with a spherical bottom 12. The shell has a refractory lining 5 inside. The reaction chamber
of the furnace is covered from above by removable roof 6 made of refractory bricks. The furnace
has a charging window 10 with a door, and taphole 2 with a tapping spout. The furnace is fed with
three-phase alternating current and has three electrodes 9 fastened in electrode clamps 8. Current is
supplied via water-cooled flexible cables 7. Arcs are formed between electrodes and metal. The
metal is covered by slag. The furnace has rollers 11 to turn it for tapping or for charging.

3
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Fig. 2.5. Direct-arc furnace: 1 — fire-proof bricks, 2 — taphole; 3 — charge; 4 — steel shell; 5 — lining;
6 — roof; 7 — flexible cable; 8 — clamp; 9 — electrode; 10 — window; 11 — tilting mechanism; 12 — bottom
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The furnace charge consists of steel and cast iron scrap, foundry iron, ferroalloys, oxidizers,
deoxidizers and slag forming materials (limestone CaCOs, lime CaO, fluorspar CaF,, sand SiO,,
broken chamotte Al,03+SiO,); from 10 to 20 % of liquid conversion (pig) iron is added sometimes.

The furnace is charged from the top by means of a drop-bottom_bucket. To open the reaction
chamber for charging, the furnace roof (together with electrodes) is raised and moved to the side.
The door 10 is used for small additions during heat.

The lining of walls 5 and bottom 12 may be acid or basic. By this melting process in the
electric furnace can be carried out by one of the following main methods:

- in the basic furnace, oxidizing the admixtures with iron ore;

- in the basic furnace without oxidizing the admixtures (remelting process or fusion of steel
scrap);

- in the acid furnace with oxidizing;

- in the acid furnace without oxidizing.

Only the electric arc with basic lining allows removing S and P, because lime CaO is needed
for dephosphorization and for desulphurization. In acid furnace lime reacts with acid lining and
destroys it:

CaO + S0, — CaSiO; (2.19)

The melting process in the basic arc furnace may be divided into stages as follows:
- fettling of the furnace, i.e. small repair by powder fireproof materials (refractories);
- charging of the main charge (steel scrap iron, iron ore, lime);
- melting of the main charge and dephosphorization:
2[P]+5(Fe0)+4(Ca0) = (4Ca0 - P,05) + 5[Fe]+Q (2.20)

- bath boil and heating of the metal to required temperature; ferrous ore or oxygen is given

info furnace and the process of oxidizing of carbon, silicon, manganese is started:
(FeO)+[C+Si + Mn]—[Fe]+ {CO, } +(SiO, ) + (MnO) (2.21)
{05} +[C+Si +Mn]—{CO, }+(SiO,)+(MnO) (2.22)

The bubbles of CO, are formed in metal, which are named "metal boils".
- skimming of the oxidized slag to remove phosphorus;
- formation of the reducing slag by adding CaO, CaF,, FeSi, coal (C) and others;
- deoxidation of metal by reducing slag and desulphurization:
[FeS]+(Ca0) = (CaS) + (FeO)-Q (2.23);

- final deoxidation of metal by Mn, Si, Al, Ca, Ce, e.g.:
[FeO]+[Al] - (AL,O3) +[Fe] (2.24)

- tapping of metal.

As we can see (reaction 2.20), the amount of phosphorus passing to slag is proportional to
the concentration of ferrous oxide FeO and lime CaO in the slag. The reaction is preceded with heat
uptake. By this reason, the degree of dephosphorization is higher at low temperature. In electric
steelmaking, the temperature of the metal increases gradually and it is therefore essential that the
greatest part of the phosphorus had time to pass to slag at a low temperature, i.e. during melting of
charge and in the initial 10...15 minutes of the oxidizing stage. To remove phosphorus the part of
slag is skimmed off from the furnace.

For desulphurization low concentracion of FeO, high concentration of CaO (high basity of
slag) and high temperature are required (reaction 2.23).

The basic lining is more expensive and has smaller life as compared with acid one. That is
why it is mainly used in electric arc furnaces for production of quality and high-quality steels.
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2.3.4. Tapping and Teeming

The spout of the furnace is lined with fireclay bricks. During melting time the spout should
be cleaned from scrap and slag, well dried and blown with compressed air.

Steel is tapped from the furnace into a teeming ladle, whose construction may be seen from
the Figure 2.6.

1l

5

Fig. 2.6. Teeming ladle: 1-steel construction; 2-fireclay brick lining; 3-stopper; 4-stopper end;
5-nozzle; 6-stopper moving mechanism

The teeming ladle is used for pouring or teeming of steel. There are three methods of
pouring steel in metallurgy:

- top (direct) pouring;

- uphill teeming;

- continuous and semicontinuous casting.

According to the first and the second methods (Fig. 2.7) the cast iron moulds, named ingot
moulds, are used. In the first case one ingot mould is filled with metal. In the second case from 2 to
32 ingot moulds are simultaneously filled with steel by using gating system.

In the first case we use all metal for ingot, but because of metal splashing the surface of
ingot may have some defects. In the second case we have smooth filling of the mould and good
quality of ingot surface, but metal is partly wasted on gating system.

o

Fig. 2.7. Top (a) and uphill (b) teeming: 1 - bottom plate; 2 — mould; 3 — metallic shell of central
downgate; 4, 6 — chamotte tube; 5 — central brick; 7 — funnel; 8 - teeming ladle
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Nevertheless, labor productivity is higher in the second case.

But in both cases the ingot has non-uniform structure (Fig. 2.8): shrinkage cavity (pipe)-4,
heterogeneous crystal structure (fine crystals 1, fringe crystals 2, coarse crystals 3).

Shrinkage cavity forms in the riser, because it freezes last. The riser and bottom ends are cut
off and undergo remelting.

The ingot has droplet (dendritic) and zone segregation. For example, a content of C, S, P in
top part of the ingot is in several times much as their content in lower part (zone segregation).

Fig. 2.8. Steel ingot structure: 1 — fine crystals; 2 — fringe crystals; 3 — coarse crystals;
4 — shrinkage cavity

The continuous casting (pouring) was advanced in order to get rid of disadvantages. The
schemes of two types of machines for producing of continuous billets (blanks) are shown in
Fig. 2.9 a) vertical continuous caster and b) curved type continuous caster. The molten metal from a
ladle 1 is poured into a cooper water-cooled mould 3 through intermediate ladle 2. By cooling
action water 4 liquid metal starts to solidity in mould 3 and solidifies finally in cooling zone 5. A
steel billet 7 is drawn from the mould by rollers 6 and then is cut by a cutting mechanism 8 into

measured sections.
2
1
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Fig. 2.9. Continuous casting: 1 — stopper ladle; 2 — intermediate ladle (tundish);
3 —water-cooled mould; 4 — water; 5 — zone of secondary cooling; 6 — drawing rollers;
7 — billet; 8 — cutting mechanism
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The positive aspects of continuous casting are follows. The losses of metal owing to
shrinkage pipe (cavity) in common ingots amounts to 10...16 per cent and 4 per cent are lost as
cropping of the bottom end of ingots. With continuous casting the total loss is only 4...5 per cent.
Owing to accelerated solidification billets have no segregation and are more homogeneous in
structure, which improves metal quality. The method requires less labor and can readily be
controlled automatically.

2.3.5. Production of High-Quality and Super-High Quality Steels

Many branches of modern engineering require metals of the highest quality, which cannot
be produced in electric furnaces. As a rule, high-quality steels contain small amounts of non-
metallic inclusion and gases. They also have fine and dense (lack of pipes) structure without
segregation.

There are two main directions of improving of steel quality in metallurgy:

- by treatment of liquid steel melted in ordinary furnaces;

- by remelting of steel in special furnaces (this branch is named special electrical
metallurgy).

The first direction is connected with: vacuum degassing of molten steel (a) and treatment of
molten steel by synthetic slag (b).

There are numerous methods of vacuum degassing of steel in metallurgy. The main is
degassing in the ladle (Fig. 2.10).

Fig. 2.10. Scheme and draught of chamber for vacuum degassing in the ladle:
1 — ladle; 2 — steel; 3 — chamber; 4 — cover of chamber

The ladle 1 with molten steel 2 is positioned in vacuum chamber 3, closed by the cover 4.
Then the air is exhausted from the chamber by a vacuum pump and gases (O,, Hz, Ny) in
consequence are extracted from steel. The disadvantage is that only gases are removed.

Synthetic slag (40 % Al,O3, 55 % CaO0, rest-SiO,, MgO, and others) 1 is melted in electric
furnace and then is poured into a ladle 2 (Fig. 2.11). Then steel 3 is poured into the ladle from the
height 5...8 m. Large contact surface is formed during mixing of steel with slag. Thus, slag absorbes
impurities from steel (sulphur, oxygen, phosphorus). The disadvantage is that special furnace is
necessary for slag melting.

Main special electrometallurgical processes are (1) vacuum arc remitting (Fig. 2.12); (2)
electroslag remelting (Fig. 2.13); (3) plasma arc remelting (Fig. 2.14, 2.15).
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Fig 2.12. Vacuum arc remelting: 1 — d.c. generator, 2 — vacuum chamber; 3 — electrode holder;
4 — electrode-moving gear; 5 — exhaust of air; 6 — comsumable electrode; 7 — liquid metal;
8 —ingot; 9 — mould; 10 — carriage for moving the ingot down; 11 — bottom of the mould

Fig 2.13 Elecrtoslag remelting: 1 — mould lifting carriage; 2 — transformer;
3 — electrode replacing mechanism; 4 — holder; 5 — comcumable electrode; 6 — liquid slag;
7 — liquid metal; 8 — mould; 9 — ingot; 10 — bottom

AR

Fig. 2.14. Plasmatron construction: 1 — electric arc; 2 — tungsten electrode; 3 — insulator;
4 — body; 5 — water-cooled nozzle; 6 — plasma jet
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Fig. 2.15. Plasma-arc furnace: 1 - lining; 2 - plasma arc; 3 - roof; 4 - plasmatron;
5 - power supply; 6 - bottom electrode

A consumable electrode 6 is remelted in vacuum chamber 2 by electric arc (Fig. 2.12).
Drops of steel are degassed in vacuum and steel solidifies in water-cooled metallic mold 9, forming
the ingot 8. Ingot has a good structure (fine grain, high density) and low content of gases and non-
metallic inclusions. A main disadvantage of the process is the complexity of vacuum installation.

A simple method, electroslag remelting for improving the quality of metal, has been
developed at the E.G. Paton Institute of Electric Welding. In this process (Fig. 2.13), metal droplets,
formed during the melting of a consumable electrode 5, pass through a layer of specially prepared
slag 6 and solidify into an ingot 9 in a mold 8. Slag refines metal from sulphur, phosphorus, oxygen,
nitrogen and hydrogen.

A new branch of metallurgy-metal melting by means of electric plasma-has been developed
in recent years. It employs both plasma arc furnaces of original design and plasma heaters used in
conventional type furnaces. Plasma is an ionized gas with total charge equal to zero. A distinction is
made between hot plasma with temperature up to a few hundred thousand degrees K and cold
plasma, in which temperature reaches 30,000 K and its degree of ionization is around 1 percent. The
latter is used in metallurgy. Let us consider the construction of the simplest plasmatron (Fig.2.14). It
has an internal rod electrode 2 and a concentric water-cooled annular external electrode 5 in the
form of a nozzle. If direct current is applied from d. c. generator, the internal electrode is the
cathode and the external one is the anode. The dielectric part 3 joins parts 2, 4 and 5. A flow of gas
supplied in chamber of the plasmatron blows out the electric arc, that burns between cathode and
anode through the nozzle to the outside. The electric arc 1 is transformed into a plasma jet 6, as a
result of squeezing, which is directed on the object to be heated.

The melting in plasma-arc furnaces offers the following advantages as compared with the
melding in electric arc furnaces:

- it avoids contamination of the metal with carbon of the electrodes and with hydrogen from
the furnace atmosphere;

- the plasma jet may be composed of any mixture of gases which also may be used for metal
alloying (such as nitrogen);

- the rate of melting is rather high due to the high concentration of energy.

Figure 2.15 shows schematically a plasma arc furnace with refractory crucible 1. The
furnace is hermetically sealed. The plasmatron 4 is fed with direct current. The shape of the furnace
resembles that of a steelmaking arc furnace.

2.4. Production of Non-Ferrous Metals
The most common non-ferrous metals are copper, aluminium, magnesium, titanium, tin,
lead and nickel. These metals have valuable properties and find wide application, despite of their

relatively high cost, in engineering, aircraft, radio and electronic industry and in a number of other
areas.
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Content of various elements (including non-ferrous metals) in the Earth's crust (in mass %)

are:
Oxygen-46.6 Nickel-0.01
Silicon-27.7 Tin-0.004
Aluminium-8.0 Zink-0.004
Iron-5.0 Lead-0.0016
Magnesium-2.3 Silver-0.00001
Titanium-0.6 Gold-0.0000005
Copper-0.01 Platinum-0.00000005

So, such metals as aluminium, iron, magnesium and titanium have the highest abundance in
the Earth's crust. But copper, having low content in the crust, is used by man during from 8 to 10
thousand years, while the industrial method of aluminium production was suggested only in 1886
independently by American student Ch. Hall and French engineer Poll Eru. Industrial production of
magnesium and titanium started about 50 years ago. The point is that copper is present in nature
sometimes in metallic state, besides that, it may be received from chemical compounds (copper ore)
relatively easily. Aluminium, titanium and magnesium have very high chemical affinity to oxygen
and other elements. Consequently, it is very difficult to receive them in metallic state.

2.4.1. Production of Aluminium

Aluminium is one of the lightest of the structural materials. It has a specific gravity of
2.7 g/lem® and melting point 660°C. Annealed aluminium exhibits low ultimate strength of 80 to
120 MPa, and reduced hardness of HB 250 MPa, but possesses high ductility with elongation
ranging from 35 to 45 %. But due to low specific gravity aluminium alloys have higher specific
strength (o,/y) than some kinds of alloy steel. Aluminium has good electrical and heat conductivity,
is resistant to attack of corrosion in fresh water and atmosphere. Its alloys are used for production of
parts of aircrafts, rockets, cars, ships and other machines and devices. Pure aluminium is used in
electrical industry as a conductor. The main aluminium ores are bauxites, which consists of
aluminium hydroxides AIO(OH) and Al(OH)3 and foreign impurities. The process of aluminium
production consists of two stages:

- production of alumina Al,O3 from bauxites;

- production of aluminium from melted alumina by electrolysis process.

After refining process bauxites undergo leaching in autoclaves at temperature 150 to 250°C
and pressure 0.5 to 1.0 MPa (5...10 atm).

The following reactions take a place:

AlO(OH)+ NaOH = NaAlO, +H,0 (2.25)

Al(OH), + NaOH = NaAlO, +2H,0 (2.26)

Sodium aluminate NaAIO; is dissolved in water and all impurities fall out on the bottom of
the autoclave.
After filtration, cooling of liquid and decrease in pressure magnitude the reaction proceeds:
NaAlO, +H,0 = Al(OH); + NaOH (2.27)

A1(OH); particles have the form of flakes, which come to the surface of liquid. They are
removed from the surface of liquid, dried at temperature 1200°C in tube furnace and converted into
alumina:

2A1(OH); — Al1,0; +3H,0 (2.28)

Alumina has high melting point, equal to 2050°C. Because of this it is dissolved in cryolite
NasAlFg, which has low melting point.
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The dissociation (AI203—>2AI+3/202) takes place in the bath at the temperature 930 to 950°C
(Fig. 2.16). Liquid aluminium falls out on the bottom of the bath. Then it is removed from the bath
and subjected to refining.
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Fig.2.16. Scheme of electrolyzer for aluminium production: 1 - cathode; 2 — fireproof lining;

3 — metallic shell; 4 — graphite lining; 5 - rough aluminium; 6 - current lead,;

7 - sintered pitch resin (anode); 9 - electrolite (90 % NazAlFs+10 % A1,05);
10 - graphite (carbon) bath; 11 — electrode; 12 — foundation.

2.4.2. Production of Copper

Copper holds one of the leading positions among the non-ferrous metals by its high thermal
and electrical conductivity, enhanced ductility and good corrosion resistance. Copper is easy to
work in the cold and hot state. It has density of 8.93g/cm® and melting point 1083°C. Annealed
copper has an ultimate strength of 250 MPa, relative elongation of 45 to 60 %, and Brinell hardness
of 600 MPa. Because of its high conductivity, copper has wide application in electrical engineering
for production of conductors, connecting wire, magnet wire and current-conducting parts of
devices. But application of pure copper as a structural material is limited. Industry widely employs
the copper base alloys namely, brass and bronze.

Copper ores, named copper pyrite and copper glance, usually contain small amount of
copper, from 0.5 to 6 %, and require concentration (dressing). Main compounds of copper ores are:
Cu,S, CuS, Cu,0, CuCOy4, Cu(OH),, FeS, SiO,, Al,0O3, CaO, MgO and others.

Copper production process consists of several operations:

- concentration of ore to increase copper content from 0.5...6 to 35 %:

- oxidizing roasting of copper concentrate at 750...800°C to reduce sulphur content;

- melting of concentrate and preheating it to temperature of 1250 to 1300°C to separate the
slag, which consists of oxides of iron, silicon and other impurities and primary matte, which
consists of sulphides of copper and iron;

- convertation of matte by air blasting through it in converter to remove sulphur and iron and
receive rough copper which is 98.4 to 99.4 % pure.

- fire and electrolytic refining to remove impurities and receive copper from grade MOO
that is 99.99 % pure to grade M4 having a purity of 99 %.

2.4.3. Production of Magnesium

Magnesium is the lightest structural metal produced in commercial amounts. The density is
1,74 g/cm®, melting point is 651°C, tensile strength in the as-cast state ranges from 100 to 120 MPa
and elongation is 8...12%. Like aluminium, magnesium has high specific strength and is used in
form of alloys with aluminium, manganese, zinc and other metallic elements as a structural material
for production of parts of rockets, aircrafts, cars, ships and so on. Magnesium alloys has
6,=200...400 MPa and high resistance to corrosion.
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Magnesium is obtained from carnallite MgCl,-KC1:6H,0, magnesite MgCOs and from
dolomite MgCOs-CaCOs. It is largely produced by the electrolysis of molten salts mixture
(Fig. 2.17), which has composition: 10% MgCl,, 45% CaCl,, 30% NaCl, 14% KC1 and
1% (NaF+CaF,). This composition is needed to decrease melting point of electrolyte, which ranges
from 710 to 730°C. At this temperature and voltage of 2.7...2.8 V the reaction of dissociation only
MgCl, takes a place:

MgCl, »>Mg+Cl, (2.29)

Fig. 2.17. Scheme of the unit for magnesium production by electrolysis: 1 — bath; 2 — slime;
3 —anode; 4 — cathode; 5 — magnesium; 6 — chlorine; 7 — collector with pipe for removing of chlorine

Liquid magnesium evolves on cathodes 4 and comes to the surface of electrolite. Gas
chlorine evolves on a graphite anode 3 and comes into chorine collector 7. MgCl, periodically is
added into a bath 1.

Crude magnesium produced by this method contains from 2 to 5 % harmful impurities. The
crude metal is refined by melting it in an electric furnace under refining slags to obtain magnesium
of 99.82 % to 99.92 % purity.

2.4.4. Production of Titanium

Titanium has density of 4.5 g/cm® and melting point 1670°C. Commercially pure titanium
contains no more than 0.1 % impurities, has a tensile strength from 300 to 500 MPa and relative
elongation from 20 to 30 %. The alloying elements added to titanium make it stronger, but less
ductile.

Titanium and its alloys possess the advantages of high mechanical properties and low
density combined with the resistance to attack against corrosive environments, such as nitric,
hydrochloric, and hydrofluoric acids. Titanium alloys of required mechanical properties are
produced by alloying titanium with chromium, aluminium, vanadium, molybdenum, tin and other
metals. These alloys are rather heat-resistant and can withstand temperatures up to 600...700°C.

IImenite (TiO,-FeO) and rutile (TiO,) are the major titanium ores. The process of titanium
production consists of two stages:

- the conversion of rutile in titanium tetrachloride TiCly;

- the reduction of titanium by liquid (molten) Mg.

In electric resistant furnace, at presence of carbon-containing material (coke, oil coke) and at
temperature 600°C rutile is converted in tetrachloride by Cl:

TiO, +2Cl, +2C =TiCl, +2CO (2.29)

TiCl, has melting point of 23°C and boiling temperature equal to 136°C. It is poured in steel
retort and is reduced by liquid Mg in atmosphere of argon at temperature 750...800°C:
TiCl, +2Mg=Ti+2MgCl, (2.30)

The sponge of composition: 55...60 % Ti; 25...30 % Mg, 10...15 % MgClI; is formed on the
walls of the retort. MgCl,, which is in liquid state, goes into electrolytic bath for producing of
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magnesium. The sponge undergoes vacuum distillation at temperature 900...950°C. During this
operation part of impurities is evaporated, part is removed in liquid state. After that a consumable
electrode is made of titanium sponge. The electrode is remelted in vacuum arc furnace to refine
titanium to 99.6...99.7 % purity.

Melting and pouring of titanium and its alloys are conducted in vacuum because of high
chemical activity of titanium.

2.5. Powder metallurgy

There are three types of metals and alloys (according to technological features):

- cast, that are castings and ingots;

- wrought alloys, i.e. alloys after metal forming;

- sintered alloys, that are alloys produced by methods of powder metallurgy.

Powder metallurgy uses metal and non-metal elements and their chemical compounds for
manufacture of products. The powder metallurgy techniques comprises following stages:

- powders production;

- preparation of mixture of powders and technological additions;

- forming of an article by pressing process (compressing a briquette or green compact);

- sintering that renders the article proper strength.

This technique is more complex and expensive than casting or plastic working methods. But
the powder metallurgy techniques attracts more and more attention since they offer ample scope for
production of materials and parts with high heat and wear resistance, which display stable magnetic
properties or specific physicochemical properties. Main advantage of these techniques is that
mentioned properties are impossible to be obtained by casting or plastic working methods.

Powders are produced by mechanical and physicochemical methods. Mechanical methods
do not change the chemical composition of material and prepare powder by two ways:

- grinding solids in ball mills, vortex chambers and vibratory mills;

- granulating the melt, that is spraying the liquid metal.

Mechanical methods are applicable only for hard and brittle materials, which are the base
material of all cermets. These are the powdered carbides of such metals as tungsten titanium and
tantalum the hardness of which is close to that of diamond.

Physicochemical methods enable to reduce crushed oxides (ores) or carbides to metal
powders. Sizes of metal powders range from 0.005 to 0.5 mm.

Ball mills or vibratory mixers may be used to blend ingredients in required proportions.

Moulding the blend into various shapes is the process of single-action or double-action
compaction (pressing) in dies by mechanical or hydraulic presses at a pressure of 150 to 800 MPa
(Fig. 2.18).
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Fig. 2.18. Single-action (a) and double-action (b) pressing of powders: 1-bottom; 2-powder;
3-container; 4-plunger

Another method of powder moulding is compaction of metal powder into strip, including
bimetallic strip.

Sintering is the process of heating green compacts in vacuum furnace or in furnace with
shielding gases (argon, nitrogen, hydrogen) at a temperature from 60 to 80 % of the melting
temperature of the base metal and holding time from 1 to 2 hours.
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To impart the parts the final shapes and desired properties, the sintered articles can be put
through additional processing: heat treatment, diffusion heat treatment, and coining or sizing.

Powder metallurgy techniques are used for manufacture of:

- filters, because of porosity of articles (porosity ranges from 10 % to 50 % of volume; it is
determined by moulding pressure);

- frictional materials, produced by additions of asbestos, oxides and carbides to metallic
powders;

- antifrictional materials, produced by additions of graphite and plastics to metallic
powders;

- cutting tools by sintering carbides of tungsten, titanium and tantalum with cobalt powder;

- fireproof materials by sintering oxides and carbides, which have high melting point;

- pseudoalloys, components of which can't form solution in liquid state (e.g. iron and lead).
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3 FOUNDRY PRACTICE
3.1. Theoretical Fundamentals of Foundry

Foundry practice is a branch of science and engineering, which deals with the methods
used to obtain cast half-finished parts named castings. Foundry production is a branch of machine
industry. The principle of casting consists of pouring the molten metal into sand or metal_mould
whose cavity conforms to the shape of the required casting. The casting forms when metal cools
and solidifies.

Main advantages of foundry processes are:

- possibility of production of parts from tenths of gram (zipper element) to a few hundred
tons (machine tool bases, turbine parts, monuments) in mass;

- parts of intricate shapes may be produced,;

- In many cases, casting process proves to be the only method to manufacture the required
parts (large and heavy parts, intricate castings and the parts where the alloy used is not enable to
machine tool operations, or to metal forming);

- foundry technology provides low production cost of half-finished parts.

But foundry processes are connected with procedures of metal melting, its pouring and
solidification during which such foundry defects as thermal stresses, cracks, segregation,
shrinkage pipes and porosity appear in castings.

The quality of castings depends on foundry properties of alloys, such as:

- fluidity;

- linear and volumetric shrinkage;

- formation of shrinkage cavity and porosity;

- crack formation, etc.

The fluidity is an ability of an alloy to fill the mould cavity and reproduce exactly its
configuration. Foundrymen use fluidity tests to gain an idea of the alloy's ability to flow through
long passage of definite shape and cross - section sizes (Fig. 3.1). During movement in channel
the metal cools and freezes. The length of the passage | in cm filled by the metal is considered to be
the index of fluidity.
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Fig. 3.1. Fluidity test: 1 — liquid metal; 2 — pouring basin; 3 — half of the mould;
4 — downgate; 5 — channel (passage)

The fluidity depends on:

- the chemical composition of the alloy and its solidification nature;

- the temperature of the alloy;

- the temperature of the mould.

A number of defects may be developed in cast alloys. Most of the defects are caused by
volumetric shrinkage or contraction during solidification. Let us consider the solidification of a casting
(Fig. 3.2a).
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Fig. 3.2. Formation of a pipe (a) and porosity (b) during:
1 — porosity; 2 — separated volumes of liquid metal; 3 — shrinkage cavity

At time 0 all metal is in liquid state. At time 1 a solid shell t; is formed on the surface of the
casting and due to contraction of liquid metal its level drops to the line a-a. At time 2 a next solid shell
t, is formed and level of metal further drops to the line b-b and so on.

Because of contraction of liquid metal the shrinkage cavity 3 and porosity 1, 2 are formed inside
the casting (Fig. 3.2b). Because of contraction in solid state the decrease in sizes clearly exhibits.

So, shrinkage is usually understood as a percentage change in volume (volume
shrinkage &) or in length (linear shrinkage &):

g, =20~ V1.100%; (3.1)
VO

g = b=l 100%: (32)
0
where Vo, V1 is initial and final volume;
1o, I1 is initial and final length;
A free linear shrinkage of steel is from 2 to 2.8 %,
of cast irons is 0.8...1.2 %,
of non-ferrous alloys is 1...2 %.

The volumetric shrinkage is three times as large as the linear shrinkage So, volumetric
shrinkage amounts to 8.5 % for steel and the volume of the shrinkage cavity amounts to 6...8 % of
the casting's volume.

To have sound (dense, defectless) castings foundrymen use the principle of
directional solidification in process of design of foundry technology. It allows them to take out a
shrinkage cavity from casting's body (Fig.3.3 a) into a riser (Fig. 3.3 b). It is necessary to avoid hot
spots within casting. When metal has a low shrinkage, for instance, cast iron, the principle of
simultaneous solidification is used (Fig. 3.3 c).

During cooling the part A of the casting (Fig. 3.3 d) is contracted and parts B and C move one
to other. But the mould prevents the displacement and, as a result, hot or cold cracks may appear.

Cast stresses, cracks, dendritic and zone segregation develop in castings, especially, in heavy
castings and those having intricate shape.
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Fig. 3.3. Defects in castings and principles of their design: a — formation of shrinkage cavity in casting;
b-installation of a riser; c-principle of simultaneous solidification; d-formation of cracks:
1-casting; 2-crack; 3-core; 4-upper half-mould; 5-lower half-mould

3.2. Manufacture of Castings in Sand Moulds

This is a main foundry method. About 70 % of castings are produced in sand moulds.
There are main technical operations involved in making castings in sand moulds:
- development of casting's drawing, using a drawing of the part (article) and working out
of technological process;
- patternmaking, including core boxes, gating system patterns, moulding boxes (flasks) and
other auxiliary equipment;
- preparation of moulding and core sands;
- moulding (manufacture of mould and cores);
- melting an alloy and pouring it into the mould;
- cooling of moulds and shaking out of castings;
- cleaning of castings to remove moulding and core sands;
- cutting off the gating system, risers and fins;
- preliminary inspection of the casting to reveal defects and assess general quality;
- heat-treatment;
- fettling of castings to remove scale (rust);
- final inspection (structure, mechanical properties, etc);
- finishing operations (painting, oiling, branding, etc);
- shipment.
Development of casting's drawing (elaboration of technological process) consists of several
steps.
First step is examination of the drawing of a part to be cast (Fig. 3.4 a):
- surfaces A, B and C must be machined,
- D is a hole with screw, which can't be produced by a foundry process;
- ring flute B must be done by machine tool;
- lower part of the article C has higher surface quality than upper one;
- internal surface E does not undergo to machining.
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Fig. 3.4. Drawing of a part to be cast (a) and casting (b)

Next step is to select the position of the casting in the mould so as to ensure directional
solidification from the casting towards the riser located above the feed end.

We can choose two possible positions of the casting in the mould (Fig. 3.5): with vertical
(a) and horizontal (b) axis.

~
.

Fig. 3.5. Possible location of the casting in the mould: vertical (a) and horizontal (b) positions;
1 — mould cavity (casting); 2 — lower half-mould; 3 — core; 4 — upper half-mould

Let us admit that our alloy possesses small linear shrinkage, so we should not use a riser
and, hence, opt for the second position which provides equal distribution of metal in half-moulds.

The next step: we see that surfaces A, B, C, D have to undergo machine tool operations.
Proceeding from this we ought to specify reference book indices: machining allowance; overlaps
(flute B and holes D are not available to be produced as-cast, they are formed by turning and
drilling); foundry slopes to ensure the pattern to be removed from the mould (slopes are normally
equal to 1...3°).

Then, using reference book, we have to calculate sizes of gating system, i.e. set of channels, to
feed molten metal into the mould cavity (Fig. 3.6): a pouring basin (cup) 1, a downgate 2, a dirt trap
(crossgate) 3, ingates 4.

Patternmaking. A pattern serves for receiving of hole (cavity) of definite shape in the mould
i.e. to make an imprint in the mould that conforms to the shape of the casting to be made. Thus,
the shape of a pattern supposes to accommodate the casting's shape. Patterns are made of wood in
small scale (individual) production and of metal and plastics in mass production of castings.

According to the selected technology we have to manufacture the pattern consisted of two parts
or split pattern (Fig. 3.7). Pattern's dimensions are in excess of casting's ones by shrinkage value.
Gating system patterns are needed to make in the mould cast channels for feeding mould cavity by
liquid metal. Then core box is made (consists) of two parts (in our case). Flasks are intended to
hold the mould and are also prepared.
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Fig. 3.6. Gating system: 1 — pouring basing; 2 — downgate; 3 — crossgate; 4 — ingates
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Fig. 3.7. Casting (a), pattern (b) and core box (c): 1-core print; 2-slotted key; 3-core

Preparation of moulding and core sands. Mould and core sands (mixtures) consist of;

- fireproof base (silica sand SiO,, alumina A1,0s3, chromite Cr,Oz, powders of magnesite,
chromomagnesite and so on);

- binder: fireproof clay which is hydrated silicate of alumina: Al,03-2Si0,-2H,0 (caolinite) or
Al,05:4Si0,-H,0 (bentonite); water glass Na,O-mSiO;, or K;O-nSiO,; dextrine; molasses; vegetable oils;
sinthetic resins;

- technological additions (water, graphite powder, mineral oils, wood sawdust and others).

Classical, widely used and the cheapest moulding sand consists of: 6...10% fireclay,
4...6% H0, SiO,-rest.

Owing to hindering properties of fireclay (or another binder) the sand grains are connected with
each other, thus imparting strength to the mixture. Due to pores (pockets) between grains the mixture
possesses gas permeability (gases can pass through the sand). The more binder contents the lower
gas permeability of the mould mixture.

The following foundry terms are used. Green sand is the sand in the green, or undried
condition. Casting into green sand or undried moulds is common practice for the majority of small-and
medium-sized ferrous and non-ferrous castings.

Dry sand is sand from which all the free, or uncombined moisture has been removed
by heating in a drying oven or stove.

Facing sand is used in green state against the face of the pattern and forms the face of the
mould. It is of high quality.

Backing or floor sand is sand from cast-up moulds, it is used several times to fill the flask over
the facing layer.

Facing and backing sands are used in individual production. In mass production, (machine
moulding) unit sand is used. It has a high quality (similar to the facing sand).
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Core sand is used for cores manufacture to produce hollow castings. Core sand is usually used
as dry sand because core is surrounded by molten metal. For compliance (deformability) of cores
during solidification and shrinkage of castings the wood powder (sawdust) is used.

Mould and core sands are prepared by special equipment: edge-runner mills, aerators,
hoppers, conveyors and others.

Main operation of mould and core sands preparation is mixing of the components.

Moulding. Let us consider the moulding process step by step (Fig. 3.8).
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Fig. 3.8. Moulding process: a-drag moulding; b-cope moulding; c-assembled mould:
1 -board; 2, 5 —flasks; 3,4 — parts of a pattern; 6 — gating system pattern; 7 — core; 8 — gating system

A ramming-up board 1 is placed on a table, and lower part of a pattern 3 and a flask 2
are placed on the board. Then pattern is covered by facing sand and by backing sand. Facing and
baking sands are rammed by hand or pheumatic rammer.

After ramming of sand the superfluous mixture is removed by a ruler, drag is turned
over and the second part of the pattern 4, gating system patterns 6 and the next flask 5 are
mounted. The flask is filled up by facing and backing sand and rammed.

So the upper part of the mould (cope) is prepared. Then the cope is lifted and parts of the
pattern are removed from the half-moulds. The foundry slopes enable to remove patterns without
the mould's damage.

Cores are made similar to the mould. The mould assembly consists of installation of core
7, mounting the cope, fastening the half-moulds by clamps or loading them by pouring weight.
Clamps and pouring weight prevent lifting of the cope by liquid metal.

Sand moulds and cores are used one time. After pouring and crystallization of the casting
the mould is destroyed by shaking out operation. Shaking out of castings is carried out using
pneumatic knock-out (individual production) or jolting knock-out grid (mass production) (Fig. 3.9).

Cutting off the gating systems, risers and fins are carried out by hammers, mechanical
saws, pneumatic or hydraulic presses. Fins are removed by pneumatic chisels or by grinding
machines.

After inspection to reveal defects, chemical analysis and mechanical tests the required
heat-treatment is conducted. Next operation is fettling of castings to remove burning-on scale and
oxide films from the casting's surface. This work is carried out by shot blasting (blast cleaning),
hydroblasting and tumbling (rumbling).

Finally inspection (visual, pressure test, X-ray screening, etc.), finishing operations
(painting, branding, etc) and shipment are performed.

Up to 70...75% of castings are produced in sand moulds. Hence, this is the main casting
method. Its advantages were listed in section 3.1.
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Fig. 3.9. Off centre (a) and inertion (b) jolting knok-out grids:
1-mould; 2-grid; 3-spring; 4-drive; 5-inertion load; 6-sand; 7-sand-trap

The disadvantages of sand mould casting are as follows:

- moulds and cores are used one time;

- still relatively high manual labor consumption and environment pollution (dust,
evaporations);

- low dimensional accuracy of castings and respectively high machining allowances.

To avoid these disadvantages the special methods of castings have been proposed.

3.3 Shell-Moulding Process

The shell-moulding process (shell-mould casting) was developed in Germany during the
second word war (introduced in the USSR in 1950 on Leningrad carburetor plant).

The principal characteristics of the process are:

- production of castings with high standard of surface finish and dimensional accuracy;

- high productivity from a small floor space;

- reduction in mould and core sands consumption up to 10 times.

In conventional sand moulding the sand grains are bonded by clay, whereas, in shell
moulding the clay is replaced by a synthetic resin. The shell-moulding mixture consists of 6...7 % of
synthetic resin (phenolformaldehyde resin) and fine grain sand as a rest. Low thickness of shell
mould (6 to 20 mm) does not prevent gas evacuation and allows to use a fine grain sand (silica,
magnesite or zirconium sands).

Figure 3.10 shows the successive steps of shell-making.
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Fig. 3.10. Shell making process: a — initial position; b — shell formation;
¢ —a shell on the pattern and pattern plate; 1 — box; 2 — sand-resin mixture; 3 — pattern
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The metal pattern plate and pattern 3 are preheated to 200...220°C by electric heaters and
placed with the pattern facing downward on top of a turning dump box 1 filled with sand-resin
mixture 2. The box is turned over and resin-sand mixture covers the pattern by a layer of about
350...400 mm. The hot plate and pattern causes the resin to soften and flow with sand grains
producing precise imprint of the pattern. Chemical reactions take place in the heated resin that
enables to bond grains of sand. After about 20 seconds changes are only partially completed, but the
shell is formed. Next, the dump box is inverted, the shell of sand, bonded by the partly cured resin,
adheres to the pattern plate, the remainder of the mixture falls back into container and is available for
subsequent use. The pattern is placed in an oven for final solidification (curing). This is carried out at
about 400°C and may take up to 2 min. When curing is completed the shell is hard and rigid and can
be stripped from the pattern by means of spring-loaded ejector pins.

Two such shells form a complete mould and are mutually fixed by gluing or by clamps
before being poured. As a rule shell moulds are surrounded in a box by sand or by cast iron shot
before pouring (Fig. 3.11). After hot metal pouring resin burns, shell mould is destroyed and shake out
operation is not required.
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Fig. 3.11. Shell mould

Main disadvantage of the method is high price of phenolformaldehyde resin and
pulverbakelite. For this reason mass of castings does not exceed 100kg. Usually, the shell-moulding
process is mechanized and automatized.

3.4. Metal Mould Casting

Unlike the ordinary sand mould process, the molten alloy is poured in metal mould, named
permanent mould, or gravity die (Fig. 3.12). About 15% of castings are produced using this method.
The pattern is not needed. Both metal and sand cores are used to make cavities in cast pieces.

The metal mould life is equal to: dozens and hundreds of thousand castings produced when
Al and Mg alloys are poured; thousands castings produced of Cu-alloys and cast iron; hundreds
castings produced of steel.

Fig. 3.12. Metal (chill) mould: 1-half-moulds; 2-core; 3-gas relief sprue; 4-pouring basin;
5-downgate; 6-ingate (runner); 7-dowels for high-rate heat removal
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The advantages of the method are the following:

- the metal mould is used repeatedly to obtain large number of castings;

- stable sizes of the metal mould provide stable sizes of casting and small machining
allowance;

- high heat conductivity of the metal mould provides high rate of crystallization, high density,
fine structure and high mechanical and service properties;

- structure segregation is developed rarely;

- sand mixes are not used or used in small quantities;

- high production rate from a small floor space;

- patternless method.

The disadvantages of the method are characterized by the following facts:

- the metal mould does not possess gas permeability that sometimes provokes gas porosity in
castings;

- the metal mould is rigid, i.e. is not compliant to shrinkage and may cause casting's
cracking;

- cast iron chilling appears sometimes as a sequence of high cooling rate.

To prevent cast iron chilling and increase service life the moulds are heated to 150...450°C and
painted with refractory paint before pouring. About 45 % of aluminium and magnesium, 30 % of
copper, 12 % of cast iron and 6 % of steel castings are produced in metal moulds.

Usually metal mould machines are used. They may be mechanized, semi-automatic
and automatic machines.

Metal moulds are normally made of cast iron. Sometimes steel is used. But cast iron has
better service properties and lower price.

3.5. Centrifugal Casting (Spinning)
This method is used to manufacture hollow castings, which have a shape of rotating

bodies. Two modifications of the method are distinguished: with vertical and horizontal axes of
rotation (Fig. 3.13).
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5
Fig. 3.13. Centrifugal casting with horizontal (a) and vertical(b) axes of rotation:
1 —mould; 2 — liquid metal; 3 — spout; 4 — ladle; 5 — casting

Ingot moulds are made of cast iron. They are heated (150...450°C) and painted by refractory
mixture (paint) before pouring of metal.

Method with vertical axis of rotation is used for production of castings small in height,
because inner surface of the casting acquires paraboloid shape and lower diameter of hollow
is less than upper one.

The second method is used for castings of significant length production, e.qg.
hydrostatic pressure and overflow pipes. They have length from 3 to 12 meters. Advantages of the
methods:

- high density of metal due to the action of centrifugal forces;

- reduced metal consumption, because a gating system is absent;
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- inner hollow in castings is received without using of cores;

- amould is easily filled by molten metal under the action of centrifugal forces;

- a patternless method.

The disadvantages are as follows:

- low dimensional accuracy of inner surface;

- inner surface is contaminated by segregation products and non-metallic inclusions.

3.6. Pressure-Die Casting

Method has the highest output from 200 to 400 castings per hour. Sand mixtures are not
applicable for the method. Crystallization of castings is carried out in a metal mould, named
press-mould. Essence (main point) of the method is that liquid or both liquid and solid metal is
pressed into press-mould under high pressure (30...300 MPa) and with high speed (0.5...140 m/sec).
Mass of castings may be from a few grams to several tens kilograms. Alloys of zinc (very often),
aluminium (often), magnesium (often), copper (sometimes), iron (very seldom) base are used.

The casting's nomenclature ranges from part of a zipper to automobile block of cylinders.

Automatic or semi-automatic plunger machines with cold and hot pressing chambers are
employed (Fig. 3.14).
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Fig. 3.14. Plunger machines with cold (a, b, ¢) and hot (d) pressing chambers: a...c:
1- plunger; 2 — pressing chamber; 3 — pusher; 4 — metallic core; 5 — removable half-mould;
6 — irremovable half-mould; d: 1 — heating crucible; 2 — metal-conductor; 3 — press-mould

In the first type machine the metal together with air by a plunger 1 is pressed into mould 2 and
solidifies under pressure. Compressed gases dissolve in metal and the casting acquires normal
density. But further heat-treatment is not available, because gas holes are formed at high temperature.

In the second type machine the metal is pressed into a mould 3 without any gases, but
plunger and chamber work at high temperature, in liquid metal and by this reason they are rapidly
damaged.

The advantages of the method:

- very high productivity;

- sand mixture isn't used at all;

- dimensional accuracy is very high (for example, screw thread may be received);

- thickness of casting may be 1 mm and less;

- patternless method.

The disadvantages of pressure die-casting:

- high cost of press-moulds;

- short service life of press-moulds;

- powerful machines are required to produce medium mass castings.
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3.7. Investment Casting

This is one of the oldest casting methods. Expendable (investment) patterns are mostly
prepared of waxlike materials. The essence of the method:

- a pattern is made of easily meltable material;

- the pattern is covered by refractory layer;

- the pattern is removed (melted);

- a shell mould is preheated to remove the pattern rest;

- a metal is poured in hot mould.

The method enables to manufacture castings very complicated in shape. That is why it is used,
first of all, for casting of monuments. In the prehistoric, ancient and the Middle Ages and later the wax
was used as a pattern material. Now oil product, such as paraffin, stearin; pine-tree product, such as
rosin, and so on are used.

Investment casting appeared in foundry practice 50 years ago when new binder ethylsilicate
was found out.

Manufacturing process consists of (Fig. 3.15):

- pattern-making in metallic moulds; the pattern mix, which has melting point about 50°C, is
pressed into a mould;

- removing of patterns from the mould after solidification;

- assembly of paraffin-stearin patterns in blocks by soldering method (using a heated knife);

- dipping a pattern complete set in refractory suspension, which consists of silica flour and
ethysilicate;

- dipping the pattern complete set in fluidized sand;

- chemical drying of suspension and sand layer;

- manufacturing of new layer (from 5 to 15);

- dipping of the pattern complete set with refractory shell into boiling water to remove the
pattern mix;

Fig. 3.15. Investment casting process: a — part; b — pattern-making; ¢ — pattern; d-pattern complete;
e — dipping in suspension; f — dipping in fluidized sand; h — chemical drying; i — removing the pattern mix;
j — setting of the block into steel box; k — heating of box; | — pouring of a metal;
m — castings with gating system
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- settling of shell moulds into steel box and filling box by sand;

- heating of boxes with the moulds to 800...850°C to remove pattern remains from the moulds;

- pouring of a metal into heated moulds;

- destroying of the moulds and cutting off the gating, inspection, heat treatment and finishing
operations.

Investment casting provides high dimensional accuracy (similar to pressure-die casting), but it
is the most complicated method of foundry. Hence, using of it is profitable in the mass production,
especially in production of castings of alloys with high melting point (steels, Ni-alloys, Mo-alloys).

Mass of castings varies from several grams to a few kilograms.

Advantages:

- high dimensional accuracy and surface quality;

- possibility to produce castings, which have a very complicated shape;

- possibility to mechanize and automatize practically all operations.

Disadvantages:

- very complex process;

- small mass of castings.

3.8. Modern Processes of Metal Production for Castings

The most common foundry metals are cast irons, steels, bronzes, brasses, aluminium,
magnesium and titanium alloys. The structure of alloys in our country and abroad is shown in table 3.1

Table 3.1 - Structure of foundry alloys in various countries

Alloys Ukraine USA, Germany, Japan
Grey cast iron 64...65 43...52
Nodular (high-strength) cast iron 1.3...1.5 26...38
Malleable cast iron 3 1.3
Steel 23...25 5..10
Non-ferrous alloys 3...5 18...30

Grey cast iron is considered to be the most frequently used cast engineering material. It
has high foundry properties, low cost and low mechanical properties. Nodular (high-streagth) cast iron
has the same chemical composition as grey cast iron, except small content of modifier
(0.03...0.07% magnesium). Owing to this, the costs of these two alloys have small difference. But
high-strength cast iron has high mechanical properties and very often is used in machinery instead
more expensive steels.

The tendency of using the non-ferrous alloys, especially aluminium ones, instead steels and
cast irons had development in many countries last years. The aluminium alloys have small mass
density y=2.7 g/cm® (steels have y=7.8 g/cm®) and high specific strength c./y. The replacement of steels
and cast irons by the aluminium alloys gives a chance to machine’s mass decrease and improve its
quality and efficiency.

As we can see (table 3.1), Ukrainian machinery does not realize the possibility for
improvement of its production quality by changing of the foundry alloys structure.

3.8.1. Cast Iron Production for Castings

Iron-carbon alloys where carbon content is higher than solubility in austenite, i.e. greater than
2.14 %, are called cast irons. Real cast irons have the composition: 2.2...4.5 % C, 0.5...3.5 % Si,
0.5..1.2 % Mn, 0.01...0.20 % S, 0.03...1.20 % P. The most important indices of quality for non-
alloyed cast irons are the carbon state (the amount of combined carbon), shape of graphite inclusions
and state of metal matrix.
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The following cast irons are distinguished: white, mottled, chilled, grey, malleable, nodular (or
high-strength) ones.

All carbon is chemically combined in white cast iron. Correspondingly, all carbon is in the
form of graphite in ferritic cast iron. Amount of chemically combined carbon in grey pearlitic cast iron
is equal to 0.8 %.

Carbon, silicon, aluminium promote graphitization. Chromium, manganese, vanadium,
titanium, sulphur prevent this process.

A distinction is made between ferrite, pearlite and ferrite-pearlite structures.

Up to the recent years the most commonly used furnace to melt grey cast iron is a cupola,
where about 70 per cent of this alloy used to manufacture of castings is smelted.

A cupola (Fig. 3.16) is a typical shaft furnace (like a blast furnace): its design comprises a
vertical pipe (steel shell) 8 on columns 2. But unlike the blast furnace only metal remelting process
takes place in the cupola.

Cupola charge consists of: ~35 % foundry iron (ingots); -30 % cast iron scrap; -15 % steel
scrap; -15 % coke (fuel); -5 % limestone CaCOg (flux).

S —emeF e Vi
o] [T
11 £ —

S = 12
10 - |3
9 -

[ 3
8

6.7
]
1516
5
g = = 3 7
2 i X"KT!
1 e 14

Fig. 3.16. Cupola: 1 — fundament; 2 — column; 3 — folding cover; 4 — bottom; 5 — air tuyere;
6 — ventilator; 7 — refractory lining; 8 — steel shell of shaft; 9 — cast iron plates;
10 — charging window; 11 — spark extinguish; 12 — pipe; 13 — charging bucket; 14 — taphole;
15 —receiver; 16 — slag taphole; 17 — cast iron taphole; 18 — ladle

The cupola has a refractory lining 7 inside and a window 10 for charging a furnace burden.
Compressed air is given from compressor 6 through a pipe, wind box and tuyeres 5 into the cupola. Air
IS necessary for coke burning and high temperature (~1700°C) attainment. Metal charge is melted at
high temperature. Besides that metal absorbs carbon and sulphur of coke. This is the main
disadvantage of the cupola. From the cupola cast iron drains through an intermediate taphole 14
into a receiver 15, than through taphole 17 it is tapped into a ladle 18. When the cupola is without
the receiver, cast iron fills up a hearth (lower part) of the cupola. To tap metal from the receiver,
the tap hole is opened by picking up a bott. The slag is removed through the slag hole.

When melting process is finished the locking bar is displaced, bottom plates 3 are turned
and rest of charge is withdrawn. Next, repair of the cupola lining is accomplished.

The cupola is a furnace of permanent action but usually its working time ranges from
8 hours to 7 days. It is distinguished by simple design and high efficiency (about 40%). The main
disadvantages of the cupola are:
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- absorption of carbon by cast iron and difficulties in production of low-carbon cast iron
(the less carbon content the higher mechanical properties);

- molten cast iron absorbs sulphur which decreases properties of iron and is a reason of red
(hot) shortness;

- itis difficult to control and change chemical composition of cast iron;

- it is difficult to overheat cast iron more than 1420...1430°C;

- high content of CO (9...12 %), SO, (1...2 %) and dust (20 g/m®) in waste gases and
consequent ecological problems.

For these reasons electrical furnaces, such as electric arc and induction units, are used to melt
cast iron. To meet high demands of developed up-to-date technology the electric furnaces are the most
satisfactory melting units, because:

- coke, rich in sulphur, isn't consumed, providing therefore cast irons with less carbon and
sulphur content and consequently high mechanical properties to be obtained,

- electric furnaces give a possibility to overheat metal up to demanded temperature.

Design and operation of electric-arc furnace were considered in part "Metallurgy".

Figure 3.17 portrays crucible (coreless) induction furnace comprises the following principal
units: metallic carcass, inductor 1, rammed crucible 2, axis of furnace tilting mechanism, lip, metal 3,
electric generator (high-frequency) or transformer (main-frequency) switch board.

Fig. 3.17. Induction furnace: 1 — inductor; 2 — crucible; 3 — metal (charge)

The induction furnace operates as a transformer without an iron core, the primary winding
of which is a multiturn coil-inductor 1 and the secondary winding and the load at the same time is
the metal to be melted.

The higher frequency the smaller pieces of charge may be heated and melted. For this
reason small capacity furnaces with high frequency generator are used. But induction furnaces of
high capacity (1...30 tons) are equipped with transformers and sometimes triple frequency
multipliers (150 Hz). Piece of charge, not less than 250 mm in size may be melt in mains-
frequency furnace.

Cast iron melted in electric-arc and induction furnaces has higher mechanical and service
properties than the one produced in the cupola.

A charge in electric furnaces consists of steel and iron scrap, foundry iron,
ferromanganese, ferrosilicon and other ferroalloys. When basic lining is used, sulphur and
phosphorus may be removed from metal.

Nodular Cast Iron Production. Nodular, or high-duty, or high-strength cast iron with
spheroidal graphite has the same chemical composition as grey cast iron, except sulphur content,
which is lower in nodular cast iron (0.8...0.12 % S in grey cast iron and 0.01...0.02 % S in nodular
one). Unlike grey cast iron, which has lamellar graphite, nodular cast iron contains spheroidal
graphite and, due to this reason, has higher mechanical properties. To convert lamellar
graphite in spheroidal foundrymen carry out inoculation procedure, i.e. they add inoculator

80



(magnesium, cerium, lanthanum, yttrium) in liquid cast iron. Inoculator reacts with sulphur in
metal:
2[Mg]+3[FeS] — (Mg,S,) +3[Fe] (3.3)

So, low sulphur content ensures obtaining of spheroidal graphite. That is why metal for
nodular cast iron is melted in induction or electric-arc furnaces to prevent its saturation with
sulphur. Nodular cast iron has ferrite or pearlite, or ferrite-pearlite metal matrix structure and
globular graphite inclusions. In case of heat-treatment martensite, troostite, or sorbite structure
may be received.

Malleable cast iron is produced by annealing of white cast iron. The less amount of carbon
and silicon in iron, the more easily the white cast iron may be produced. Therefore liquid metal
contains 2.2...2.9 % C and 0.8...1.4 % Si. Thickness of casting should not exceed 50...60 mm. It is
very difficult to receive low carbon content in cupola cast iron, because coke saturates liquid metal
with carbon. Thus, induction and electric-arc furnaces are used to smelt metal in malleable cast iron
production. Sometimes duplex-process (cupola and electric-arc furnace) is used. Cast iron from the
cupola is poured into arc furnace, where it is overheated. The carbon content in it is lowered by steel
scrap additions in the furnace. Malleable cast iron possesses intermediate foundry properties between
grey cast iron and carbon steel. Castings are normally manufactured with risers.

Sand, metallic, shell and centrifugal moulds may be employed for iron casting.

3.8.2. Steel Castings Production

Cast steels are divided into carbon and alloy steels. The grade of cast steel is marked by the
letter JI (cast):

- carbon steels: 40J1, 35J1, 25J1;

- alloy steels: 30X2HBJI.

Unlike cast iron steel has worse foundry properties: high melting point (~1500°C), high
shrinkage (e=1.5...2.5 %, &,=5...8 %). But steel is distinguished by its high mechanical
properties: o, = 500...2500 MPa, & up to 30%, ¢ up to 50 %. Steel castings are usually supplied with risers.
They are intended to produce parts designed for operation in severe service conditions.

The electric-arc furnaces and, sometimes, induction coreless high-frequency furnaces are
used to melt steel for castings.

Sulphur and phosphorus may be removed from steel in basic electric-arc furnaces. Induction
furnaces are used as remelting units only. Sand, investment, shell and, sometimes, metal moulds
may be used.

3.8.3. Melting of Copper-Base Alloys

Two types of copper-base alloys are mainly employed:

- brasses, alloys of copper with zinc and other elements (Al, Fe, Mn, Pb, Si);

- bronzes, alloys of copper with tin and other elements (Ni, Sn, Pb, Zn, Al, Si, Mn, Be),
among which there may be zinc, but only in combination with other elements and in small quantities.

Copper-base alloys have good wear and corrosion resistance in atmosphere, fresh and sea
water, and other aggressive media.

Melting point of copper alloys is about 1100°C, pouring temperature is about 1200°C.
They have relatively good casting properties: high fluidity, medium shrinkage (g=1.4...1.7 %, up to 2.5
%, only for some alloys).

Furnaces of different types and design are used to melt copper-base alloys. Flame furnaces as
well as electrical-both arc and induction furnaces are most frequently used for this purpose. In small
scale foundries crucible furnaces are mainly employed.

Many elements, such as Zn, Si, Al and others, are easily oxidized. Some of them even
evaporate. What is more, some elements comprising copper-base alloys in liquid state tend to gas
absorption from the furnace atmosphere, especially hydrogen.
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Thus, melting furnaces should provide the possibility of rapid melting with minimum losses of
easy-oxidizing and evaporating components as well as of protecting metal against hydrogen
saturation.

To protect metal against oxidizing and hydrogen saturation, melting of copper-base alloys is
done under fluxes, comprising charcoal, chlorides, fluorides, soda glass and other components.

Reverberatory furnaces may be stationary or tilting (Fig. 3.18) and are used in those cases
when it is necessary to produce a great amount of metal.

This type of furnaces is mostly oil- or gas-fired. In reverberatory furnace metal and slag are
melted due to direct contact with gases and heat from the roof and walls radiated downward on the
charge. The furnace (in our case the tilting one) is burned by jet 1, which is supplied by oil or gas.
Combustion gases pass through a combustion chamber 2, melting chamber 3 and tapping throat 4
into exhaust pipe.

Contact of large metal surface with furnace gases is a major disadvantage of these furnaces,
as it facilitates metal saturation with gases and causes high metal losses.
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Fig. 3.18. Tilting reverberatory furnace: 1 — yet; 2 — combustion chamber; 3 — melting chamber;
4 — tapping throat; 5 — slag; 6 — metal

Electrical arc furnaces of indirect heating (Fig. 3.19) are the mostly used furnaces to melt
copper-base alloys. Electrical arc is formed between two horizontal electrodes 1 and is located at a
certain distance from the metal surface. Metal heating takes place on the account of the heat
radiation from electrical arc and red-hot lining surface.

Disadvantages of the arc furnaces are noise, caused by the electric arc; high
temperature of electric arc (~3000°C), which facilitates metal burning, its evaporating and
quick wear of lining.

Induction furnaces are divided into coreless high and mains-frequency and mains-frequency
with steel core. A furnace with the steel core 1 (Fig. 3.20) represents as if step-down transformer where
metal in the furnace is a secondary winding.

Fig. 3.19. Electric arc furnace of indirect heating a — drawing; b - scheme: 1 — electrode;
2 —electric arc; 3 —tilting mechanism
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Fig. 3.20. Induction furnace with the steel core: 1 — steel core; 2 — metal channel

Transformation of electrical energy into thermal one in these furnaces is performed in the
following way. Mains-frequency current in a primary winding causes a magnetic flux around it closing
through a steel core of the transformer and inducing secondary current in the metal present in a ring-
like channel 2. Metal in the channel is melted, preheated, moves around core 1 and heats the metal
into crucible. So we have metal circulation in the furnace.

Peculiarity of melting in induction furnaces with the steel core lies in the following:
liquid metal filling bottom ducts should remain in the furnace after tapping to form a closed electrical
circuit during the next heat. Due to this reason it is difficult to pass over from one alloy grade to
another.

Crucible furnaces are used for melting small amounts of certain foundry alloys. Crucible
furnaces may be either stationary or rotary. They are fired by liquid, gaseous or solid fuel.

Figure 3.21 represents a crucible furnace.

Fig. 3.21. Crucible furnace: 1 — crucible; 2 — furnace; 3 — hole for flame jet

Deoxidation and Refining of Copper -Base Alloys. The charge melting in the furnace
reacts with furnace atmosphere, lining and fluxes. As a result, some elements and their compounds
transfer to molten metal, slag and gaseous atmosphere.

Presence of soluble and nonsoluble oxides in metal causes decrease in physical and
mechanical properties and formation of defects in castings (gas porosity, slag holes, etc.). To
improve quality of castings deoxidation of alloys is performed.

Deoxidizers for copper-base alloys are divided into 2 groups:

- surface-active and non-soluble in metal;

- soluble in liquid metal and active inside the alloy.

Surface-active deoxidizers are calcium carbide (CaC;), magnesium boride (MgsB,),
carbon (C) and liquid boric slag. They are milled and given on the surface of metal:

5(Cu,0)+(CaC,) = (Ca0)+2{CO,}+10[Cu] (3.4)
6(Cu,0) +(Mg,B,) =3(MgO)+(B,0,) +12[Cu] (3.5)
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2(Cu,0)+(C) ={CO,}+4[Cu] (3.6)

The most commonly soluble deoxidizer of Cu-base alloys is phosphorous consumed in
the form of foundry alloy (~10 % P, 90 % Cu):
5(Cu,0) + 2[P]={P,0.}+10[Cu] (3.7)

Refining is a process of cleaning of liquid alloy from hard oxides, slag particles and gases.
More efficient refining process is flotation (Fig. 3.22). It consists of blowing neutral gases (N, Ar)
through the liquid alloy or introducing different substances into it in oredr to obtain as a result products
of gaseous or vaporous nature (e. g. P,Os). Gas or vapor bubbles floating up to the metal surface carry
away non-metallic inclusions and penetrating inside bubbles gases (H,).

Sand, metal, investment, shell and centrifugal moulds are employed.

Fig. 3.22. Flotation refining process

3.8.4. Melting of Aluminum-Base Alloys

Aluminum-base alloys possess high fluidity, comparatively low shrinkage (e1~1%), low
tendency to form hot cracks and porosity, and low melting point (~650°C). Al-alloys have good
mechanical properties, high corrosion resistance and low density (2.7 g/cm®). The most widely
used alloys are Al-Si (6...22 % Si), Al-Cu (3.6...6.0 % Cu), Al-Mg (9.5...11.5 % Mg), Al-Si-Cu,
Al-Si-Cu-Mg and others alloys.

Inoculants, such as Ti, Zr, B and V (0.05...0.15 %) are added to the alloys to refine grains
and consequently, to improve mechanical properties.

Different furnaces are used to prepare Al-base alloys. In small-scale foundries they are
crucible (stationary and tilting) furnaces with solid, liquid fuels or gas-fired. In large-scale
foundries stationary flame furnaces as well as electric resistance and induction furnaces are used.

Design of furnaces for melting Al-base alloys is the same as for Cu-base alloys. But in
crucible and induction furnaces crucibles are made of cast iron or graphite-chamotte mixture.
Working surface of cast iron crusibles is painted to prevent dilution (paint: chalk, zinc oxide, water
glass, water).

Figure 3.23 represents a reverberatory electrical resistance-tilting furnace for melting
Al-alloys.
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Fig. 3.23. Reverberatory electrical resistance furnace:
1 — charging window; 2 — bath; 3 — heating elements

The following techniques of Al-alloys treatment in addition to special measures for
preparation of the furnaces, charge and melt under coating effluxes are applied:

- degassing for the purpose of gas removal from the alloy;

- inoculation to get fine grain structure with improved mechanical properties. Degassing is
carried out by chlorine, which forms aluminum chloride. Bubbles of aluminum chloride carry
away the hydrogen, the nitrogen and oxides from metal (Fig.3.24).

N, H,
Fig. 3.24. Principle of degassing

After degassing inoculation treatment is carried out by adding inoculants in liquid Al-alloys
or by keeping liquid metal under inoculating mixes consisting of fluorides and chlorides (CaF,
MnClI,, NaCl, ZnCl,, etc.):

(NaCl) +[Al] - {AIC,} +[Na] (3.8)
where AIClI; is refining gas, Na is inoculant.

Metallic, sand (intricate castings), pressure-die and centrifugal moulds are used for Al-base
alloys pouring.

3.8.5. Melting of Magnesium-Base Alloys

Magnesium is an element of high chemical activity. It reacts with oxygen, in liquid state
very easy catches fire and absorbs hydrogen and nitrogen. Magnesium has good foundry
properties like high fluidity, small shrinkage (e;= 1.1...1.4 %) and low melting point (651°C).
Pouring temperature of Mg-base alloys ranges from 650 to 700 °C.

Cast alloys are alloyed with Al, Zn, Mn, Zr and other elements. By low density (1.7 g/cm?)
they are used in automobile engineering, aircrafts, rockets, etc.

Due to high chemical activity magnesium-base alloys are melted in crucible induction and
electric resistance furnaces under slag coating, consisting of chlorides of Mg, K and Na.

During pouring magnesium may catch fire. To prevent this, magnesium stream is powdered by
sulphur. Sulphur is burned and gas SO, prevents the reaction between magnesium and oxygen. Sulphur
and boric acid are added in moulding mixes to prevent burning of magnesium within a mould.
Metallic, pressure-die and sand moulds are normally used.
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3.8.6. Melting of Titanium-base Alloys
Titanium possesses high melting point equal to 1665°C. In liquid state it reacts with Oy, Ny,
H, very intensively. Melting and pouring of Ti-alloys is carried out in vacuum induction furnaces

(Fig. 3.25).
When melting process is completed the chamber is turned and liquid metal is poured into the

mould.
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Fig. 3.25. Melting of titanium-base alloys in vacuum: 1 — liquid metal; 2 crucible;
3 — manipulator; 4 - vacuum chamber; 5 - mould; 6 - inductor
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4 METAL FORMING

Metal forming, or plastic metal working, is based on an ability of metals to get residual
plastic deformation by affecting of external forces on a half-finished part. Main advantages of the
process are:

- improvement of structure, density, physical and mechanical properties of metals
and alloys;

- reducing of metal outlay as compared with cutting (increasing of metal
utilization coefficient);

- high labor productivity.

Approximately 90 % of steel and 55 % of non-ferrous metals undergo metal forming
operations.

On the base of metal forming new Kkinds of heat-mechanical (thermomechanical)
treatment have been recently found out. These methods are known to be combination of metal
forming and heat-treatment and provide regulation of structure, peening (strain hardening) degree
and mechanical properties.

4.1. Physical and Mechanical Fundamentals of Metal Forming

The necessary condition for metal forming process is the proper plasticity possessed
by material, i.e. ability of material to be deformed under an external load without failure. During
forming process elastic and plastic deformations take place.

Elastic strain is a deformation, whose influence on shape, structure and properties of a
body completely disappears when external forces causing the deformation are removed. The
applied load causes only slight relative and completely reversible displacement of the atoms.

Plastic strain takes place when the shear stresses exceed a certain definite value (elastic
limit) and the deformation becomes irreversible (Fig. 4.1). After removement of the load only the
elastic component of the deformation is eliminated. The part of the deformation that is called
plastic or residua, strain remains.

During plastic deformation the distances between atoms do not change (practically) and,
hence, volume of a deforming body remains constant. This main law of metal forming is used for the
definition of a deformation degree. The deformation degree represents relative change in cross-sectional
area, or dimensions of a half-finished article.
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Fig. 4.1. Dislocation mechanism of plastic deformation

Let us assume that we have a prism with 90-degree angles and dimensions before forming A,
B, C and after it, correspondingly, a, b, c.
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The condition (law) of volume constancy may be expressed as follows:
ABC=abc (4.2)

Hence, deformation coefficients may be calculated. Coefficient of increase in height
(length), or extension coefficient:
t=b/B=AClac = (F,/F) 4.2

Coefficient of cross section reduction:

g=¥-100%= AB=2 1 1096 (4.3)

0

Coefficient of decrease in thickness (in breadth):
= Clc =ab/AB (4.4)

Changes in the structure of metal in plastic deformation also take place. The shape of metal
is changed in plastic working as a result of plastic deformation of each grain. Since the grains are
differently oriented, plastic deformation can’t occur simultaneously and in the same way
throughout the whole volume of the polycrystal.

Owing to slip processes, the grains (crystallites) are changed in shape as a result of
considerable deformation (Fig. 4.2). The grains before the deformation are of more or less equiaxed
shape (a). As a result of displacement along the slip planes the grains are stretched by
deformation in the direction of the acting forces to form a fibrous or banded structure (b).

Fig. 4.2. Effect of plastic deformation on microstructure of a metal: a — a grains and
structure before deformation; b — the same after deformation

Deformation texture. A high degree of deformation results in preferable
crystallographic orientation of the grains. Ordered orientation of the crystallites with respect to
the external deforming forces is called texture (deformation texture). The formation of the texture
promotes anisotropy of the mechanical and physical properties. Deformation texture is revealed by
etching with special reagents. Orientation of texture must be taken into consideration when parts of
machines are produced.

Strain Hardening. With an increase in the degree of deformation (at room temperature),
properties, which characterize the resistance of steel to deformation (o, oy, HB, etc.), are increased
and, on the other hand, the capacity for plastic deformation (percent elongation 6 and reduction in
area o) is reduced (Fig. 4.3).

Hardening of metal in the process of plastic deformation takes place due to the increase in the
number of defects of crystal structure (dislocations, vacancies and interstitial atoms). All the defects
impede motion of the dislocations, thereby increasing resistance to deformation and reducing ductility.
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Of prime importance is the increase in dislocation density, which at high degree of deformation may
reach extremely high values: 10" to 102 cm™ instead of 10° to 108 cm™ before the deformation.
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Fig. 4.3. Effect of plastic deformation (cold working) on the mechanical properties of low-carbon steel

4.2 Recovery and Recrystallization

The process of recovery occurs, when a strain-hardened metal is heated to comparatively low
temperatures, usually below (0.2 or 0.3) T melting point (Tmp). It comprises the relief of
microstresses and partial elimination of distortion of the crystal lattice as a result of reduction in
density of structural defects.

The ordinary set of mechanical properties does not usually exhibit any changes in the recovery
process.

A further rise in temperature increases the mobility of the atoms, and when a definite
temperature is reached, new equiaxed grains are formed (Fig. 4.4). The formation of new equiaxed
grains in place of the oriented fibrous structure is called recrystallization treatment or primary
recrystallization. As a result of recrystallization the effects of strain hardening are practically
completely eliminated; and the properties approach their initial values. As may be seen in
Figure 4.4, the tensile strength and especially the yield point drop sharply upon recrystallization, and
the ductility (5 and ) increases. This reduction in strength and hardness can be explained by the
elimination of lattice distortion and the drastic reduction in dislocation density (from 10%...10% to
10°...10% cm™). The lowest temperature ty, at which recrystallization begins and proceeds and at which
metal is softened is called the temperature threshold of recrystallization.

The temperature ty is about 0.4 T, for commercially pure metals. For pure metals this temperature
is reduced to (0.1 to 0.3) Tmp and for solid solution alloys it is raised to (0.5 to 0.6) Tmp. As the first
appoxitation this rule enables the temperature at which primary recrystallization begins to be
determined. It is about -33°C for lead, about 270°C for copper and about 450°C for low-carbon
steel. These temperatures separate cold and hot metal working.
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Fig. 4.4. Effect of heating on the mechanical properties and structure of strain-hardened steel

To eliminate the effect of strain hardening metal is heated to higher temperatures than ty,
to ensure a high rate of recrystallization and completion of the process. Such heat-treatment is
called recrystallization annealing (it is carried out at temperatures from 650 to 750°C for steel).

Collective recrvstallization. When the process of primary recrystallization has been
completed, subsequent heating leads to growth of recrystallized grains. This process is called
collective recrystallization. In collective recrystallization period the mechanical properties are
reduced because of large sizes of grains.

Overheating and Burning. Prolonged heating of steel at temperature above t’ (Fig.4.4) leads
to the formation of exceptionally large actual grains, both at these temperatures and after cooling
to 20 °C. This effect is called overheating. Overheated steel has a coarse crystalline fracture and
low mechanical properties. Overheating can be corrected by repeated heat treatment.

Heating steel to a higher temperature than that causing overheating, especially in an oxidizing
atmosphere, leads to burning. This is accompanied by the formation of iron oxides along the grain
boundaries. Burnt steel has a stony brittle fracture. Burning is an irremediable defect of steel.

4.3. Technological Plasticity

Technological plasticity is the main property required for metal forming processes. The
plasticity of metals depends on:

- alloy composition and its structure;

- working temperature;

- scheme of deformation;

- rate of deformation.
Pure metals possess higher plasticity than their alloys. The less carbon contents, the higher is

the plasticity of steel. When temperature increases the resistance of metal to deformation
decreases, because of decrease in strength and hardness.

In every point of stressed body elementary very small cube may be picked out so, that plane
stresses should be perpendicular to its plane surfaces. There are 9 cases of stressed states with one, two
and three main stresses (Fig. 4.5). An alloy has higher plasticity when it undergoes compressing

stresses and it has lower plasticity in case of tensile stresses.
The degree of deformation at first decreases, then raises with the increase in deformation rate.
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Fig. 4.5. Possible cases of stressed state

There are three types of metal forming with respect to work temperature: cold forming,
thermomechanical treatment and hot forming. The main type is hot forming, or hot plastic metal
working. As we know, cold metal working causes strain hardening (sometimes it's favourable effect),
decrease in plasticity and, as a result, cracks in billets appear. During hot plastic working metal
has high plasticity, it does not undergo structural changes and strain hardening, capacity of
forming machines and deformation forces required are less as compared with cold forming. But
hot forming causes a scale formation, which leads to metal losses and dimensional accuracy

decrease.

Heating temperatures for steel are (Fig. 4.6) by 100...200°C below solidus line AE and by
25...50°C above the line GSK, that is hot forming is carried out when steel has homogeneus
austenite structure (hypereutectoid steel has structure: austenite + carbides).
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Fig. 4.6. Heating temperatures for hot plastic metal working

According to a source of heat a distinction is made between flame (gas or oil)
reverberatory furnaces and electrical resistance reverberatory_furnaces. According to a working
principle a distinction is made between bath and continuous furnaces (Fig. 4.7).

Flame furnaces are used for big ingots, both electrical induction and contact heating
devices are used for small billets.
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Fig. 4.7. Chamber (bath) (a) and continuous (b) heating furnaces: 1 — bottom; 2 — billet; 3 — gas burner;
4 —lid; 5 — unload hole; 6 — flue; 7 — pusher; | — preheating zone (600...800°C);
Il — zone of maximum heating (1250...1350°C); 11l — Standing zone (1200...1300°C)

4.5. Rolling

Rolling is the main method of metal forming. Bars, pipes, double tees, corners, sheets,
balls, wheels and other products are manufactured using this method. Rolling is a method, in which
revolving rolls are used for deformation of material.

A distinction is made between three rolling methods (Fig. 4.8): lengthwise (a), cross (b)
and helical (c).

w

C
Fig. 4.8. The main methods of rolling: 1-roll; 2-billet; 3-mandrel

Let us consider the lengthwise rolling (Fig. 4.9). Sizes of a billet before rolling: L,
B, H; after it 1, b, h, and L<1, B<b, H>h.

Fig. 4.9. Deformation of a billet in lengthwise rolling
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Degree of deformation in general named drawing (extension) coefficient:
A =UI=F/F =BH/(bh)=1.1...1.6 (4.5)

Four main types of the rolled stock (products) are known:
- shape rolled stock;

- sheet rolled stock;

- pipe (tube) rolled stock;

- special rolled stock (periodical, balls, wheels and so on).

Tools and Equipment for Rolling. Metal is deformed between rolls, which may be plain
(Fig. 4.10a) or size (Fig. 4.10 d), i.e. with grooves on their surfaces. Two grooves of size rolls form a
roll pass. The pass may be open (fig 4.10 b) or closed (Fig. 4.10 c).

Fig. 4.10. Milling rolls and passes: 1 — barrel; 2 — neck; 3 — capture

Equipment for rolling is named a mill (Fig. 4.11).

According to the number and arrangement of roll stands, a distinction is made between:
duo mill; three-high mil; double duo mill, or four-high mill; multiroll mill; universal mill.

Rolling technology. Duo rolling mills, as a rule, are used to manufacture half-finished
products: blooms and slabs. The mill, named blooming, is used for squeezing of ingots to obtain
blooms with cross section from 150x150 to 450x450 mm. Then blooms are used for production
shape rolled stock. The mill named slabing is used to produce slabs, which have cross section
form 65x1600 to 300x2600 mm and then are used for sheet rolled stock manufacture.
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Fig. 4.11. Scheme of a mill: 1-bed of roll stand; 2-4-pressing device; 5,6-support and working rolls;
7-pinion stand; 8,10-clutch; 9-reduction gear; 11- electrical motor

Three-high mill has two passes and works similar to duo mill.

Double duo and multiroll mills provide the use of working rolls with small diameter, and by this
to reduce deformation zone volume without bending of the rolls.

To receive a required cross section of rolled product bloom or slab is passed through
systems of passes (Fig.4.12).

Welding pipes are produced from skelp (Fig. 4.13). Process includes forming of plane half
finished article (skelp) in a pipe, welding and finishing operations. Skelp is deformed at temperature
1300...1500°C and thereby furnace welding is mainly employed. Electric arc welding also may be used.
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Fig. 4.13. Process of welding pipes production

4.6. Extrusion of Metals

Extrusion is a comparatively new and foremost process among the industrial methods by
which metal is wrought into useful forms. Essentially it is a process of converting a block of solid
metal into a continuous length of uniform cross-section by forcing it to flow under high pressure
through a die orifice, which is shaped to impart the required form to the product.

In the majority of cases pressing is a hot working operation, so a billet is heated to provide
a suitable degree of softness and plasticity, but sometimes (e.g. for plastic metal) the cold process

may be used.

The sketches in figure 4.14 serve to illustrate the essential principle of the process. At the
same time, it also explains the distinction between two methods of working, known as direct and

inverted extrusion.
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Fig. 4.14 Direct (a, b) and inverted (c) extrusion: 1, 2- ram; 3-billet; 4-container;
5-die; 6-needle (mandrel); 7 - article

The needle is used when a hollow product must be produced.
This method is used for manufacturing of steel and non-ferrous alloys:

- bars from 3 to 250 mm in diameter (thickness);

- pipes from 20 to 400 mm in diameter;

- different shapes which can't be produced by rolling.

Degree of deformation (extension) is the highest, with respect to other methods, from 10 to
80, because metal is compressed in three directions. Dimensional accuracy is higher compared to
rolling. The extrusion is carried out by means of powerful hydraulic presses.
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The advantages of the method are

- intricate shapes may be produced;

- brittle materials may be deformed, because metal is compressed in three directions
and plasticity is high;

- high dimensional accuracy of product.

The disadvantages are the following:

- rapid wear of tools;

- large pressing rest of metal in container.

4.7. Drawing

This process is used for reducing the cross section of shape rolled stock, wire and pipes by
drawing half finished article through special tool, named reducing die, or draw hole.

Figure 4.15 represents schemes of drawing the bar and pipe. Procedure is usually executed
without heating.

Degree of deformation (drawing coefficient) is the smallest, because tensile stresses act within a
billet: A=1/L~1.25...1.45

Cold deformation promotes strain hardening of metal. To prevent an article's fracture the
recrystallization annealing is carried out after a few drawing operations.

The drawing is used for production wires, which have diameter from 0.002 to 10 mm, pipes
with diameter from 0.2 to 500 mm, bars with diameter from 3 to 150 mm and intricate shapes.

Fig. 4.15. Schemes of drawing of a bar (a) and a pipe (b):
1-reducing die; 2-billet (half-finished article)

The drawing provides a very high dimensional accuracy and surface quality, because the
drawing die is polished and deformation is mainly cold.

The drawing die is made of tool steel (large sizes), hard-facing alloys (middle sizes) and
technical diamond (small sizes for wire less than 0.2 mm in diameter).

Two types of drawing mills are used (Fig. 4.16):

Fig. 4.16. Chain (a) and drum (b) mills; for a: 1 -die-support; 2-billet; 3-reducing die; 4-6-capture device and
carriage; 8, 10-sprockets; 9-chain; for b: 1-wire; 2, 4, 6, 8, 10-drums; 3, 5, 7, 9-reducing dies; 1 1-motor; 12-gears
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- drum mill for wire production;
- chain mill for rods and pipes production.

4.8. Hammering

Hammering, or forging is the method of hot metal forming in which metals are deformed
by universal tools, such as hammer, anvils, block heads and others.

There are two types of hammering:

- hand (smith) forging;

- machine forging.

Only the second type of hammering is used in machine industry. A half-finished product of
hammering is named a forging. Mass of forgings ranges from a few grams to 250 ton. The main
advantages of hammering are:

- simple universal tools are used for manufacturing of different articles;

- heavy forging may be produced only by hammering.

Main Hammering Operations (Fig. 4.17). Upsetting is conducted under impact loading P
of a billet located an the anvil. As a result the height of a billet is reduced.

Degree of deformation is determined by the following formula:

Y=H/h=F/F, (4.6)
where Fq and F; are initial and final cross sections correspondingly;

H and h are initial and final heights correspondingly.

Heading (Fig. 4.17d) is local upsetting of the upper part of a billet (e.g. to produce head of
a bolt).

Spreading is a process of making the billet wider and correspondingly thinner.

Drawing (Fig. 4.17a) is a forging operation for elongation of the billet or a part of it.

Ring rolling or paying out (Fig. 4.17c) means increasing in diameter of a ring, which
undergoes hammering by block head and a rotation around cylindrical mandrel.

Piercing (Fig. 4.17¢) is making a hole in the billet.

{

Fig. 4.17. The main hammering operations: a, b — drawing; ¢ — ring rolling; d — heading;
e — piercing; T — bending; g — twisting; h — cutting off

Chopping or cutting off (Fig. 4.17h) is separating of one part of half-finished article from
another one.

Bending and twisting operation are shown in Fig. 4.17f and 4.17g correspondingly.

Hammers (smith forging hammers) and hydraulic presses are used in forging process.
The forging hammer is a machine of impact action. The impact is produced by mass of falling
parts. A compressed air, steam and electrical energy are used in forging hammers.

Let us consider design of a pneumatic forging hammer (Fig 4.18). When compressed
air is given through hole 4 a piston 6 moves up in a cylinder 5. The piston lifts a piston rod 8, a
slider 10 and a block head 11, which are assembled together.
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Fig. 4.18. Forging hammer: 1 — handle; 2 — traction; 3 —valve; 4 —hole (pipe); 5— cylinder; 6 — piston;
7 —sliding surface; 8 —rod; 9 — body; 10 — slider; 11 — block head; 12 — smithy; 13 —anvil block

During the next part of the working cycle compressed air is released away and all moving
parts named falling parts (the piston, the rod, the slider and the block head) fall down to perform
deformation of a workpiece. This workpiece is placed on a smithy (swage anvil) 12, which is
mounted on anvil block 13, located, in turn, on a basement. In steam-air hammer a bedframe 9 is
mounted separately from the anvil.

The higher the mass of the anvil block is, the higher the efficiency of an impact and work of the
hammer will be. The capacity of hammers is defined by mass of the falling parts. It ranges from 50 to
1000 kg. Forge hammers are used for producing forgings that have mass up to20kg.

Hydraulic presses (Fig. 4.19) are machines of static action. When oil is given into a main
cylinder 10 under pressure from 20 to 30 MPa a plunger 6 with traverse 3 and head block 2 is moved
down and the head block deforms a work. The plunger 6 and the head block 2 are raised by cylinders 9
and pistons 5.

Hydraulic presses have deforming force from 5 to 600 MN.

Forging manufacturing process. Process of manufacturing a forging comprises the following
operations (steps):

- drawing of the forging is developed on the base of drawing of a finished part;

- the machining allowances, laps and tolerances are point out on the forging’s drawing (Fig.4.20);

- the shape and weight of required billet is determined;

- the necessary equipment is selected;

- the sequence of forging operations should be specified.

Let's assume that the part be done has shape of a lever with a jaw ( Fig. 4.21a) and the
billet has shape of a cube (Fig. 4.21.b). The sequence of operations to manufacture a part are
shown in Fig. 4.21c...i. As a result, the required forging is received.

4.9. Die Forging
The main disadvantages of forging process are:
- low output;

- low dimensional accuracy;
- difficulty in receiving forgings of intricate shapes.
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Fig. 4.19. Hydraulic press: 1 — base; 2 — block head; 3 — traverse; 4 — column; 5 —rod; 6 — plunger;
7 — traverse; 8 — piston; 9 — raising cylinder; 10 — main cylinder; 11 - oil feed
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Fig. 4.21. Technological process of manufacturing of a lever with a jaw: a —article; b — billet;
¢, f, g - drawing; d, e, h - necking; i - bending and necking

To settle these problems die forging is used. There are two types of die forging: hot and cold
ones. The hot die forging has a wide application in the machine industry. The cold die forging is used,
mainly, for manufacturing the forgings of alloys which have high plasticity.

The essence of die forging is that a forging is manufactured by means of a metal die, which as a
rule consists of two parts. When the parts are moved to meet together by a hammer or a press a billet is
transformed into forging. The manufacturing die forging process is similar to a hammering one.

Two methods of hot die forging are distinguished (Fig.4.22):
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- with flash (die is "open™);

- without flash (die is "closed™).

In the first case mass of a billet must be equal or exceed mass of the forging. When the billet will
be squeezed-inside the die cavity, named impression; the surplusmetal will be squeezed into the ring
flute, forming a flash. Then it is necessary to remove a flash by cutting.

In the second case mass of the billet must be equal to the mass of the forging. So we need to

control the mass of the billet very carefully.
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Fig. 4.22. Die forging process in open (a) and closed (b) dies: 1 —forging;
4, 6 —forging with flashes 2 and 3; 5 — billet for forging; 7, 8 — parts of the die; b: 1, 2 — parts of the die

Dies may have one impression for manufacturing the simple forging or several impressions for
manufacturing the intricate forging. In the latter case the process consists of a sequence of die forging
operations, first, in roughing impressions to draw or bend the billet and then in intermediate
and finishing impressions to produce a finished forging (Fig. 4.23).

Finishing operations of die forging are as follows:

- flash cutting;

- film cleaning;

- dressing of forgings (correction of their shape) in hot or cold conditions by presses;

- heat treatment;

- cleaning from scale;

- calibration (coining) to receive more precise dimensions; calibration may be plane or
volume one (Fig. 4.24).

Equipment for hot die forging includes hammers, crank presses, horizontal forging
machines, hydraulic and screw presses, etc.

forging billet
250

Fig. 4.23. Multi-impression die and operations of forging: 1 — fullering; 2 — drawing (extending);
3 — bending; 4 — blocking; 5 — finish fording
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Fig. 4.24. Plane (a) and volume (b) calibration (operation of calibration undergo sizes indicated
on the sketches)

Hammers do not allow to obtain high dimensional accuracy of forgings because parts
(halves) of dies are not interconnected and their replacement is very high.

The crank press (Fig 4.25) consists of electric motor 1, belt transmission 2-3, gear
transmission 5-6, crank 8, plunger 10 and table 9 of variable height. Two parts of the die are fixed
to the plunger and the table and slide along guiding columns. This ensures high dimensional
accuracy of forgings.

Fig. 4.25. Cinematic scheme of a crank hot-forging press: 1-electric motor; 2 — pulley;
3 — fly-wheel; 4 —shaft; 5, 6 — gears; 7 — friction coupling; 8 — crank; 9 — table;
10 — plunger; 11 —rod; 12 — brake

Advantages of die forging process: high productivity (dozens and hundreds of forgings
per hour); high accuracy.

Disadvantages:

- complex and expensive tools, which may be used only for definite articles;

- mass of work (forging), as a rule, are not more than 30 kg; for manufacturing of heavy
forgings powerful equipment is required.

Cold die forging is mainly used for manufacturing the forgings of alloys with high plasticity
(Al, Mg, Cu, sometimes, low carbon steel). There are three basic types of the process: cold
forming, cold extrusion and cold upset forging.

Cold forming process is similar to hot die forging, but it is carried out at a room
temperature.
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Cold upset forging process is carried out by cold upsetting automatical machines, which are
similar to horizontal forging machines, but have higher productivity (from 20 to 400 forgings per
minute).

Cold die forging requires higher deforming forces. After it metal acquires strain
hardening, but the method offers higher, than hot die forging, dimensional accuracy, surface
quality and absence of scale losses.

4.10 Stamping

Stamping or sheet stamping is a cold method of the plastic metal working. A strip or a tape
may be used as a billet (half-finished article). Such parts as a watch hand, car bodies, rocket shells
are manufactured using stamping.

Stamping provides high productivity: sometimes, a part per second. Alloys of high plasticity
(Cu, Al, Mg, Ti) low carbon steel, plastic, leather and other materials undergo stamping.

All stamping operations are carried out by special tools and machines (stamps and presses).

Stamping operations may be classified as forming and separating.

The separating operations are used for cutting of a sheet in tapes and pieces by shears. The
shears may be of three main types: straight-blade, guillotine and circle shears (Fig. 4.26).

0

sy

Fig. 4.26. Separating operations of sheet stamping: a-cutting by guillotine shears;
b-cutting by circle shears; c-blanking; d-piercing; e-notching; 1 — upper knife; 2 — lower knife;
3, 8 —billet; 4 —size restrict; 5 —fixer; 6 — lower die; 7 — upper die; 9 — part (stamping); 10 — waste

Length of the cutting line for straight-blade and guillotine shears is not in excess than
horizontal length of the shears L.

The length of the cutting line (of the tape) is not limited when the circle shears are used. The
cutting out (blanking) and piercing are making external and inner contours of a part, correspondingly.

Forming operations are plotted in Fig. 4.27.

All these and other operations are made by dies of complex construction. Stamps consist of
upper dies, bed dies, upper and bed plates, columns, bushings, springs and other parts. Upper plate is
fastened to plunger of a press, bed plate is fasten to a table of the press.
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Fig. 4.27. Forming operations of sheet stamping: a-straightening; b-bending; c, d, e-draw-forming,
f-spread forming, g-flanging; 1 — upper die (punch); 2 — lower die; 3 — billet.
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SWELDING

Welding is a technological method of manufacturing of permanent joints and facing the
surfaces of parts if required. Parts of various materials may be welded. Welding is carried out
in the air or other gases and vapors, under water, in vacuum.

The first welding method was found 4...5 thousand years ago, when man produced iron
from iron ore in open fire, using charcoal as a fuel and reducer. During hammering to remove
residual charcoal the pieces of iron were joined with each other. This was blacksmith, or forging
(hammer) welding.

Then man noticed that during hammering at room temperature two pieces of gold (it
possesses high plasticity) might be joined too. This was a cold welding. It happened
approximately 3 thousand years ago.

Approximately at this time the foundry welding was introduced into practice. It was
performed in the following way: liquid metal (brass) was poured between two brass parts and
welded them together.

These three methods of welding have been used for long time and only in 1882 Russian
engineer M. Benardos suggested arc welding with non-consumable carbon electrode.

In 1888 Russian scientist N. Slavjanov worked out a method of the arc welding with
metallic (consumable) electrode. In 1902 gas welding was suggested in France. So, the
application of welding has rapidly expanded in the recent 100 years. About 60 welding
methods are employed now.

5.1. The Physical Fundamentals of Welding

The physical essence of welding lies in formation of strong connections between atoms of
parts to be welded. The parts should be squeezed together so that surface imperfections are
crushed and atomic attractive forces start to act.

For metals which have high plasticity only plastic deformation is sufficient for activation
of atoms. For metals of medium plasticity additional heating of parts is needed. Metals of
poor plasticity must be heated over melting point. Hence, we can say that physical processes used
for welding may be classified as mechanical, thermomechanical and thermal ones.

According to that all welding methods are divided into two groups:

- pressure welding;

- fusion, or non-pressure, welding.

The following scheme presents the classification of welding methods (Fig. 5.1).

Welding
Fusion Pressure
Mechanical Thermomechanical Thermal processes
processes procelsses
Cold welding Re_3|sta_nce weld_lng Arc weld!ng
Explosion welding lefu§|on weldmg Gas welding _
Friction welding Electroslag welding
Ultrasonic welding... Laser welding...

Fig. 5.1. Classification of welding methods
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5.2. Arc Welding

The method relies on the thermal effect of an electric arc sustained between the electrode and
parts to be joined in order to provide the melting zone. The electric arc is a powerful stable arc
discharge in ionized atmosphere of gases and metallic vapors (Fig. 5.2). The process possesses high
efficiency (0.6...0.9), i.e. 60...90 % of evolved heat is consumed for melting of electrode and works.

Electric properties of an arc are described by a static voltage-current characteristic,
representing the dependence between voltage and current intensity at stable arcing distance
(3...6 mm). The characteristic consists of three parts (Fig.5.3): dropping-1; stable (rigid)-Il; increasing-
Il.

The stable part is more suitable for welding processes, because the voltage is independent of the
amperage and arc burning is stable.

S RANNNNN S

D

Fig. 5.2. Electric arc: 1-electrode; 2-part; 3-electron; 4-ion
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Fig. 5.3. Static voltage-current characteristic of an arc: | — dropping; Il —stable; I11 - increasing

Sources of welding current (power sources or welders) have the external characteristic, which is a
dependence of voltage on external terminals upon amperage in electric circuit. They may be of four
main types (Fig. 5.4): dropping - 1; gradually dropping - 2; rigid - 3; increasing - 4.

The intersection point of arc and power source voltage-current characteristics is supposed to
accommodate the stable arcing (welding). Thus, if the process is conducted within rigid part of arc
characteristic, the welder with dropping or abruptly dropping external characteristic should be
employed (Fig. 5.5).

Power sources of both alternating current (electrical transformers) and direct current
(electrical generators and rectifiers) are used for welding. Transformers are cheap, simple in
design and more efficient power sources. But power sources of direct current offer stable welding
process and give the possibility to use direct and reverse polarity if necessary.
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Fig. 5.4. The main types of external characteristic of welding power sources:
1 - dropping; 2 — gradually dropping; 3 — rigid; 4 — increasing

0
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Fig. 5.5. External characteristic of a power source (1) and stable characteristic of the arc (2):
A — point of open-circuit run; B — point of non-stable arcing; C — point of stable arcing;
D - point of short circuit; U - welding voltage; l,,- welding current

Welding current is adjusted by means of supply chokes (a-c welding) or variable resistances (d - ¢
welding) (Fig. 5.6).

 —— :‘?—Ls
q 1 2
LA 1 g
T 2 5
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Fig. 5.6. Adjustment of welding current by means of a choke (a) and a variable resistance (b):
1 -transformer; 2-choke; 3 -windings of generator; 4-variable resistance; 5 — welding;
I, II, 11l —windings of transformer and choke; S- regulated clearance

The arc welding is performed by an arc arcing between electrode and works. It is possible to use
either consumable or non-consumable electrodes.

Figure 5.7a represents arc welding scheme when the transformer is used as a power source.
Consumable electrode 1 is melted in the electric arc 2 and its drops form liquid bath, which connects works
3 after solidification.

Figure 5.7b represents similar process, but the electrode 1 is non-consumable. It is made of carbon
(graphite) or tungsten. A filler metal 4 is used for formation of a weld.
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Fig. 5.7. Schemes of the arc welding: a - by N.Benardos; b - by N.Slavjanov;
1 — electrode; 2 — electric arc; 3 — works be welded; 4 — filled metal

Direct and reverse polarity may be used when direct current welding process takes place (Fig. 5.8).

direct polarityo

= oreverse polarity®

—_— a

Fig. 5.8. Direct (a) and reverse (b) polarity in welding process: 1 — core of electrode (wire); 2 — luting;
3—gas protection; 4 —weld bath; 5 — slag crust; 6 —weld; 7 — base metal; 8 — drops of liquid metal

5.2.1. Manual Arc Welding

Manual arc welding is carried out by a welder, who keeps an electrode holder with an electrode
and manually regulates the distance between the electrode and works to be welded. The metallurgical
processes (oxidation of alloying elements, saturation with gases) take place in the welding bath. To
prevent metal oxidation and alloying elements losses, consumable electrodes is covered by luting. The
consumable electrodes represent the metallic rods from 1.6 to 12 mm in diameter coated with luting
(Fig. 5.8).

The luting may be thin, of medium- thickness, thick and very thick. It consists of following
components:

- slag forming (chalk, marble, Mn-ore, SiO, sand);

- gas forming (wood powder, starch, etc.);

- deoxidizing (Mn, Si, Al, Ti, etc.);

- alloying (Mn, Si, Cr, Ni, Mo, V, Ti, etc.);

- stabilizing (CaCOs3, K,0, Nay0, etc).

The thin and medium-thickness lutings are used mainly for stabilization of electric arc. The
thick and very thick lutings are used for stabilization of arc, protection of molten metal by slag and
gases, deoxidizing and alloying it.

The electrode diameter depends on thickness of works to be welded. The amperage I, depends on
the electrode diameter de, mm:

I, =(35...60)d,_, A (5.1)
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So, welding regime is completely characterized by welding current (l,) and electrode
diameter (d.). Electrodes with the diameter of 3...6 mm are mainly used in manual arc welding. VVoltage

ranges from 16 to 30 V and welding current is from 120 to 350 A.

The basic types of welds or joints produced by fusion welding are represented in figure 5.9.
The main advantages of manual arc welding are

- simplicity of the process;

- ability to carry out welding in different space positions (Fig. 5.10).

butt corner T-weld

ez ey 1 L3 ME’L"J % % 2.6
mmm;—' 6 9 E
58 m:% 2.8 4..26

4.26

 3...50 % z

75 | o 12...60 &%@0
2.6 ?Z}’;

12...50 lap weld

% 30...100 W %}J"

Fig. 5.9. Basic types of welds produced by fusion welding (the figures are thickness of the parts be welded)
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Fig. 5.10. Possible space positions of welding: a-down (flat); b-vertical;
c-horizontal; d-inverted (overhead); e-in-corner

The disadvantages of the process are

- manual labor;

- low productivity;

- the welder must have high qualification level (proficiency).
- non - stable quality of the weld.

5.2.2. Automatic Arc Welding

The automatic submerged-arc welding differs from manual arc process by the following

peculiarities:
- the process is conducted by bare electrode, that is a wire without luting;
- arc and metal bath are submerged or covered by flux layer;

- all processes, such as electrode wire and flux feed, movement of welding head, are completely
automated.

Flux or gases may be used as shielding substances.

Correspondingly, two types of automatic arc welding are distinguished:
- automatic welding under flux shield;
- automatic welding in shielding gases.

In both cases the welding tractor is used. Figure 5.11 illustrates the process of automatic
welding.

107



welding |
|

«

. : 6
ok (' D T7 7777 7772
\ BA\N
\ \ )
9 8 7

Fig. 5.11. Automatic welding by a welding tractor: 1-tank for a flux; 2-wire; 3-cassete;
4-rolls for wire supply; 5-guide sleeve; 6-flux layer; 7-weld; 8-arc; 9-base metal

The arcing is carried out under flux, which shields metal from oxidation and splashing,
providing therefore ability to increase amperage in 15 to 20 times as compared with manual arc
welding and correspondingly to raise quantity of overlaying metal and welding productivity.

Main advantages of automatic submerged-arc welding as compared with manual one are:

- high productivity;

- welders of high qualification aren't required;

- high quality and homogeneity of the weld;

- thickness of the weld reaches 20 mm.

Disadvantages of the method:

- only flat welds may be produced,

- the difficulties with producing the welds of small radiuses.

Instead of flux shielding gases, such as carbon dioxide CO, nitrogen N, hydrogen H,, argon Ar,
helium He are used. The distinction is made between: inert gases (Ar and He) and active gases (CO»,
N2, Hy).

The automatic electric-gas welding has lower capacity than welding under flux shield, because
of metal splashing.

There are several schemes of electric-gas welding: with tungsten or consumable electrode
(Fig. 5.12) on direct, reverse polarity and alternating current welding.
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Fig. 5.12. Semi-automatic shielding gas welding with non-consumable (a) and consumable (b) electrode:
1 -wire; 2-nozzle; 3-guide sleeve; 4- torch; 5-W-eletrode; 7-shielding atmosphere; 8-arc;
9-welding bath; 10-cassette; 11 — rollers for moving of wire
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Ar and He are expensive gases, but provide high quality of welding.
CO,, N, and H, are cheap gases, but CO, is decomposed at high temperature and oxidizes metal:

CO, »CO0+0 (5.2
O+Me— MeO (5.3)
CO+Me— MeO+C (54

Saturation of metal with N, and H, decreases its mechanical properties. CO, -shield is used
with alternating current power sources, which decreases arc stability, but allows removing oxides
from liquid metal.

Mixtures of different gases are used very often to decrease welding expenses and to raise
quality of welding joints.

Flat welds are commonly produced by automatic gas arc welding. But sometimes the welding
tractor has a holder and can produce different welds, for example carry out a welding of pipes of great
diameter.

Semiautomatic and manual gas-shielded arc welding are used, especially for welding in
different space positions. In this case a welder holds arc torch, a wire and gas are fed automatically.

When the welder holds arc torch and feeds filler metal the manual gas-shielded arc welding
takes place.

5.3. Gas Welding

Gas welding is one of the chemical welding processes in which the required heat energy
is produced as a result of combustion of gases. The main materials available for gas welding are
known to be acetylene C,H,, hydrogen H,, natural gas C,Hn, kerosene. Oxygen O, is used as an
oxidizer.

Acetylene, possessing the highest heat-producing ability, provides in combustion the
highest flame temperature (~3200°C) and gain wide application in gas welding. Calcium carbide
CaC,; interacts with water to produce acetylene in the acetylene generators:

CaC, +2H,0=C,H, + Ca(OH), +Q (5.5)

Three types of generators are distinguished:

- contact-type (water recession);

- water-to-carbide;

- carbide-to-water.

Figure 5.13 represents the most widely applied generator of contact type.

Fig. 5.13. Acetylene generator of contact (water recession) type:
1 —tank; 2 — water; 3 — bell; 4 — calcium carbide; 5 — acetylene
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A tank 1 contains water 2. Calcium carbide in net 4 is hang up in the bell 3 and reacts
with water producing acetylene. When tap is closed, acetylene pressure increases, water is expelled
and its level in the tank drops. The reaction is retarded. When acetylene is consumed, pressure is
lowered, water returns to the bell, the reaction surface increases and acetylene yield
correspondingly rises.

Hence, acetylene is usually produced in acetylene generators, or is taken from cylinders,
charged at special station. Acetylene is explosive gas and requires careful treatment. Cylinders
are filled with charcoal powder and acetone under a pressure of 1.6 MPa. Cylinders are white
painted.

Oxygen is obtained from the air using a selective evaporation at special shops. Blue
cylinder is filled by oxygen under a pressure of 15 MPa.

Equipment necessary for gas welding is as follows: protective water seals, acetylene
and oxygen cylinders, pressure regulators, welding torch.

Welding torches are used to produce acetylene-oxygen mixture in subsequent combustion
of which the welding flame is obtained. Welding torches of injector type are normally employed
nowadays (Fig. 5.14). The oxygen pressure before an injector 4 is about 0.3...0.4 MPa. Running
out with high speed into mixture chamber 3 it produces significant vacuum, by which acetylene is
sucked into the chamber (its pressure within the hoseline may be rather low, from 0.001 to
0.015 MPa). There is replaced tip (head) 2 with calibrated orifice at the end of the gas torch. It
serves for regulation of the flame power.

Fig. 5.14. Gas welding torch: 1 — fuel mixture; 2 — tip; 3 — mixture chamber; 4 — injector; 5 — valves

Pressure regulators are employed to reduce the gas pressure within the cylinder to the working
value and to maintain the value at a constant level automatically.

The ratio between C,H, and O, is adjusted by corresponding valves 5 on the torch.

Three particular zones are differed in welding flame (Fig. 5.15):

- core (1)

- welding zone (1)

- tongue, or jet (111)

The highest temperature is achieved in welding zone (3100...3200°C). Hence, welding
process is carried out in this zone.

Three types of flame are distinguished according to the ratio between oxygen and acetylene in
the mixture:

- balanced (normal) - O,/C,Ho~1

- oxidizing - O,/C,H, > 1

- reducing (carbonizing) - O,/C,H, < 1

Different flame types are employed in welding of various alloys. For instance, in welding the
high carbon steel or cast iron reducing flame is needed; in welding the brasses oxidizing one is required.
In the majority of cases balanced flame is employed.

Gas or oxy-acetylene welding provides gradual (smooth) and slow (regulated) heating to be
achieved. It is the main peculiarity and advantage of the process. That is why gas welding is used
for thin steel parts (0.2...0.5 mm in thickness), non-ferrous alloys, cast iron and a number of alloy steels
inclined to cracking (crackness).
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Distance
Fig. 5.15. Peculiar zones of welding flame: 1 — core; 2 —welding zone; 3 — tongue (jet)

5.4. Resistance Welding

Resistance welding is a group of pressure welding processes wherein coalescence is produced
by the heat obtained from resistance of the work to the flow of electric current in welding circuit
and by the application of pressure. There is no any external heat source. Heat is developed in the
parts to be welded and pressure is applied by the welding machine through electrodes. No fluxes or
filler metals are used.

Current for resistance welding is usually supplied through welding transformers, which
transform the high-voltage, low-amperage power supply to usable high amperage at low-voltage.

Pressure, or more properly, the electrode force, is supplied either by air or oil pressure
through a cylinder, mechanically by cams, manually by foot or hand levers through linkages or some
other means.

5.4.1 Heating Fundamentals in Resistance Welding

Any current flow in an electrical conductor creates heat. The amount of heat generated
depends on three factors:

- the current intensity;

- the resistance of the conductor;

- the time of current flow;

Q=I"Rt, (5.6)
where Q is heat generated in Joules;
| is current in Amps;

R is resistance of the work in Ohms;
t is time of current flow in seconds.

The formula shows that the heat generated is directly proportional to the resistance and square
welding current. The total heat generated is partly used to make the weld and partly lost to the
surrounding metal, mainly, by thermal conductivity.

Figure 5.16 represents spot welding. In making a weld, the current passes from one electrode
through the base metal to the other electrode. During this flow it encounters seven separate resistance
zones as shown in figure 5.16.

Points 1 and 7. The electrical resistance of the electrode material (copper, or bronze) is
of low value.

Points 2and 6 are corresponding to the contact resistance between the electrode and the base
metal. The magnitude of this resistance depends on the surface condition of the base metal and
electrode, the size and contour of the electrode face and the electrode force P. This is a point of high
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heat generation, but due to thermal conductivity of the electrode material and the fact, that it is
usually water cooled the base metal does not reach the fusion temperature during the current passage.
Points 3 and 5. The total resistance of the base metal itself is low, but it is higher than
electrode material resistance.
Point 4. This is a point of highest resistance and therefore of the greatest heat generation. Due
to hot spots 2 and 6, the heat generated at this interface is not readily lost to the colder electrodes. That
effects formation of the weld interface contact.

8
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distance

B
temperature / \ \\
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Fig. 5.16. Scheme of spot welding: 1...7 — resistance and temperature zones; 8 — electrode;
A, B — parts to be welded; T — electrical transformer; P — compressing forces

The following types of resistance welding are distinguished: spot, seam, projection,
flash, upset and percussion welding.

5.4.2 Spot Welding

Spot welding is a resistance welding wherein coalescence is produced by heat
obtained from resistance to the flow of electric current through the work parts held together
under pressure of electrodes. The size and shape of the individually formed welds are limited
primarily by the size and contour of the electrodes. In the simple single spot weld shown in figure
5.17 the passage of current and electrode force application must be through the electrodes 2, the
overlapped work pieces 1 and the weld.

The are four definite stages of time in the spot-welding cycle (Fig.5.18):

- squeeze time is the time between the first application of the electrode force P and
welding current turn-on;

- weld time is the time, during which welding current flows:

- time, during which the electrode force either is still applied or is increased (for better
deformation of weld) after the welding circuit has being deenergized;

- off time is the time when the electrodes are off the work.

2

Fig. 5.17. Spot welding: 1 —work pieces; 2 —electrodes; 3 — transformer; P — pressure
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The thickness of welding works is from 0.5 to 12 mm. There are two main regimes of welding:
- soft (easy):

j=1/F=80...160 A/mm? (F-area of a weld);

P=15...40MPa;

t=0.5...3.0 sec;
- rigid:

j=120...360 A/mm?;

P=40...150MPa;

t=0.001...0.010 sec.

t
Fig. 5.18. Spot welding cycle: I-current; P-pressure; t-time

5.4.3. Seam Welding

Seam welding (Fig.5.19, 5.20) is a resistance-welding process wherein coalescence is produced
by the heat obtained from resistance to the flow of electric current through the work parts held
together under pressure by circular electrodes. The resulting weld in seam welding is series of
overlapping spot welds (practically continuous or persistent) made progressively along a joint by
rotating circular electrodes with automatic current cut-off.

Fig. 5.19. Seam welding process: 1-works; 2-electrodes; 3-transformer
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Fig. 5.20. Seam welding cycles: | — current; P — compressing force;
S-distance of works’ movement; t — time

Seam welding has much in common with spot welding. Welds may be single or multiple,
that is a single seam or more parallel seams may be produced simultaneously. Welds may be
direct, or indirect, similar to spot welding.

Seam welding is used usually when persistent leak-free weld is required.
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5.4.4. Projection Welding

Projection welding is schematically very similar to spot welding, but has some
differences:

- a work undergoes stamping before welding for formation of projections (ledges);

- electrodes have large sizes and welding machine has high capacity; Types of projection
welds are shown in figure 5.21.

After welding the upsetting is produced to smooth down the work surface. Main advantage
of the process is high productivity. Main disadvantage is high welding machine capacity.
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Fig. 5.21. Examples of projection welds

5.4.5 Flash welding

Flash welding (Fig. 5.22) is a resistance-welding process wherein coalescence is produced
simultaneously over the entire area of abutting surfaces by the heat obtained from resistance to
the flow of electric current between the two surfaces, and by the application of pressure after

heating is substantially completed. Flashing and upsetting are accompanied by expulsion of metal
from the joint.

LPS

C. —
a
Fig. 5.22. Scheme of flash welding (a) and welding cycle (b):

1 —immovable plate; 2 — clamp (electrode); 3 — work; 4 — movable plate; 5 — transformer;
6 — contact (weld); I — current; S — replacement of movable plate; P — pressure

Flash welding is done by placing one of two work parts in the jaws of the machine. As the parts
are brought together into very light contact, a voltage of sufficient magnitude is applied to form a
flashing action between the parts. Flashing continues as the parts advance until the work pieces reach a
forging temperature (sometimes a melting point). The weld is completed by the application of
sufficient forging pressure and the interruption of current.
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5.4.6 Upset welding

Upset welding is a resistance-welding process wherein coalescence is produced simultaneously
over the entire area of abutting surfaces or progressively along a joint by the heat obtained from
resistance to the flow of electric current through the area of contact of those surfaces. Pressure is
applied before heating is started and maintained throughout the heating period (Fig. 5.23).

LP

Fig. 5.23. Upset welding cycle

In upset welding the parts are brought into solid contact and current takes the path through the
contact area until a sufficiently high temperature is generated to allow the forging of a weld. The heat
is generated mainly by the contact resistance between the two pieces. The difference between upset
welding and flash welding is that no flashing from the abutting surfaces occurs at any time and the
heat is developed slowly by the resistance between the two parts.

5.4.7 Percussion Welding

Percussion welding (capacitor energy-storage, electrostatic percussive welding) is a resistance
welding process wherein coalescence is produced simultaneously over the entire area of abutting
surfaces by the heat obtained from an arc produced by a rapid discharge of stored electrical energy
with pressure percussively applied during or immediately following the electrical discharge.

There are two main variations of this process:

- transformer welding (with transformer 5)

- transformerless welding (without transformer 5) (Fig. 5.24).
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Fig. 5.24. Percussion welding: 1 — rectifier; 2, 5 — transformer; 3 — capacitor;
4 — switch; 6 — parts to be welded

Transformer 2 is the main transformer. It reduces voltage, for instance, from 16 kV to 220V;
transformer 5 is reducing welding transformer.

When switch 4 is on the left position the charging of the capacitor 3 takes a place. When the
switch is in the right position the discharge of the capacitor 3 and welding of works 6 takes a place.

The method allows:

115



- to remove overloads in electrical circuit (network), which is peculiar to resistance
welding;

- to produce a welding by definite dose of electrical energy and eliminate overheat of
welding parts.

5.5. Diffusion Welding

The method was found out in the USSR by N.F. Kozakov. It is one of methods of pressure
welding. The works 1 (Fig. 5.25) are replaced into vacuum chamber 3, pressed and heated by heater 2.
The welding occurs by the mutual diffusion of atoms in the surface layers of the pieces brought in
contact.

The advantages of the method are

- the absence of electrodes and fluxes;

- the absence of weld when the same metals are welded;

- the possibility to weld materials which cannot be welded by other methods, for
instance, metal and glass, steel and aluminium, etc.

The disadvantages of this method are the following:

- long time of welding (15...25 min);

- welding in vacuum.
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Fig. 5.25. Diffusion welding: 1 — works to be welded; 2 — heater; 3 — vacuum chamber
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6 METAL CUTTING OPERATIONS

Quite accurate workpieces and parts may be produced by the advanced methods of casting,
metal forming and welding. But their dimensional accuracy and surface finish are not
satisfactory to use them for assembling the machines and devices. Therefore machining still
remains and will probably be for a long time the main technique of finishing mechanical
treatment.

We can say that machine tool is a mother of all machines, devices and things used by
people, because each of them is produced by machine tool. So, machine tool is the basis of human
society.

In simple terms a machine tool is a power-driven machine designed to cut or shape metal or
other material. From the machine tool flows every object of our industrialized word:
automobiles, airplanes, atomic bombs and atomic power plants, washing machines, electric
stoves, radio-sets, refrigerators, etc.

6.1. Principles of Cutting and Shaping the Metals

In many cases the desired shape and dimensions of a workpiece are obtained by detaching
chips from the material by means of cutting tools. Machine tools shape workpiece by cutting
operations (Fig. 6.1). During the sequence of operations workpiece and tool perform certain
motions relative to each other.

The process of chip removal is affected by the working motions of the machine tool
(formative motions), which are transmitted either to the cutting tool, or to the workpiece, or to
the both simultaneously. Working motions of the machine tool include a primary cutting motions
and a feed motion (motions). Each of the working motions is specified by its speed or rate.

The primary cutting motion V provides cutting of the chip from the blank at a cutting speed
V equal to the velocity with which the chip leaves the work.

The feed motions enable the cutting process to be extended to the whole surface to be
machined; it may be longitudinal S; or transverse S;.

In addition to the working motions auxiliary motions are needed to prepare the machine, tool
and work for carrying out the cutting process. One of them is setup motion of tool S5, which,
determines the cross-sectional area of the chip, or the thickness t of removed metal.
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Fig. 6.1. Schemes of the basic machining operations: a — turning; b - milling;
¢ —drilling; d — planning; e, f — grinding; g — broaching
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A straight-line reciprocating primary cutting motion V is employed in shapers (Fig.6.1d),
planers, slotters, etc. This motion can be transmitted either to the tool, as in shapers and slotters, or to
the work, as in planers.

The cutting cycle consists of a working stroke V,, during which the tool cuts a chip, and the
idle or return stroke V,, when the tool or work returns to its initial position.

In turning (Fig. 6.1a), drilling (Fig. 6.1c), milling (Fig. 6.1b) and grinding (Fig.6.1e, f) the
primary cutting motions are rotary motions of work, or of tool. In broaching (Fig. 6.1g) longitudinal
feed is absent.

There is no set-up motion in the drilling, so the width of cut is determined by drill diameter.

6.2 Geometry of a Cutting Tool

The material of the cutting tool must be of higher hardness than the material of the work.
The illustrations given above show that the wedge is the basic shape of any cutting tool, whereas the
specific shape of the wedge depends on the intended purpose. There are certain angles at a cutting
tool, which determine the efficiency of the tool and the value of the applied cutting forces.

The principles underlying cutting-tool angles are the same whether the tool is a turning
(lathe) tool, a milling cutter, or a grinding wheel. Since turning tool is the easiest to visualize, it will
be discussed in details (Fig. 6.2). It consists of two parts: working (cutting) | and shank Il ones. The
working operations of turning are carried out by the working part; the shank is intended for fixing
of the tool on the lathe.

Fig. 6.2. Elements, surfaces and cutting angles of a turning tool: | —working part; Il — shank;
1 —top race; 2 — main back rake; 3 — main edge; 4 — auxiliary back rake; 5 — point;
6 —auxiliary edge; o - clearance angle; B - wedge angle; y - top rake angle; & - cutting angle

Due to the clearance angle «, only the cutting edge of the tool contacts with the surface
of the workpiece. Thus, friction is reduced and additional rise in temperature in cutting avoided.
This angle is limited by the lower face of the wedge and the surface of the workpiece.

The wedge angle g determines the resisting force of the cutting edge. The larger the
wedge angle, the longer the tool life (during which a sharpened tool can be used without
interruption until it becomes blunt), the higher the cutting force value. The wedge angle is limited
by the top of the wedge also known as top (true) rake and the lower face, known as main back rake
(flank).

The top rake angle y is formed by the top rake, also known as face, of the wedge and the
(imaginary) line running perpendicular to the surface of the workpiece. The value of this angle
determines the formation of chip. Large top rake angle allows the chip to peel off easily.

The cutting angle ¢ largely determines the cutting operations. It is formed by the top face
of the wedge and the surface of the workpiece. It determines, among other things, shape and
size of the chips.

Shape and size of chips, moreover, are determined by plasticity of work.

Continuous chips are received, when metal has high plasticity; and discontinuous chips
are formed, when plasticity is low.
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6.3. Cutting Speed and Chip Formation

In machining metals the cutting speed is of great importance. It is defined as the speed of
the relative motion between the cutting tool and work. In planning and shaping, for example, the
tool moves through a straight path over the work, detaching chip. The cutting speed V can be
calculated by the following formula:

Vo Dlstanc? S(m) c'overed by tool’ m/min 6.1)
Time t(minutes)

Cutting speed is normally expressed in meters per minute; for high-speed tools, e.g. grinding
wheel, the cutting speed is expressed in meters per second.
In the case of rotating tools or workpieses the formula of the cutting speed is as follows:

_mn  min, | (62)
1000

where D is diameter of workpieses (turning) or tools (milling, grinding) in mm;
n is revolution speed of workpiece or tool, revolution per minute, or (r.p.m).

When the cutting tool is pressed into the material, chip is produced. The production of chips
and their shape are determined by the properties of the material to be tooled, the shape of the tool edge, the
cutting edge geometry and the cutting speed. The different types of the chips produced are known as
flowing (Fig. 6.3a) shearing (Fig. 6.3b) and tearing chips (Fig. 6.3c).

In the case of flowing chip, which is cut from tough materials (steel 10, 15, 25, 30, Cu, Al, Mg) at
high cutting speed, a very smooth surface of the workpiece is produced. When tough materials are tooled
at low cutting speeds, or when materials with low toughness are tooled, the shearing chip is produced (steel
50X, 65I", 60XTC).

a b ¢
Fig. 6.3. The basic types of chip: a — flowing; b — shearing; ¢ — tearing

In the case of brittle materials (grey cast-iron, hard steels, hard brass) the advancing crack is
relatively large. The brittle materials fracture and discontinuous chip is formed. This type is called tearing
chip. At low cutting speeds the work surface will be very rough.

6.4. Cutting Materials

The cutting edge of tool is especially stressed by the cutting forces and the heat evolved in
cutting because of friction and plastic deformation of machined materials. Thus, the tool is
exposed to wear and tempering (softness at high temperature). Frictional heat and wear may be
reduced by the use of special coolants or cutting fluids. But at high cutting speed the rise in
temperature at the cutting edge may exceed the specified limit so that the tempering and loss of
hardness may take place.

So the cutting materials must have a high hardness at room and high temperatures. The last is
named red hardness. The higher red hardness the higher cutting speed may be taken.

The table 6.1 illustrates the composition and properties of the cutting materials.
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Table 6.1. Composition and properties of cutting materials

N Material Composition HRC Red hardness Max.cuttmg_speed Notes
temperature, °C V, m/min
Carbon tool steels 0 : :
1 V7.V8..V13 0.7...1.3%C 60...62 200 15 For chisels, axes, saws, files
Alloying tool steels 6XC | 0.6...0.9%C+Cr, Si, W, Cutting, surgical,
2 9XBI', 8X4B3M3®d2 Mo,V 61..65 250...400 20...25 measuring tool
: ~1%C, 4%Cr, 2%V :
High-speed steels P9, P12, o e Cutting tool (unbroken
3 P18, P6MS, POD5, POK10... +6...18% W (first figure) 62...64 600...650 up to 100 solid or composite)
+ Mo, V, Co
4 Hard allovs WC+2...25%Co
4.1 BK? BK3£5 WC+5(14)% Monocarbide alloys,
4.2 TiC+18%Co 74...86 800...1000 up to 800 two carbide,
T5K10,T14K18 g .
TT7K12 WC+7 %(TiC+ three carbide alloys
4.3 TaC)+12 %Co
Cheap, but brittle, is used as
5 Cermets AL;0; as base + Zn0s, HRA 90 1200 1500 insert for finish cutting
MgO and etc as a binders (250 mps) .
(without shocks)
. - As cutting tip of tool and
6 Super-hard tool materials Diamonds, e_Ibor .BN' silica HRA 94..96 | 700...1800 1200 indentors for hardness
carbide SiC (200 mps)
measurement
7 Abrasive grains Al1,03, SiC, BN, diamond+ ) 1800...2000 900 to 6000 | As a component of grinding

+binder

(15...100 mps)

tools
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The selection of the materials to be used for the production of tools depends on the
materials, from which works to be machined are made. Another point of view for option is the cutting
speed and hardness of tool at elevated temperatures.

Unalloyed or carbon tool steel, also known as plain tool steel, having a carbon content from
0.7 to 1.3 % can be used in the lower range of cutting speeds. It has a low elevated temperature (red
temperature) and hardness (only about 200°C). At higher temperature the tempering process
causes hardness decrease.

In addition to 0.6...0.9% of carbon, alloy tool steel contains chromium, silicon and other
alloying elements and have a red temperature from 250 to 400°C and maximum cutting speed about 25
m/min. Cr, W, Mo, and V form carbides at elevated temperatures. But to further increase of red
temperature special carbides should be formed, such as M,3Cs, MsC, MC (M means metal). Therefore,
high-speed steels have about 1%C, 4 % Cr, 2 % V, and, in addition to that, 6...18 % W, 0...5 % Mo,
0...10 % Co, up to 5 % V. High-speed steels loose their cutting capability only at 600...650°C. This
means that they can be used at high cutting speeds (up to 100 m/min). That is the reason why they are
called "high-speed" steels.

Extremely high cutting speeds and a long service life can be achieved with hard metals also
known as cutting metals. Their elevated temperature hardness or red temperature is about 800°C.
Cutting metals are made by sintering the carbides of tungsten, titanium, tantalum and, sometimes,
other elements with metallic cobalt as a binder in this case. That is why these cutting materials are
also known as cemented carbides. Carbides are chemical compounds of the mentioned metals and
carbon. The melting temperature of these carbides is very high (about 5000°C), but melting point of
cobalt is 1494°C. Cemented-carbide products for tools are used in the form of small plates (inserts)
to be attached to the tip of tools. Hard metals have a high price.

Newcomers to the cutting-tool field are cermets, or ceramics, or cemented oxides. The
principal ingredient of this tool is cheap aluminum oxide (melting point 2050°C), with varying
percentages of the other oxides. The material is sintered at very high temperatures (about 2000°C).
The material is ceramic, and as a consequence, has high brittleness. The present application seems to
be for finishing purposes without shocks. Long service life and the ability to cut the newer materials
of high hardness are important ceiling points of this material.

Synthetic diamonds, cubic borous nitride BN, named elbor or belbor and silica carbide SiC
are produced at high temperature (1700...2500°C) and pressure (10*...10° MPa). In the form of tip of
cutting tool diamond and BN may be used for cutting either very hard materials, or very tough
(viscous) ones (hard rubber, bakelite, plastics, aluminum, brass, etc.) Like most hard materials they
are quite brittle and cannot stand shocks.

Abrasive grains of aluminium oxide, borous nitride, silica carbide and synthetic diamonds in
various forms (loose, bonded into wheels and stones, and embedded in papers and coating) find
wide usage in industry. They are used for grinding and sharpening of hard materials such as
tools, carbides in all forms, and alloys, which have been previously hardened. They are also used
when a superior finish is desired on hardened or unhardened materials.

6.5. Machine Tools Classification

At the present time the machine-tool industry produces a large number of metal-cutting
machine-tools different in purpose, processing capacities, degree of automatization and
size. According to domestic classification, all machine tools are divided into ten main groups
depending upon the type of processing operation they perform or tools they employ:

O-reserve group; 1-lathes; 2-drilling and boring machines; 3-grinding and
microfinishing machines; 4-combination machine tools; 5-gear-and-thread-cutting machines; 6-
milling machines; 7-planers, shapers, slotters and broaching machines; 8-cutting-off machines; 9-
miscellaneous.
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Each main group, in turn, is further divided into ten subgroups. For example, for lathes we
have: 0-special, 1-automatic and semiautomatic single-spindle, 2-automatic and semiautomatic
multiple-spindle, 3-turret lathes and so on.

Each subgroup is subdivided into some type, size and modification classes, or sub-subgroups. For
example, 1K62 is specified:

1-machine tool of lathe group engine turning, threadcutting and facing lathe;

6-engine and facing lathe (subgroup);

2-maximum radius of work is 200 mm (size class);

K-modification.

But, basic model of the 1K62 engine lathe has the following modifications: model IK62A with tracer
control, model 1K62B, which is the same model but of higher accuracy, model 1K62T, which is a
high-precision lathe, model IK62ITY with numeral controls and so on.

6.6. Lathe Works

The lathe is a machine tool that holds work between centers or in a chuck while it is rotated
against a fixed tool to form a surface of revolution, e.g. cylindrical, conical and contoured surfaces.

Besides the basic operations of turning, facing, boring, drilling, threading, etc., the lathe can
also do milling, shaping, gear cutting, fluting and grinding. Any other machine tool cannot perform
such a variety of operations. For continuous or heavy-duty work a specialized machine tool is
recommended for these secondary operations.

The Fig. 6.4 represents the simplified scheme of the model 1K62. The principal parts of the
lathe machine 1K62 are: bed with two legs 1 and 15, headstock 2, tailstock 14, carriage 7 and chuck
6 on spindel. The speed gearbox 5 is driven through V-belts from electrical motor housed in the left
leg 1 of the bed.
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Fig. 6.4. Engine lathe: 1, 15 — legs; 2 — headstock; 3 — teed gear box; 4 — V-belts transmission;
5 — speed gear box; 6 — chuck; 7 — carriage; 8 — sledge; 9 — turning tool-holder;
10 — support; 11 —apron; 12, 13 — screws; 14 — tailstock

Thanks to combination of 26 gears the spindel and chuck 6 with a workpiece have variable
rotation speed.

Before starting any work the work piece must be clamped with a chuck 6, when it has small
length, or with the chuck and center of tailstock 14, when it is long enough (1>3d). The tool-holder 9
is mounted on support 10, which may perform 4 motions (Fig. 6.4 and 6.5):

- longitudinal S, together with carriage 7 along slide bars;

- crossing one Sg;

- revolving one S;;

- inclined to spindel axis S inc (Fig. 6.5Kk).

The tailstock moves manually on slide bars and its center has longitudinal motion by manual
wheel. Instead of center the drill or the reamer may be installed.
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In the headstock the feed gear box 3 is placed. It revolves screw 13, which moves carriage and
special chisel when thread is cut. Longitudinal and crossing motions of support 10 with chisel may be
carried out manually by wheels or by power drive and screw 12.

Figure 6.5 shows workpieces upon which numerous operations have been done. A study of this
illustration will give some indications as to why different tools are used for turning (a), facing (b),
necking and parting (c), drilling (d), boring (e), threading (f), forming (g), tapering (h, k).

St ' Si
g = h k
Fig. 6.5. Cutting operation used in lathe work: a —turning; b — facing; ¢ — necking or parting;
d — drilling; e — boring; f — threading; g — forming; h, k — tapering

Tools are classified according to their designated purpose (operations), location of the main
cutting edge (right - hand and left-hand), shape and material of the blade, etc.

A lathe can be used for drilling and boring. The process is called drilling, when a hole is
to be cut in a solid work piece. In the lathe the drill is inserted into the tailstock sleeve.

Drilled holes or integrally cast holes of castings are frequently bored to the finished
size (Fig. 6.6).

Fig. 6.6. Cutting inside contours: a — a face; b —a conic surface

6.7. Drilling

6.7.1. Main Operations

There are several operations of holes machining that are usually done by a drilling machine.
Drilling is an operation of producing a circular hole by removing solid metal. The cutting tool

used is called a drill. The drills are most commonly used in the machine shop are twist drills.
Figure 6.7 shows such a drill with the main parts identified.
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The drill has two (main) cutting edges and one crossing cutting edge. The dimensional
accuracy of drilling (Fig. 6.8a) is not high.

Boring is the operation of enlarging a hole with a drill (Fig. 6.8b), or by means of a cutting
tool with 3 and more cutting edges, named a bore (Fig. 6.8c), or by means of an adjustable cutting tool
with only one cutting edge (Fig. 6.8d, €). The bore is similar to the drill, but without crossing cutting
edge.

Reaming (Fig. 6.8 f) is an operation of sizing and finishing a hole by means of a cutting tool
having several cutting edges. This tool is called a reamer. Reaming serves to make the hole smoother,
straighter and more accurate.

Boring provides higher shape and dimensional accuracy than drilling.

Counterboring (Fig. 6.8 g) is an operation of enlarging the end of a hole cylindrically, as to
produce recess for a fillister-head screw.

Countersinking (Fig. 6.8 h) is an operation of making of coneshaped enlargement on the end of a
hole, as to make recess for a flathead screw.

Spot-facing (Fig. 6.8 i) is an operation of smoothing and squaring the surface around a hole, as
for the seat for a nut or head of a cap screw.

Some bores have guide cylinder for getting an alignment of a drilled hole and cutting hole or
surface.

Fig. 6.7. Parts and elements of twist drill: I, - body; I,- lip; I5- neck; l-shank; Is - tang;
1-main cutting edge; 2-cross cutting edge; 3-top rake; 4-back rake

Fig. 6.8. Main operation of hole machining: a — drilling; b — boring; d, e — enlarging by cutting tools;
T —reaming; g — counterboring; h — countersinking; i, j — spot-facing; k — threading

Treading (tapping) (Fig. 6.8 k) is an operation of forming internal threads with a tool called a tap.
To withdraw the tap by power in a drilling machine either a reversible motor or reversing attachment, or
tapping attachment are required. To withdraw a tap by hand it is necessary to loosen the chuck or other
holding device.
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6.7.2. Drilling machines

Drilling is one of the oldest methods of tooling. Most different materials such as wood, metals,
and plastics are drilled by means of appropriately shaped tools.

Drilling machines are primarily used for making and treating the cylindrical holes. Drilling and
other operations frequently serve to prepare metal parts for riveting, bolting, pinning and other operations.

In metal working the bench-type (Fig.6.9), upright (Fig.6.10), radial (Fig.6.11) drilling machines,
boring and fine boring (Fig. 6.12) machines are used.

The drilling spindle 1 of bench type machine can be moved vertically up and down by manual
control 2. The cone pulley 3 of the drilling spindle is connected with a cone pulley 4 of an electric motor
5 by a belt. Normally three-step cone pulleys are used. Thus, a range of three speeds is obtained, which
are selected by shifting the belt onto the various steps of the cone pulleys. A tool holding device 6 is fitted
on the lower end of the drilling spindle. The column 7 is fitted on the cast-iron bed 8.
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Fig. 6.9. Bench-type drilling machine: 1 —sprindle; 2—handle; 3, 4 — cone pulleys of V-belt transmission;
5 — electric motor; 6 — chuck with drill; 7 — column; 8 — bed
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Fig. 6.10. Upright drilling machine: 1 bed; 2 — column; 3 —table; 4 — spindle; 5 — feed gear box;

6 — speed gear box; V — spindle (tool) revolution; S;— feed motion;
S, — vertical motion of table 3 and feed gear box 5
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Fig. 6.11. Radial drilling machine: 1 — plate; 2 — bed; 3 — rotating (S;) column;
4 — rotating together with column and moving up and down (S,) traverse; 5 — moving mechanism;
6 — spindle head, moving horizontally (Sy); 7 — gear box of springle head; 8 — feed mechanism;
9 —spindle; 10 —table
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Fig. 6.12. Fine boring machine: 1-bed; 2-frame; 3-drive; 4-boring head; 5-spindle; 6-table; 7-carriage; 8-drive

The design of upright drilling machines (Fig. 6.10) in essence resembles that of a bench type
drilling machine. Modern upright drilling machines, however, are not driven by means of a belt drive.
The gearcase 6 houses several pairs of gears, which can be engaged by appropriate shifting levers. In
this way a wide speed range is ensured (more than 30 speeds).

If material is hard or drills of a large diameter are used, the manual power by means of hand
lever will not suffice to perform the feed motion Sy. Therefore, upright drilling machines are equipped
with feed-gear mechanism 5 which can be thrown into gear when required. From this follows that
there are two possibilities of feeding the drilling spindle 4 (Fig. 6.10). First, the spindle can be fed
manually with the feed-gear mechanism disengaged. Secondly, the required feed motion from motor
through gearcase 6 and spindle 4 can be effected by means of the feed-gear mechanism 5. The feed-
gear mechanism together with spindle, tool and table 3 can move vertically up and down (S,) along
slide bars.

For large workpieces, or workpieces, which require very precise holes, radial drilling
machines or jig boring machines are used.

126



The design of the radial drilling machine (Fig.6.11) in essence resembles that of the upright
drilling machine, but its spindle, except vertical S,, can do two horizontal motions by rotation column 3 S,
and horizontal replacement of spindle head 6 Sy, on the traverse 4. The part to be worked up is fixed on
the table 10 or on the plate 1.

The fine-boring machine (Fig. 6.12) has spindle 5, which can do two motions: rotating V
and vertical S, ones. The machine has a table, which can do two horizontal motion: S;
(perpendicular to the drawing plane) and S, (parallel to the drawing plane) with very high accuracy
(£0.001 mm). The highest accuracy in operation of these machines is achieved by means of

- high accuracy of transference mechanism of table;

- holding constant temperature (20 + 1 °C);

- sometimes using diamond tools.

Except vertical drilling machines there are horizontal drilling and boring machines of different types.

6.8. Planing, Shaping and Slotting

Planing and shaping machines are used to machine plane surfaces. Shaping and planning
machines remove metal in series of straight cuts, in contrast to the rotary cutting action of other machines.
The process is accomplished either by reciprocating a cutting tool while the work is fed, as in case of
shapers, or by reciprocating the work while the tool is fed, as in planning (Fig. 6.13a, b).

Shaping machines (shapers) (Fig. 6.14) are also used for cutting of recess or grooves in
workpieces, for manufacturing of dies, for tool making and similar purposes. Shapers are distinguished by
the fact that a single-point cutting tool is reciprocated perpendicular to the longitudinal axis of the
workpiece, which is clamped on the table 6. Working motion of the ram 9 is up to 1000 mm.

Slotting and relief-slotting machines have the same working principle as shaping machines but
working and free running of tool is vertical. Examples of jobs that can be done by the slotting machines are

shown in Fig. 6.15.
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Fig. 6.13. Shaping (a), planing (b) and slotting (c)
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Fig. 6.14. Shaping machine: 1 — foundation plate; 2 - body; 3 — traverse for transference S,
of the table 6 horizontally; 4 — column; 5 — screw for transference S, of the table 6 vertically; 7 — tool;
8 — support; 9 - ram, doing horizontal motions: V,, — working stroke and V, — return stroke; 10 — drive
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Fig. 6.15. Examples of jobs that can be done by the slotter

The planer is the largest of the reciprocating machine tools (Fig. 6.16). Since it is larger than the
shaper and the miller, the planer can take work, which neither of those machines can handle. It is also
capable of taking mach heavier cuts than either of those machines. The shaper moves a tool against the workpiece,
but the planer moves the work against the tool. The work is mounted on a table, which is supported throughout
its entire movement, so a maximum support is obtained. Like the shaper, the planer is intended to produce
vertical, horizontal or inclined planes. It can also produce certain warped surfaces if these surfaces are
composed of straight-line elements and the work can be indexed or turned. Modern planers have tables of
up to 25...30 min length.
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Fig. 6.16. Block diagram of a planer: 1 — body; 2 - table; 3, 8 — colomns; 4, 6, 9,11 - tool-heads;
5, 10 —traverses; 12 —drive

6.9. Milling

Milling is the metal cutting operation, in which chip is detached by series of cutting edges
arranged on the circumference of rotary milling cutters. Due to the high number of cutting edges, a large
volume of chip can be removed in the single operation. Frequently, the workpieces may be finished in the
single operation.

Milling tool is a cutter, which rotates around either horizontal or vertical axis. In accordance with
this there are two types of milling (horizontal and vertical one) and three types of milling machines:
horizontal, vertical (Fig. 6.17) and universal. The latter machine has the spindle, which can incline. Two
methods of horizontal milling are distinguished: cut-up (conventional) and down-cut (climb) milling
(Fig. 6.18).
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Fig. 6.17. Horizontal (a) and vertical (b) milling machines: 1-base; 2-column;
3-electric motor with belt transmission; 4-spindle speed gear box; 5-horizontal or vertical spindle;
6-overarm; 7-outer arbor support; 8-table; 9-slide; 10-knee; 11-feed gear box
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Fig. 6.18. Conventional (up) (a) and climb (down) (b) milling: thick-ness of removed metal;
dmax — maximum chip thickness; S, — feed motion on one tooth of cutter

The milling cutters used in horizontal machines are called hobs. The longitudinal axis of the cutter
runs in parallel to the surface of the workpiece to be milled. Teeth of the cutter penetrate into the
material when cutter is rotated. In cut-up milling process (Fig. 6.18a) the cutter rotates (cutting motion
V) against the direction of movement of the work (feed motion S,). The workpiece runs against the
milling cutter. Each tooth or cutting edge of the cutter starts with zero chip thickness (point A) and
increases it to maximum dmax as tooth leaves the work (point B). So, the load on the tooth increases
gradually. But cutting forces aspire to lift the workpiece causing its vibration and deterioration of
the machined surface. Nevertheless, cut-up milling method is the ordinary or conventional method
used in horizontal milling machine work.

In the down-cut milling method (Fig.6.18b) the cutter revolves in the same direction as
the work moves. This results in maximum chip thickness dmax at the beginning of the cut tapering
off to zero thickness at the end of the cut and in high shocking loads on the teeth. Therefore,
this method can be used only with particularly steady milling machines. The workpiece in this
method is pressed to a table of the machine that results in high quality of surface finish.

Both in conventional and down-cut milling the cutting tool and machine are loaded not
uniformly. This non-uniform stress may be balanced to a considerable extent by a special
arrangement of the cutting edges of the cutter, e.g. in spiral teeth milling cutter (Fig. 6.19a).

Milling cutters for horizontal milling machines. Cylindrical milling cutters are primarily
used for milling the plane surfaces (Fig.6.19a).

If both plane surfaces and end faces are to be milled at the same time shell-end cutters
(Fig. 6.19c) are used (sometimes they are called corner cutters).

If the workpieces are to be slotted circular saw blades of the required width are used
(Fig. 6.190).

Angular cutters (Fig. 6.19i) are used to produce straight-sided shapes. To manufacture
contoured surfaces or profiles formed milling cutters (Fig. 6.19K) of the appropriate shapes are
used.
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Fig. 6.19. Basic milling operation and tools

If surfaces of different dimensions or certain contours are to be produced on a workpiece,
it is possible to use a set of milling cutters (gang cutters) (Fig. 6.19h) with a view to machining the
workpiece in one single operation.

Basic operations and tools of vertical milling machines. The cutter, mounted in the work
spindle of vertical milling machines, normally operates in a position perpendicular to the surface of the
workpiece to be milled. The teeth of the cutter remove a uniformly thick chip. This results in more uniform
stress on the milling machine. In vertical milling the cutter performs the cutting action with the teeth on
the end face. Therefore, this cutting operation is also known as face milling (Fig. 6.19b). To mill grooves
end (Fig. 6.190) or side milling cutters are used; their width should be equal to that of the groove to be
milled. In many cases milling by means of end milling cutters has the advantage over horizontal milling.
Vertical milling machines are used to produce flat surfaces and are also employed to cut recesses of various
type in work pieces.
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6.10. Gear - Cutting Methods

The two principal methods are employed in gears manufacturing: form cutting and generating. In
form cutting process cutting tool with cutting edges formed to the shape of the tooth space to be cut is used.
Gear-tooth milling cutters of the disk or end-mill type are examples of such tools (Fig. 6.20).

If a single tool is employed, the cutting alternates with indexing, i. e. turning the blank to the next
tooth space or 1/z revolution, where z is the number of teeth of the gear. The production capacity of this
method is low since each tooth space is machined separately, and time is lost in returning the tool
to its initial position and indexing the gear blank.

Fig. 6.20. Form gear-cutting: a, b — scheme; a;, b; —drawing; 1 — cutting tool; 2 — billet;
3 —device for periodical turn of the billet on 1/z

In mass production the form cutting principle is applied in the multiple tool slotting
cutter head used to cut all the tooth spaces of the gear at the same time (Fig. 6.21). This cutter head
has as many radially arranged form tools as the number of teeth spaces (teeth ) in the gear to be cut.
The profile of the tools is exactly of the same shape as the gear-tooth spaces. During each full stroke V
(cutting and return ) of gear blank each tool is fed radially towards the blank V,, by the amount equal
to the infeed prior to each cutting stroke. All the tools by motion V, of keeper 3 down are
simultaneously retracted from the work in the return stroke to avoid rubbing of tool clearance surface
against the machined surfaces. All the tooth spaces are cut simultaneously, and the gear is finished
when the tools reach their full depth of cut.

Fig. 6.21. Gear cutting by multiple tool slotting head: 1-gear; 2-radially arranged tools
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The production capacity of this gear-cutting method is very high because accuracy of the cut
gears depends only upon the accuracy of the cutter head, which may be sufficiently high.

Comparatively complex manufacture of the cutter heads and the necessity to have a
separate head for each gear are among the drawbacks of this method.

The generating process is based upon the meshing of the cutter with gear being produced to
develop the tooth by the relative rolling motion of the cutter and the work. For this purpose the
cutter is shaped like a gear, gear rack or worm, i.e. a part which could mesh with the gear being
cut; or the tool is made so that its cutting edges describe in space the surfaces of the tooth profiles
of a certain imaginary gear or rack, known as the generating gear or rack.

In this general type of gear-cutting machines the cutting tool resembles either a gear and
is called a rotary gear cutter (shaper), or a gear rack, in which case it is called a rack-type cutter.

A gear slotter (operating with the rotary type cutter 1) has the following principal motions
(Fig. 6.22):

- straight line primary cutting motion V accomplished by travel of the cutter only in one
direction (cutting stroke) and return of the cutter to the initial position (return stroke);

- continuous rotation of the cutter V. and the gear blank V to obtain the circular feed
(indexing motion);

- feeding motion (radial infeed) of the cutter S, is obtained by travel of the cutter 1 axis in a
direction towards the blank 2 axis with reciprocation of the blank V, to avoid friction while return
stroke.

Fig. 6.22. Rotary type gear cutter: a — drawing; b — cutting angles of the cutter;
¢ — work part of gear-cutting machine; d — gear-cutting machine: 1 — cutter; 2 — blank;
3 —driving mechanism; 4 — cutting head; 5 — traverse; 6 — table

6.11. Grinding

Grinding is a metal cutting process carried out with abrasive grains, which are bonded by
special materials. Usually grinding tool has a shape of a disk; sometimes it has a shape of a cone, a
bar and so on.

The abrasive cutting has peculiarities:

- grains have negative top rake angle y (Fig. 6.23);

- the cutting speed is very high (v>30 m/sec ); the rotary speed of wheels is limited by
strength of wheel bond;
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- the grinding wheel is similar in action to multi-tooth milling cutter; it presents about 300
million cutting edges to a workpiece in 1 minute; grains break off periodically to present new cutting
edges; bond wears away faster than grains, it allows to expose new grain for cutting; grinding wheel
produces a chip just like any other cutting tool, but it is dust-fine chip, being visible only under a
MICroscope;

- these chips are given in the form of sparks because of their high temperature.

Corundum A1,0s, silica carbide SiC, boron carbide B4,C and diamond C are used as
abrasive materials. According to their sizes the distinction is made between:

- grains, which have sizes from 2.00 to 0.16 mm,;

- powders, which have sizes from 0.12 to 0.03 mm;

- micropowders, which have sizes from 0.04 to 0.005 mm.

-
e i

-

Fig. 6.23. Cutting by grinding tool: 1 — abrasive grain; 2 —bond (matrix); 3 — pore; 4 — blank

Fireclay, water glass, quartzite (non-organic substances) and bakelite, rubber, phenol-
formaldehyde resins (organic substances) and other substances are used as a bond.

A distinguishing feature of grinding machines is a rotative abrasive tool. This group of
machines is employed chiefly in finish machining operations accomplished by removing layers of
metal from the work surface with an accuracy that may reach tenths of a micron and producing a
very high class of surface finish.

Grinding machines handle workpieces that have been previously machined, in the most
cases, in other types of machine tools, leaving a small grinding allowance of magnitude
depending upon the required class of accuracy, size of the work and the proceeding machining
operations to which it has been subjected.

Operations efficiently performed by grinding machine include:

- roughing and cutting off blanks;

- precise machining of flat surfaces, surfaces of revolution, profiles of gear teeth, thread and
other helical surfaces, contoured surfaces, etc.;
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- sharpening of all types of cutting tools.

Cylindrical grinding machines (Fig. 6.24 a, b, c) are intended for grinding external
cylindrical and tapered surfaces. The primary cutting motion is a grinding wheel rotation Vg4. The
auxiliary cutting motion is a workpiece rotation V4. The longitudinal feed motion S is a work
motion and infeed traverse motion S; is the periodic crosswise tool motion D is diameter of a
workpiece, t is thickness of removed metal.

Internal grinding machines are intended for grinding cylindrical (Fig.6.24d) and tapered
holes. The end faces of the workpiece are usually ground in these machines as well.

In addition to the primary cutting motion of the grinding wheel rotation V,, internal grinders of
the chucking type have the following working motions:

- work revolution Vy;

- longitudinal motion (the reciprocating motion of the work or grinding wheel) S ;

- set-up - infeed motion ( the periodic crosswise motion of the wheel (wheel head) S

In the planetary-type internal grinders (Fig. 6.24e), designed for finishing holes in workpieces
of irregular shape, or large heavy workpieces, work rotation is replaced by rotation of the axis of
grinding wheel in a circle about the axis of the hole being ground V.. The longitudinal motion S, is
obtained by reciprocation of either the grinding wheel or work table, on which the work is
clamped.

Fig. 6.24. Basic grinding operations: a, b, ¢, i — grinding of external cylindrical and tapered surfaces;
d, e — grinding of internal surfaces; f, g, h, j — grinding of flat surfaces; 1, 2 — abrasive disks;
3 —support (blade)

Today the most widely used types of surface grinders at the present time are the
following: horizontal-spindle reciprocating-table grinders (Fig. 6.24f); vertical-spindle
reciprocating-table grinders (Fig. 6.24g); horizontal-spindle rotary-table grinders (Fig. 6.24h);
vertical-spindle rotary-table grinders (Fig. 6.24j).

In respect to the kind of surface they can grind, centreless grinders are classified as external
(Fig. 6.24i) and internal centreless grinders. Workpiece is supported in the external centreless
grinder on work-rest blade 3 and between grinding wheel 1 and regulating wheel 2. The grinding
wheel rotates at a peripheral speed of 30 to 40 m per second and removes the grinding allowance
from the work-piece. The regulating wheel rotates at a peripheral speed of 10 to 50 m per minute. It
imparts both rotation and axial motion to the workpiece.

In the internal centreless grinder a work-piece is rotated between support roll, pressure roll
and regulating roll, and is grounded by grinding wheel.
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6.12. Finishing and Microfinishing Processes in Machining of Metals

Tolerances. In the metal working industry, especially in large-scale production, the work-
pieces are machined to specified sizes. The size mentioned in technical instruction, called nominal
size, must be obtained.

But when several workpieces are measured their actual sizes will vary from the nominal
size by more or less significant differences. For example, it is impossible to make two work-pieces
to measure exactly 40 mm (40.000 mm). When exact measurements are taken, one workpiece may
have a dimension of 40.070 mm, the other one of 39.999 mm.

The following principle has been adopted by the metalworking industry: the size of a
workpiece should not be as precise as possible but as precise as necessary.

The principle of tolerance led to the establishment of certain tolerances also known as
permissible variations or limits of dimensions (Fig. 6.25), for workpieces in accordance with their
intended use. For example, working parts of an engine must have a higher dimensional accuracy than
components of agricultural machines. If a length in technical drawing is 50+0.1 mm, the permissible
variation of £0.1 mm means that a work-pieces having an actual size of 49,9 mm or 50,1mm are
still useful. Any actual size between these limits also fits for service.

Fig. 6.25. The principle of tolerance: D;-maximum size; D,-minimum size; D;- nominal size; t—tolerance

Surface roughness. On the other hand, any method of machining cannot provide an absolutely
smooth surface of a workpiece. Every surface of the workpiece has some departures from the nominal
surface. These departures or deviations have a form of peak and valley, named microirregularities, and
characterize the degree of surface roughness.

The surface roughness is characterized by the middle average height H of
microirregularities within a base length 1 (Fig. 6.26).
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Fig. 6.26. Surface roughness assessment

Surface finish (roughness) has a vital effect on the most important functional properties of
machine parts. These include wear resistance, fatigue strength, corrosion resistance and power losses
by friction in motion.

Therefore, finishing and microfinishing processes are employed in machining the surfaces of
many parts to obtain minimum tolerances and minimum roughness of surfaces (Table 6.2).
Such processes include finish cutting, finish grinding, honing, lapping, supper finishing and other
ones.
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To obtain the roughness as small as possible tools must have special forms (Fig.6.27) and
travel with small feed motion, removing small allowance to decrease cutting forces and
workpiece deformation.

Wheels of a coarse grain are used for rough-grinding operations, whereas wheels of a fine
grain (micropowders) are used for finishing. In the last case the feeding motion is very small, or equal
to zero during last passage (reciprocation).

Honing (Fig. 6.28a) is the application of bonded abrasive sticks, held on a honing tool, to
surfaces for the purpose of limited stock removal and to obtain a suitable surface finish. The honing
tool rotates continuously in one direction and simultaneously reciprocates axially.

e il

Fig. 6.27. Lathe tools for finish cutting
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Fig. 6.28. Finishing methods of machining: a — honing; b — superfinish;
1-work; 2-tool holder; 3 — abrasive tool; 4 - mineral oil

The most honing is done on internal surfaces, or holes, such as automobile cylinders.
Since it can remove up to 0.7 mm of stock, honing can correct some out of roughness, taper, and
axial distortion. It cannot correct hole location or perpendicularity.

The usual amount of stock removal is from 0.10 to 0.25 mm, and as low as 0.01 mm.
Honing is applicable in a wide size range: holes of a diameter as small as 3 mm and as large as
1000 mm can be successfully honed. The length of the honed surface may in some cases reach
30 m.

Lapping is final machining operation, applied to produce a very smooth surface. It
consists in charging the surfaces of the work or tool (called a lap) with special abrasive pastes
or loose-grain abrasive flours mixed with oil or similar fluid. The abrasive is applied to the
work by means of lapping belts, shoes, or disks, which are made of a material softer than the
work to be lapped (cast iron, copper, wood, felt).

The purpose of lapping is to correct minor surface imperfections, to provide a close fit
between mating parts, and to produce a smooth surface. The object of lapping is not to remove
metal, since it is not economical as a material-removal operation, but rather to finish to some
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size or surface finish. The material removal depth is usually less than 0.025 mm although rough
lapping may remove as much as 0.075 mm and finish lapping as little as 0.0025 mm.

Superfinishing (Fig. 6.28b) is used to obtain a surface of the highest class of finish. This
process is similar to honing with small allowances but differs in the large variation of different
tools (abrasive stones and wheels), work motions involved (sometimes up to 12) and the lower
cutting speed at lower pressure of the stones on the work surface.

A notable feature of superfinishing is the sharp reduction in metal removal after the
ridges and peaks, produced by previous machining, have been removed.

Table 6.2 - Comparative data of surface roughness achieved by various machining methods

Process Average height of Designations
microirregulatarities Z, mkm R, mkm Ra, mkm
Rough turning, milling, planing 320...80 Rz 320 R,40
Finish turning 40...12.5 R, 40 R.5
Precision turning 125..1.25 R;12.5 R. 4
Drilling 160...80 R, 160 R, 40
Counterboring 40...12.5 R, 40 R, 10
Grinding 125..1.25 Rz 12,5 R. 4
Honing 1.25..0.13 Rz 1.25 R. 0.4
Lapping 0.25...0.08 R, 0.6 R. 0.04
Superfinishing 0.25...0.01 Rz 0.6 R, 0.04

6.13 Electrophysical and Electrochemical Machining

In comparison with the common methods of metal cutting, electrophysical
machining can offer the following advantages:

- shape the parts made of hard alloys, ruby, diamond, ferrites, and quartz, which are
difficult or impossible to machine by common methods;

- cut holes with curvilinear axes and irregularly shaped holes;

- increase the life of the cutting edges of tools and service life of parts.

The electrophysical methods of cutting metals and non-metals include: electric spark, electric
pulse, electric resistance machining, laser processing, and electron-beam machining.

The first three methods are the ones of electroerosion machining of current-conducting metals and
alloys. They are based on the effect of the local destruction of metal under heat generated by electric
current supplied to a zone of machining. The heat of the electric discharge causes the minutae particles
of metal to melt and vaporize from the workpiece.

The process of electric spark machining (Fig. 6.29) uses short electric sparks generating the light
heat, which causes electric erosion of the part 3, thus effecting the metal removal from the surface. The
process is carried out in a special machine in a container 5 filled with a dielectric liquid 2, such as oil or
kerosene, where particles ejected from the workpiece 3 cool and settle down to the bottom 4.

b 43

Fig. 6.29. Electric spark (a) and electric pulse (b) machining: 1 — tool (electrode);
2 —dielectric liquid; 3 —workpiece; 4 — dielectric bottom; 5 — container; 6 — impulse generator;
R —electric resistance; C — condenser
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This process has received the widest acceptance for piercing holes of any shape in poorly workable
materials, including hard current-conducting alloys. The dimensional accuracy and surface finish depend
on the conditions of machining. The latter ranges from R, 160 to 0.8 mkm.

Electrochemical cleaning of contaminants, electrochemical polishing and processing in a
circulating electrolyte belong to the electrochemical methods of machining of metals and alloys,
which have wide application in industry. Chemical-mechanical methods include lapping, finish
machining, and surface grinding.

Electrochemical machining relies on the effect of anodic dissociation of a metal acting as an anode
when direct current flows through the electrolyte solution.
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1.3.7. DIFFUSION

muddysus
HaCBHIIIEHHE

(hazoBoe mpeBpalicHue
MPEUMYIIECTBCHHO
PEKPUCTATUIN3AIHS

BOJIOKHUCTHUI
HUTKOBUJIHUM KpUCTaJ
MEPEITKOKATH
apMyBaHHS

3BUTHHATH

MOJIYITb 3PYIICHHS
TEOPETUYHA MIIHICTh
TIePEMITIICHHS

,Byca”

Tudy3is

HACUYCHHS

(ha3oBe MepeTBOPECHHS
MepeBakHO
peKpHCTaTi3aIisl

1.4. SOLIDIFICATION AND METAL STRUCTURE
1.4.1. PRIMARY CRYSTALLIZATION OF METALS IN SOLIDIFICATION

admixture

critical radius

degree of supercooling
dendrite

dissipate

enthalpy

entropy

fine structure
fluctuation

free energy

inoculant

inoculation

isomorphic impurity
latent heat of solidification
long-range order
nucleus

rate of growth of nuclei
rate of nucleation

short-range order
solidification,
crystallization
supercooling
surface energy
surface tension
volume energy

nobaBka

KPUTHYECKUH painyc
CTETICHb MEePEOXIaAKICHUS
JNEHIPUT

pacceuBaTh

SHTAJIBINS

SHTPOIHS

MEJIKO3EPHUCTAsl CTPYKTypa
baykTyanus

CBOOOIHAS SHEPTHS
Moaudukarop
MOJU(pUIIIPOBAHHE
nzomopdHas npumech
CKpBITas TEIJIOTa KPUCTAIIIM3ALUT
JadbHUN HOPSIOK

3apOIbIII

CKOPOCTb POCTa 3apOABIILIEH
CKOPOCTb 3apOXKICHHS LIEHTPOB
KpUCTaJLTH3aIIN

OMMKHUK TOPSIIOK
3aTBEpCBaHNUE,
KpUCTaJLTH3AIINS
nepeoxyaxIeHue
MMOBEPXHOCTHAS SHEPTUS
MMOBEPXHOCTHOE HATSDKEHHE
o0OBeMHast SHEPTHUS

nobaBka

KPUTUYHUH pajiyc

CTYIIiHb TIEPEOXOJIOIKESHHS
JCHIPUT

po3citoBaTu

CHTAJIBITIS

EHTPOTIis

TpiOHO3EpHUCTA CTPYKTYpa
¢uyKTyais

BUTbHA €HEPTis
MoauikaTop
MOJTU(IKyBaHHS
i3oMopdHa qoMimika
MPUXOBaHA TETUIOTa KPUCTAaJTi3allii
JATBHINA TTOPSIO0K

3apOoJI0K

MIBUJIKICTH POCTY 3apPOJIKiB
MIBUJIKICTh  3apOJKEHHSI IIEHTPIB
KpHCcTami3aii

OMIKHIN MTOpSIOK
3aTBEP/iHHA,
KpHCTaNi3aIis
MEePEOXOJIOIKEHHS
TIOBEpXHEBA €HEPris
MOBEPXHEBHI HATAT
00’eMHa eHepris

1.4.2. MACRO- AND MICROSTRUCTURE OF METALS AND ALLOYS

billet

casting

chemical compound
component

electron microscope
forging

fracture

grind

3aroToBKa

JIUTHE, OTIIUBKA
XUMHUYECKOE COETUHEHNE
KOMITOHEHT
3NEKTPOHHBII MUKPOCKOIT
[TOKOBKa

n3noM (CriaBa)

Ut oBaTh
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3aroTiBka

JIMTBO, BUIIMBOK

XIMiYHE CHOTy4eHHS
KOMITOHEHT
€JIEKTPOHHHUH MIKPOCKOI
MOKOBKa

31aM

nuripyBaTu



heat treatment
heterogeneous
homogeneous
ingot
intergranular,
intercrystallyne
interstitial solid solution
liquid solution
macrostructure
magnification
microstructure
optical microscope
phase

phase mixture
physical metallurgy
polish

revealing

smelting

smith

solid solution
solute

solvent

substitution solid solution

transcrystallyne
valence

TepMudecKas 06padoTka
reTepOTreHHbBIN, HEOTHOPOIHBIN
TOMOT€HHBIN, OJTHOPOIHBIN
CIIUTOK

BHYTPHU3EPEHHBIN

TBEPJbII pacTBOp BHEIPEHUS
JKUJIKUN pacTBOp
MaKpOCTPYKTypa
YBEIUYCHHE
MHUKpPOCTPYKTYpa
ONTHUYECKUIH MUKPOCKOIT
¢aza

(hazoBas cMech
METaJUIOBEICHUE
[IOJIMPOBATH

BEISIBJICHUE

IJIaBKa

KOBKa

TBEPABIA pacTBOP
pacTBOPEHHBIN KOMIIOHEHT
pacTBOPUTEIH

TBEPAbIA PACTBOP 3aMEILEHUS
MEXXKPUCTAJUTUTHBIN
BAJICHTHOCTh

TepMigHa 00poOKa
reTeporeHHu
TOMOTEHHUH
3ITUTOK
IHTePKPHUCTATI THHIHA

TBEPAUI PO3YMH IPOHUKHEHHS
PIOKHHA PO3YHH
MaKpOCTPYKTypa
301bIIICHHS
MiKpOCTPYKTYypa

ONTHYHUHA MIKPOCKOIT

¢aza

¢azoBa cymimr
METaJI03HABCTBO
MOJIipyBaTH

BUSIBIICHHS

IUIaBKa

KyBaHHS

TBEpAUHN PO3UYUH
PO3YMHEHUN KOMIIOHEHT
PO3YMHHUK

TBEPIUI PO3UYHH 3aMilLICHHS
MDKKPUCTATITHUH
BAJICHTHICTh

1.5. PHASE DIAGRAMS AND STRUCTURE OF ALLOYS.

SYSTEM OF IRON-CARBON ALLOYS

15.1. ESSENCE AND PLOTTING OF PHASE DIAGRAMS

antimony

conoda

crucible

degrees of freedom
dendrite segregation
equilibrium diagram,
phase diagram,
constitutional diagram
eutectic

eutectoid

evolve

inflection

interstitial compound
laves phase

lead

liquation

segregation

liquidus line

metallic compound
monovariant
nonvariant

peritectic

phase rule

plot

rule of segments
simple multiple
singular point

cypbMa
KOHOJa

TUTEIh

CTEIIeHH CBOOOIbI
JNEHIPUTHAS Cerperauus
JIyarpamMma COCTOSTHHSA,
¢dazoBas auarpamma

IBTEKTHKA
IBTEKTOU]T

BBIJICTISTH

OTKJIOHEHHE

(daza BHepEHUS

(haza JlaBeca

CBHUHEI

JTUKBAIHS

cerperarus

JIMHHUS JINKBUAYCA
METAITHIECKOE COCMHEHNE
MOHOBapHAaHTHBIN
HOHBapHUAHTHBIN
MEPUTEKTHKA

npaBuio ¢a3

CTPOUTH (AHarpamMmmy)
MPaBUIIO OTPE3KOB

MPOCTOE KPaTHOE
CUHTYJISIpHAsI TOYKA
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cypbMa
KOHOZa

TUTEJIb

CTeneHi cB00oIu
JCHIPHUTHA Cerperartis
JiarpaMa ctaHy
¢azoBa miarpama

EBTEKTHKA
€BTEKTOII

BUIUIATH
BIAXUJIECHHS

(haza MPOHUKHEHHS
¢haza JlaBeca
CBUHELb

JIKBALis

cerperartis

JiHis TIKBigyCY
MeTajlidyHe 3’ €JHaHHA
MOHOBapiaHTHUH
HOHBapiaHTHHUN
MEPUTEKTHKA
npasuio ¢as
OynyBatu (iarpamy)
MPaBUIIO BiZPi3KiB
pocTe KpaTHe
CUHTYJISIpHA TOYKa



solid solution
deficit s.s.
limited s.s
ordered s.s.
unlimited s.s
solidus line
solvus line
superstructure
thermo-couple

TBEPBIA PACTBOP

TBEPJBII PaCTBOP BHIYMTAHUS
OTPaHUYCHHBIHU T. P.
YOOPSIIOYCHHBIH T. P.
HEOrpaHWYEHHBIH T. p.

JIUHUS CONHTyCa

COJIbBYC

CBEPXCTPYKTYpa

TepMomnapa

TBEPAUIN pO3UNH

TBEPAUN PO3YMH BUPaXyBaHHSI
0OMEXCHHIA T.p.
YIOPSAKOBAaHUH T.p.
HEOOMEKECHHH T.p.

JHIS comimycy

COJIbBYC

HaJCTPYKTypa

TepMorapa

1.5.2. COMPONENTS AND PHASES OF IRON-CARBON SYSTEM

alloying element
austenite
carbon
cementite
ferrite

graphite
ledeburite
pearlite
polyhedral

cementite carcass (shell)

eutectic
eutectoid
granular pearlite
hypereutectic
hypereutectoid
hypoeutectic
hypoeutectoid
lamellar pearlite

secondary (proeutectoid)

cementite
tertiary cementite

1.5.4. EFFECT OF CARBON AND MINOR CONSTITUENTS ON PROPERTIES OF STEEL

absorb
affinity
aluminium
cavity
chromium
cobalt

cold heading

crack
deoxidation
drawing capacity

embrittle
flake
forging
harmful
hydrogen
manganese

JIETUPYIOLIUN IIEMEHT

ayCTCHUT

YIIIepon

IICMCHTHUT

eppur

rpadut

nene0ypuT

MIePJIUT

MOJUBAPUYECKUIM, MHOTOTPaHHbBIN

IIEMEHTHUTHAS CETKa
SOBTEKTHUCCKUHU
3BTEKTOUIHBIN
3€pHUCTBII NEPIUT
3a9BTCKTHUYCCKUH
3a3BTCKTOUIHBIM
JIOABTEKTUUECKUN
JIO3BTEKTOUTHBIN
IJTACTUHYATHIN NEPIUT
BTOPHUYHBIN IIEMEHTUT

TPETUYHBINA LIEMEHTHUT

IIOIJIOLIATE
CPOICTBO

ATFOMUHUH

IIOJIOCTE

XpOM

KOOaIbT

XOJIOJHAsI BBICAIKA

(omepamms OMJ])

TpeIrHa

packucIeHHe

CITOCOOHOCTH K BBITSKKE
(TeXHOIIOTHYECKAs TACTHYHOCTD)

JIeNIaTh XPYIKAM
(hmoxeH

KOBKa

BpEIHBIN
BOJOPOA
Mapraser|
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JICTYIOUHUil eIIEMEHT
ayCTEHIT

BYTJICIIb

[IEMEHTUT

¢deput

rpadit

nene0ypuT

nepiiT
OararorpaHHuiA

1.5.3. IRON-CEMENTITE EQUILIBRIUM DIAGRAM

LIEMEHTHUTHA CiTKa
eBTCKTUYHHUH
€BTEKTOITHUM
3ePHUCTHH NEPIIT
3aeBTCKTUYHHH
3aCBTCKTOITHUI
JNOEBTEKTUYHUMN
NOEBTEKTOIIHUI
TUTACTUHYACTUH TIEPITIT
BTOPUHHUI LIEMEHTHUT

TpeTI/IHHHﬁ OCMCHTUT

TOTJIMHATH
CIIOPiTHEHICTh
aTFOMiHIT

HOPO’KHHHA

XpOM

KOOanpT

XOJIO/IHE BHCA/IKYBAHHS
(onepanist OMT)
TpiluHa

PO3KHCIICHHS

3110HICTE 10 IIIUOOKOro
BUTSTYBaHHS
(TeXHOJIOTIYHA ITACTHYHICTB)
POOHTH KPUXKUM
(iokeH

KyBaHHS

LK1 JIMBUNA

BOJICHb

Maprasenpb



nickel
niobium
nitride
nitrogen
non-metallic inclusion
oxide

oxygen
phosphorus
red-shortness,
hot-shortness
rolled stock
rolling

scrap

silicon

slag

sulphur
tungsten
vanadium
violate
zirconium

actual grain

austenite transformation
diagram, C-curves

bainite

burning

coalescence

coherence

critical cooling rate

degree of tetragonality
diffusionless transformation
ferrite-cementite aggregate
fine grain

heat treatment

incubation period
inherently coarse-grained
steel

inherently fine-grained steel

intermediate (bainite)
transformation
irremediable

isothermal

isothermal austenite
transformation diagram,
TTT-diagram

lower bainite

martensite

martensite decomposition
martensite transformation
mosaic structure
nonequilibrium phase
overheating

pearlite transformation

HUKEIb

HHOOUH

HUTPHU]T

azor

HEMETAUIMYECKOE BKIIFOUCHUE
OKCHI

KHCIIOPO/T

(ocdop

KpaCHOJIOMKOCTb

MIPOKaT
IIpOKaTKa
CKparl, JIOM
KPEMHUI
[UTIaK

cepa
BOJIb(ppam
BaHaIUi
HapylaThb
LIUPKOHUI

HIKEJb

HI001#

HITpU]

azor

HEMETAJIEBE BKIIOYEHHS
OKCH]I

KHUCEHD

ocdop

YEepPBOHOJIAMKICTh

poKaT
IpOKaTKa
ckpar, OpyXxT
KpeMHIl
IITaK

cipka
BOJIbGpaM
BaHaxil
HOpPYIIyBaTh
IUPKOHIN

1.6. HEAT TREATMENT OF STEEL
1.6.1 PHASE TRANSFORMATIONS IN IRON ALLOYS

JEHUCTBUTEIBHOE 3€PHO
JuarpaMma pacraja ayCTeHUTa,
C-o0pa3zHast KpuBast

OeitHUT

MEPEKOT

KOaJeCLEHIU

KOT'€pPEHTHOCTb

KPHUTHUYCCKAA CKOPOCTh OXJIAXKACHUS

CTCIICHDb TCTPAroHaJIbHOCTH
oe3nuddy3roHHOE peBpaleHre
(beppuTO-IIeMEHTUTHAS CMECh
MEJIKOE 3epHO

TepMUUecKas oopadoTka
MHKYOAIIMOHHBIHN MTEPUOJ
HACJIEJICTBEHHO KPYITHO3EPHHUCTAs
CTalb

HACJIEJICTBEHHO MEJIKO3EPHHCTAs
cTanb
MIPOMEKYTOUHOE
MpeBpalieHne
HEUCTPAaBUMBIH
HU30TEPMUYECKUN
JrarpaMmma U30TepMHUIECKOTO
MPEeBpAaIEHNs AyCTEHUTA

(GeiinuTHOE)

HIDKHUHA OCHHUT

MapTEHCHUT

pacraj MapTeHCUTa
MapTEHCUTHOE TIPEBpaIlCHIE
MO3aWdHas CTPYKTypa
HepaBHOBecHas (asza
neperpen

MIEPIINTHOE TIPEBPAIICHUE
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JIifiCHE 3epHO

JiarpaMa po3majy aycTeHiTy
C-o0pa3Ha KpuBa

OelHIT

nepernan

KOAJIECLICHIIis

KOTepEHTHICTh

KPUTHYHA IIBUIKICT OXOJIOPKEHHS
CTYIIHb TETParoHaIbHOCTI
0e3mudys3iiiHe mepeTBOPEHHS
(hepuTo-IIeMEHTHTHA CYMIIIT
JIpiOHE 3epHO

TepMidHa 00poOKa

IHKyOaIiifHuH TIepiof

CIaJIKOBO KPYITHO3EPHHUCTA CTAJb

CIAJKOBO JIPIOHO3EPHICTA CTAIh

npomixkHe (OelHiITHE)
MEPETBOPEHHS
HEMOINpaBHUM
130TepMiuHUH

JiarpaMa i30TepMi4HOTO
MIEPETBOPEHHS ayCTEHITY

HWDKHIA OCHHIT

MapTEHCHT

po3Mag MapTEeHCUTY
MapTEHCUTHE NEPETBOPEHHSI
MO3aiuyHa CTPYKTypa
HepiBHOBaXkHa (aza
neperpis

MIEPIITHE MIEPETBOPEHHS



precipitation

retained austenite
sorbite

supersaturated

suppress

thermokinetic diagram,
CCT-diagram (continuous
cooling transformation
diagram)

troostite

upper bainite
Widmanstatten structure

BBIJICIICHHE
OCTaTOYHBIM AyCTEHUT

copout

MEPECHILLICHHBIN

MOAABIATh

TEPMOKHUHETHYECKasl Auarpamma

TPOOCTHUT
BEpPXHUN OCHHUT
BuamanireroBa CTpyKTypa

BUIUJICHHSI

OCTaTOYHUH ayCTEHIT
copoiT

MepEeCUYCHUI
MIPUTHITYBaTH
TepMOKIHETHYHA Jiarpama

TPOCTUT
BEPXHil OCHHIT
BinManmreToBa cTpyKTypa

1.6.2. PRACTICE OF HEAT TREATMENT OF STEEL

ageing

artificial ageing
natural ageing
annealing

first-type annealing
full annealing
isothermal annealing
partial annealing
second-type annealing
stress-relief annealing
controlled
(protective) atmosphere
convection

critical diameter
decarburization

dew point

dispersity

distortion

eddy currents

end quench test
endothermic atmosphere
film boiling

finished article, part
hardenability
hardening

full h.

continuous h.

high-frequency induction h.

partial h.
precipitation h.
surface h.
hardening capacity
holding time

homogenization,
diffusion annealing
induction heating
qguenching

isothermal quenching
normalizing

ratio of excess air
recrystallization
residual stresses

CTapeHue

HCKYCCTBEHHOE CTapeHHe
€CTECTBEHHOE CTAPCHUE
OTXHT

OTXHT TIEPBOTO poja
TIOJIHBIN OTXKUT
HA30TEPMUYECKUNA OTIKUT
HETIONHBINA OTKUT

OTXHT BTOPOTO Pojia

OTXMT JUIS CHATHS HaNpsDKCHUH
KOHTpOJIHMpYyeMast
(zammrHas) atmochepa
KOHBEKIIHS

KPUTUYECKHUIA JUAMETP
00e3yTIepoKuBaHne

TOYKa POCHI

JHCIIEPCHOCTD

nedopmarys, HCKa>KkeHHe
BUXPEBBIE TOKH

TopIeBas mpoda
SHIOTEpMUYECKasi atmocdepa
IUIGHOYHOE KUITIEHUE

JeTais (roToBas)
MIPOKAINBAEMOCTb

3aKaika

MoJTHas 3.

HeNpepbIBHAS 3.

3. TOKaMH BBICOKOM 4aCTOTHI
HETOJIHAs 3.

JIMCTIEPCUOHHOE TBEpJICHHE
MMOBEPXHOCTHOE YIPOUYHEHHUE
3aKalMBAEMOCTh

BpeMsI BBIJICPKKH

(pu 3amaHHOM TemIepaTtype)
FOMOTEHH3aLus,

G Hy3UOHHBIA OTKUT
WHAYKIUOHHBIA Harpes
OBICTPOE OXJIAXK/ICHUE
M30TepMUYECcKas 3aKaJIKa
HOpMaJTH3aIHs

K03 (HUIMEHT N30BITKA BO3AyXa
PEKPUCTATUIN3AIHS
OCTaTOYHBIC HAITPSKEHUS
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cTapiHHs

HITyYHE CTapiHHS
MPUPOIHE CTAPiHHS
BTN

BiJIlIAJI MIEPIIOTO POIY
IIOBHUM BIAIAl
130TEepMIYHUI Bigman
HEIOBHUIA BiITan

BiJIlIAJI APYTOTO POJTY
BT JUTS 3HATTS HANIPY)KEHb
KOHTpPOJIbOBaHA

(3axucHa) atmMmocdepa
KOHBEKIA

KPUTHYHUIH JTilaMeTp
3HEBYTJICI[LOBYBAaHHS
TOYKa POCH

JIUCTIEPCHICTh
nedopMartisi, BAKPUBICHHS
BUXPOBI TOKU

TopIeBa poda
eHjoTepMiuHa atMocdepa
TUTIBKOBE KHUITiHHS

JeTais (TOToBa)
IpOrapTOBYBaHICTh
rapTyBaHHs

TIOBHE T.

Oe3mnepepBHE T.

I. TOKaMU BHCOKOI 4aCTOTH
HETIOBHE T.

JUCTIepCiiiHE TBEPAIHHS
MOBEPXHEBE 3MILHEHHS
3arapTOBYBaHICTh

9yac BUTPUMKH

(pu 3amaniii TeMnepaTypi)
FOMOT€HI3allis,
JTUQY31IHHIA Bimai
IHAYKUiiHe HarpiBaHHS
HIBUKE OXOJIOJKEHHS
130TepMiuHe TapTyBaHHS
HOpMaJTi3allis

KoeiLieHT HaIMIIKY HOBITPS
peKpHCTaTi3aIisa
3aJIMIIKOBI HATIPYXKCHHS



grain-boundary segregation
dendrite s.
transcrystalline s.
self-tempering
semimartensite zone
skin effect

stepped quenching
sub-zero treatment,
cold treatment

temper brittleness
irreversible t.b.,

t.b. of the first type
reversible t.b.,

t.b. of the second type
tempered martensite
tempered troostite
tempering
high-temperature t.
low-temperature t.
medium-temperature t.
thermomechanical
treatment (TMT)
high-temperature TMT
low-temperature TMT
vapour blanket
warping

weldment

workpiece,
half-finished article

3epHOTPAHUYHAS CerperaIus
JICHJIPUTHAS C.
TPaHCKPUCTAJUIUTHAS C.
CaMOOTITYCK
MOJyMapTECHCUTHAS 30HA
TTOBEPXHOCTHBIN d(PPeKT
CTyIEeHYATas 3aKayKa
00paboTKa X0JIOIOM

OTITYCKHAs XPYIKOCTh
HeoOparuMas 0.X. (TIepBOTO pojia)

oOparuMas 0.X. (BTOpOro pojaa)

MapTEHCUT OTIIyCKa
TPOOCTHT OTILyCKa

OTILyCK

BBICOKHH 0.

HU3KHH 0.

CpEIHUH 0.
TepMOMeXaHu4decKas oopadoTka
(TMO)
BbICOKOTemmnepaTypaas TMO
Hu3KoTemnepatypHas TMO
mapoBas pyoarnka
KOpoOIieHne

CBapHOE COCIMHEHHE
3aroTOBKa

3epHOTPAHUYHA CETPeTarist
JICHJIPUTHA C.
TPaHCKPHUCTAIIITHA C
CaMOBIAIyCK
HaIliBMapTEHCHTHA 30Ha
ITOBEPXHEBHH €PEKT
CTyIiHYacTe TapTyBaHHS
00poOKa X0I010M

BiJIITyCKHA KPUXKICTh
HE3BOPOTHA B.K. (IIEPIIOT0 Pomy)

3BOPOTHA B.K. (Pyroro pouy)

MapTEeHCHUT BIiAIYCKY
TPOCTHUT BIAIYCKY

BiJIITYCK

BHCOKHUII B.

HU3bKUU B.

CepeHiii B.
TepMOMeXaHiqHa 00poOKka
(TMO)
BHCOKoTeMIleparypHa TMO
Hu3bKoTemnepatypHa TMO
mapoBa 00OJIOHKA
JKOJI00JICHHS

3BapHE 3’ €THAHHSA
3aroTOBKa

1.7. CHEMICAL HEAT-TREATMENT (CASEHADENING) OF STEEL

ammonia
carbonitriding
carburizer
carburizing

gas c.

pack c.

charcoal
chemical heat-treatment,
casehardening
cyaniding
diffusion coating
immerse
impregnation
nitriding

peat coke

aMMHaK
HHUTPOIIEMEHTAIIUS
KapOrpHU3aTop

LeMEeHTaIHs

rasoBas 1I.

1. B TBEPJIOM KapOropu3aTope
JPEBECHBIH yroyb
XUMHUKO-TEpMHUUECcKasi 00paboTka

IHaHUPOBAHNE

G dy3uOHHAS METAJUTH3AIINS
MOTPYKaTh

HaCBIIIIEHHE

a30TUPOBaHNE

TOPPSHON KOKC

amiak

HITPOIIEMEHTAITis
KapOrpu3aTop

LIEMEHTAaIliA

ra3oBa II.

1. Y TBEpJOMY KapOropHu3aTopi
JIEpEeBHE BYTLILIA
XiMiKO-TepMiuHa 00poOKa

IiaHyBaHHSA

nmudy3iiiHa MeTani3aris
3arnuOII0BaTH, 3aHyPIOBATH
HACUYEHHS

a30TyBaHHS

Top(’ AHMIT KOKC

1.8. CLASSIFICATION AND IDENTIFICATION OF IRON-CARBON ALLOYS

alloyed cementite

boron

carbide-forming elements
cemented carbides

coil spring

copper

creep limit

1.8.1. STEEL

JIETUPOBAHHBIA IEMEHTHT

oop

KapOuI000pa3yIoIne dIEMEHTHI
TBEPJIbIE CILIaBbI

MpYKHUHA

Meb

rpees MmoJi3y4ecTu
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JICTOBaHUH LIEMEHTUT

6op

Kap0110yTBOPIOIOYI €JIEMEHTH
TBEPIi CIUIaBU

MpyXHUHA

MiIb

IPaHUIA TIOB3yYOCTi



designation
grade
graphitizing elements

intercryslalline corrosion

long-term strength

loop

magnetic permeability
magnetically hard materials
magnetically soft materials
permalloy

permanent magnet

rare earths

red-hardness

secondary hardness
selenium

shot peening

silchrome

steel

alloy s.

austenitic s.
austenitic-carbide s.

austenitic-intermetallic s.

bearing s.

boiler s.

carbon s.
casehardening s.
common s.,
ordinary quality s.
quality s.
high-quality s.
super-quality s.
die s.

electrical s.
electrical sheet s.
engineering s., machine s.
ferritic s.

free cutting s.
heat-resistant s.
high-speed s., rapid tool s.,
red-hard s.
high-strength s.
ledeburitic s.
magnetic s.

marageing s.
rimming s.

s. for structural improvement
semiferritic s.
semikilled s.
stainless s., rustless s.
corrosion-resistant s.
structural s.

0003HaYeHne
Mapka (CTaim)
rpadUTH3UPYIONIUE FJICMECHTHI

MEXKPHUCTAJUTUTHAS. KOPPO3HS
(MKK)

JUINTENTbHAS POYHOCTD

TIeTIIS

MarHuTHas IPOHHUIIAEMOCTb
MarHUTOTBEpAbIC MaTePHAaJIbI
MarHUTOMSITKHE MaTePUaIIbI
nepMaion

MOCTOSIHHBIA MarHUT

penKue 3emMiu

KPacHOCTOMKOCTb, TEINIOCTOMKOCTD
BTOPUYHAS TBEPIOCTH

celieH

npobecTpyiiHas o0paboTka
CHIIBXPOM

CTalb

JIETUPOBAHHAS CT.

ayCTEHUTHAs CT.

AyCTCHUTHAS CT. C KapOUIHBIM
yIPOYHEHUEM

ayCTEHUTHAS CT. C
MHTEPMETALTUIHBIM YIPOYHEHUEM
MOJIIIMITHUKOBAS CT.

KOTENbHAS CT.

YTIEPOANCTAS CT.

LeMEHTyeMasl CT.

CT. OOBIKHOBCHHOI'O KaueCTBa

Ka4eCTBEHHas CTallb
BBICOKOKaYECTBEHHASI CT.
0COOOBBICOKOKAYECTBEHHAS CT.
IITaMITOBAs CT.
JNEKTPOTEXHUIECKAS CT.
JIMCTOBAsI NIEKTPOTEXHUIECKAsI CT.
MAaIIMHOCTPOUTEIBHAS CT.
(depputHasi CT.

aBTOMAaTHas CT.

TEIIOCTOMKAS CT.
OBICTPOPEXKYILAs CT.

BBICOKOIIPOYHAS CT.
nenedypuTHas CT.

CT. C OCOOBIMHM MarHUTHBIMU
CBOMCTBaMHU

CT. MAapTEHCUTHO-CTapeIoIas
KHIISIIIAs CT.

yIydiaemas CT.
noy(heppUTHas CT.
MOJTyCIIOKOMHAs CT.
HEpKaBeroIast CT.

KOHCTPYKIIMOHHAA CT.
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MO3HAYCHHS
Mapka (cTaii)

€JIEMEHTH, IO CIIPHSIOTh
rpadituzarii

MDKKpHcTaigiTHa Kopo3ist (MKK)

TpHUBaJIa MIIHICTh

TS

Mar”iTHa IPOHUKIINBICTh
MarHiTOTBEpAl MaTepiain
MarHiTOM’siKi MaTepiain
nepMayion

MOCTIHHUN MarHiT

piakicHi 3emuti
YEePBOHOCTIHKICTD, TETUIOCTIHKICTh
BTOPHHHA TBEPIICThH

celieH

IpobocTpyMiHHa 00poOKa
CHUITEXPOM

CTalb

JIeTOBaHa CT.

ayCTeHiTHa CT.

ayCTeHiTHa CT. 3 KapOigHUM
3MILHEHHSIM

ayCTEHITHA CT. 3 iIHTepMEeTalli THIM
3MILTHEHHAM
MIAIIHUITHAKOBA CT.
KOTEJIbHA CT.

ByTJICICBA CT.

CT., III0 IEMEHTYEThCS

CT. 3BUYANHOT SKOCTI

sIKICHA CT.

BHCOKOSKICHA CT.
0CO0JIMBO BUCOKOSKICHA CT.
[ITaMIIOBA CT.
eJIEKTPOTEXHIYHA CT.
JIMCTOBA EIEKTPOTEXHIUHA CT.
MaIMHOOYIiBHA CT.
(depuTHA CT.

aBTOMAaTHa CT.

TEIIOCTIMKA CT.
HIBHJIKOPI3aJIbHA CT.

BUCOKOMIIIHA CT.

nenedypuTHA CT.

CT. 3 OCOOJIMBUMHY MardiTHUMHA
BIJIACTUBOCTSIMH

CT. MAPTEHCUTHO-CTApit0Ya
KHUIIISYa CT.

MOKpAII[yBaHa CT.
noiy(epuTHa CT.
HamiBCIIOKiHHA CT.
HeprKaBitoya CT.

KOHCTPYKLiiiHa CT.



super-grade s., BUCOKOSIKICHA CT.

super-quality s.

BBICOKOKAQ4YCCTBCHHAasA CT.

tool s. HHCTPYMEHTAIbHAS CT. IHCTpyMEHTaJIbHA CT.
wear-resistant s. M3HOCOCTOMKAS CT. 3HOCOCTIHKa CT.

weldable s. CBapuBacMasd CT. 3BaproBalibHa CT.

superalloys JKapoIPOYHBIE CIUTABHI (CYNEepPCIUIaBhl) YKapOMIIIHI CIUTaBH (CYTEPCIUIaBH)

surface strain hardening
undergo

calcium

castiron

chilled c.i.
graphitized c.i.
grey C.i.
high-strength c.i.,
nodular c.i.
malleable c.i.
mottled c.i.

white c.i.

cerium

graphite

lamellar g.

flacy g., flaced. g.
spherical g., globular g.,
nodular g.
magnesium
precipitate
tempered carbon

alpha-stabilizing agent
(element)

babbitt

beryllium
beta-stabilizing agent
(element)

cast alloy

cladding

congregation

degassing

duralumin

free-cutting brass
Guinier-Preston zone
modification

neutral strengthening agent
(element)

non heat-treatable alloy

silumin

sintered alloy

sintered aluminium powder
tin

wire

wrought alloy

zinc

MOBCPXHOCTHOC YIIPOUHCHUC
IIoABEPraTbCAa

1.8.2. CAST IRONS

KaJIbLUHN

YYT'YH

OTOEJICHHBIH Y.
rpadUTU3HPOBAHHBIN .
CephIit 4.
BBICOKOIIPOYHBIH Y.

KOBKUH 4.

IIOJIOBUHYATBIN 4.

Oenblii u.

uepuit

rpadur

IJIACTUHYATBIH Ip.
XJIONbEBUIHBIH IP.
IapOBUIHBIH, TIIOOYISPHBIH Tp.

MarHum
BBIIETISATHCS
YIIIEpOJ OTKUTa

MOBEPXHEBE 3MIIIHCHHS
i IaBaTuCs

KaJIbIUHA

YaBYH

B1aO1I€HHH 4.
rpadgiTH30BaHUN .
cipuii u.
BUCOKOMIIHHH Y.

KOBKHH Y.

[IOJIOBUHYATUH Y.

OlIni 4.

nepii

rpadit

IIJJACTUHYACTHH IP.
TJIACTiBYACTHHA TP.
KYJSICTUAH, TIIOOYIISIpHUT Tp.

Marsii
BUIUTATHACS
BYTJICIb BiAIATY

1.9. NON-FERROUS METALS

anbha-crabunmuzarop

0a00uT
oepuiutuit
Oera-crabunmzarop

JINTEUHBIN cILIaB
IJTAKUPOBAHUE
COCPEOTOYECHUE
Jerazanus
JIIOPATFOMUHUAN
aBTOMAaTHas JIATYHb
3o0Ha ['unbe-IIpecrona
MOIUGUIIIPOBAHNE
HEUTpaJIbHBIN 3JIEMEHT

CIUTaB, HE YIIPOYHSIEMBIi
TepMOOOPabOTKOM

CHWITYMUH

CIICYCHHBIN CIUIaB

CIICYCHHAas aJIIOMUHUECBAA ITyJIpa
0JIOBO

IIPOBOJIOKA
nedopMUpyEMBIi cIiiaB
IIUHK
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anbda-crabimizaTop

6a0iT
Oepuiii
Oera-crabinizarop

JIMBapHUH CIUIaB
TUTaKyBaHHS
30CepeIKEeHHS
Jerasaris
JIFOPaJTFOMIHIH
aBTOMAaTHA JIaTyHb
3oHa ['inpe-IIpecTona
MOJTU(IKYBaHHS
HEUTpaJIbHUI €JIEeMEHT

CIUIAB, IO HE 3MILHIOETHCS
TepMOOOPOOKOIO

CHITyMiH

CIICYEHUH CIIIaB

crieueHa aloMiHIEBA MTypa
0JI0BO

MPOBOJIOKA

CIUIaB 110 JedOopMy€eThCA
UHK



acid slag
anthracite

ash

basic slag

black oil

blast furnace gas
blast furnace shop
carbonate
chamotte

chrome- magnesite
clay

coke
coke-chemical plant
coking coal

dinas brick
dolomite

dressing
ferroalloys plant
flux

foreign impurities
fuel

gravel

lining
machine-building plant
magnesite

mine
mine-dressing plant
refining process
ore deposit
refractory material,
fireproof material
acid r.m.

basic r.m.

inert r.m.

rolling shop

sand

silica, silica sand
silicate

slag basicity
steel-making shop
sulfide

agglomerate

charge

combustion

direct reduction
ferromanganese
ferrosilicon

foundry iron
fumigating chamber
hearth

hearth bottom

2 METALLURGY

KHUCJIBIH 1ILJIaK

aHTpauuT

30712

OCHOBHOM LUIAK

MazyT

JIOMEHHBIN (KOJIOITHUKOBBIN ) Ta3
JTOMEHHBIN 1EeX
KapOoHAT

IamMoT

XPOMOMAarHe3uT

[JIMHA

KOKC

KOKCOXUMUYECKUN 3aBOJT
KOKCYIOIIUICS Yyrojb
JIMHACOBBIM KUPIIHY
JIOJTIOMHT

oOorarenne (pyIbl)
(dheppocIiaBHBIN 3aBOJT
(hmroc

ITOCTOPOHHHE TTPUMECH
TOTLITUBO

rpaBuil

(hyTepoBka
MAalIHHOCTPOUTEIHHBIN 3aBOT
MarHe3uT

maxra
TOPHO-000TaTUTETHHBIN KOMOWHAT
MpoIiecc 00OoTaIeHMs
MECTOPOXKACHHUE PYIbI
OTHEYIIOPHBIA MaTepUa
(orueymop)

KHUCJIBIi 0.

OCHOBHOH 0.

HWHEPTHBIN 0.

MPOKATHBIN 11eX

MIECOK

KBapIUT, KBAPLEBHIHA MTECOK
CHJIMKAT

OCHOBHOCTb IIIJIaKa
CTalleTUTaBUIILHBIN TeX
cynbdus

2.1.MATERIALS USED IN METALLURGY

KUCJIUHI UIaK

aHTpaLUT

30114

OCHOBHHMI 1IJIaK

Ma3zyT

JIOMEHHUH (KOJIOITHUKOBHH ) Ta3
JIOMEHHUH 1eX
KapOoHaT

IaMoT

XPOMOMAarHe3uT

TTTUHA

KOKC

KOKCOXIMIYHHH 3aBOJ]
KOKCIBHE BYT1JLIs
JIMHACOBA 1IerJ1a
JTOJIOMIT

30aradyBaHHA (pyan)
(epocIuiaBHUH 3aBOJT
(roc

CTOPOHHI JOMIIIIKH
MaJIMBO

rpaBiit

(dyTepoBka
MAaIIHHOOYAIBHUH 3aBO/T
MarHe3uT

maxra
TipHUY0-30aradyBaibHUNA KOMOiHAT
poliec 30araueHHs
POJIOBUIIIE YU
BOTHETPHUBKHUI MaTepial
(BOTHETpUB)

KUCJIUH B.

OCHOBHMII B.

IHepTHUH B.

IIPOKATHUH LEX

MTiCOK

KBapIUT, KBAPIIOBHH ITiCOK
CHITIKAT

OCHOBHICTb IIUIAKY
CTaJICTUIABIIILHUH 1IeX
cynbdin

2.2. BLAST-FURNACE PROCESS

arjaomepar
3aBajKa, MINXTa
ropeHue

MPSIMOE BOCCTAHOBJICHHUE
heppomapraner
(beppocunumii
JIMTEVHBIN YyTyH
pacnap

TOpH

JHHIIE [eYn
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arioMepar
3aBajiKa, INXTa
TOpiHHSA

npsiMe BiJIHOBIICHHS
(dbepomapraHerb
dhepocuinin
JIMBapHUH YaBYH
posmap

TOpH

JTHULLE TTeYl



hematite (Fe,O3)

indirect reduction

lime (CaO)

limestone (CaCQOs,)
limonite (2Fe,03*3H,0)
magnetite (Fe;O,)

pig iron, conversion iron
shaft

shoulders

siderite (FeCOy)

slag hole

tap hole

top

tuyere

blowing
deoxidizer
dephosphorization
desulphurization
lance

pear-like tank
steel tapping

checkerwork of brick
flue

open-hearth furnace
ore process
pig-and-ore process
pig-and-scrap process
regenerator

valve

waste gas

admixture
alternating current
clamp

direct current
drop-bottom bucket
electric-arc furnace
electrode

fasten

fettling

flexible cable
fluorspar (CaF,)
induction furnace
plasma furnace
resistance furnace
roller

shell

skim off

reMaTur,
KPacCHBIH JKeJIe3HAK
KOCBEHHOE BOCCTAHOBJIEHUE
W3BECTh

H3BECTHSK

OypBIi )KeTe3HSIK
MarHUTHBIH KeJIe3HIK
nepeAesbHbINA YyT'yH

miaxTa

3aIICYHKH

LIMTAaTOBBIH KeJIEe3HIK
LIJIAKOBAs JIETKA

JIeTKa JJ1s 9yryHa
KOJIOITHUK

bypma

2.3. STEEL PRODUCTION
2.3.1. OXYGEN-CONVERTER PROCESS

IyThe

PacKUCIUTENb
nedochopanms
JeCcyib(yparus

bypma

COCY[ IPYILEBUAHON (HOPMBI
BBIITYCK CTaJIN (U3 TE€YH)

reMaTHT,
YEPBOHUN 3aITi3HIK
HEMNPSIME BiTHOBJICHHSI
BaITHO

BaITHSIK

Oypuii 3ai3HSIK
MarHiTHUH 3aJTi3HIK
nepepoOHuil YaByH
nraxTa

3aILTIYKU

IITaTOBUH 3aJTi3HSIK
IJIAKOBA JIbOTKA
JILOTKA JUIS YaBYyHA
KOJIOIITHHK

dypma

OyTTs
PO3KHUCITIOBAY

nedocdoparis

Jecyabhyparus

bypma

MOCYAMHA TPYIIONO-Ti0HOT hopMu
BUIYCK cTai (3 meyi)

2.3.2. OPEN-HEARTH PROCESS

KJIeTYaTas KJajKa u3 KUprmuda
Tra30BBLINA KaHaJ

MapTEHOBCKas M€Yb

PYZAHBII IipoLecc
CKpall-pyAHbIi IIpoLece
CKpal-npouecc

pereseparop

KJIamnaH

OTXOAIINHN Tra3

KITiTUaTa KJIaKa 3 [eriu
ra3oBUN KaHAJ
MapTeHiBChKa MY
pyAHuU# mporec
CKpaIl-pyJHui Ipouec
CKpan-Iporec
pereHneparop

KJIanaH

ra3, o BiJIXOJUTh

2.3.3. ELECTRIC STEELMAKING

MIPUMECH
IIEPEMEHHBIN TOK

3aKUM

MTOCTOSTHHBIN TOK

KOp3UHa C PACKPBIBAIOILUMCS THOM
3NEKTPOIYTOBAs TIEYb

3NEKTPO.T

KpeIuTh

3ampaBka (Tie4dn)

rUOKM Kabenb

IJTABUKOBBIN IIMAT

WHAYKIIMOHHAS T1€Yb

IJIa3MeHHAs M1eYb

e4Yb CONPOTHUBIICHUS

pOJIHK

KOpITyC, 000709Ka

CKayMBaTh (IIJTaK)
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JTOMIIIIKA

3MIHHHUH CTPyM
3aTUCKaY
MOCTIHHUH CTPYM
KOILIUK 13 IHOM, 1[0 PO3KPHUBAETHCS
€JIEKTPOIyTOBa i
eJIeKTPOJT

KpIITUTH

3ampaBka (medi)
THYYKUil kabepb
TUTaBUKOBBIN IITIAT
IHIYKIIHA Y
TUTa3MOBa MY

niv ornopy

POIHK

KopITyc, 000JI0HKA
CKauyBaTH (ILIAK)



spout
tap-to-tap time

billet

continuous teeming,
continuous casting
dendrite segregation,
droplet segregation
draw

fringe crystal,
stretched crystal
gating system
heterogeneous

hot top

ingot mould

nozzle

riser

shrinkage cavity, pipe
stopper

stream

teeming ladle
teeming, pouring
top pouring,

direct pouring
uphill teeming

zone segregation

Ken00
BpEMsI TIaBKH

3ar0TOBKa
HeTIpephIBHAS pa3IuBKa,
HETIPEPHIBHOE JINTHE
JEHIPUTHAS CeTperaItus

TAHYTb, BOJIOYUTH
BLITHHYTLIﬁ KpHUCTaJLI

JUTHUKOBAsI CUCTEMA
HEOJIHOPOIHBIN

Bepx (HaJCTaBKa) M3JIOKHHITBI
W3JI0KHALA

BBIITYCKHOE OTBEPCTHUE
IpUOBLTH

ycaJioyHasi paKOBHHA

CTOTIOP

CTpys

Pa3JIMBOYHBINA KOBIII

pasnuBKa (MeTasia)

pa3IMBKa CBEPXY

pas3nuBKa cHU3Y (CU(OHHAsT)
30HaJIbHAs cerperamnus

JK0JI00
yac IUIaBKU

2.3.4. TAPPING AND TEEMING OF STEEL

3aroTOBKa
Oe3nepepBHE PO3ITUBAHHS,
Oe3rmepepBHE JTUTTS
IIEHIIPUTHA Cerperartis

TATHYTHU, BOJIOYUTHU
BI/ITHFHYTI/Iﬁ Kpucrai

JMBHHUKOBA CUCTEMA
HEOTHOPI THUI

BepX (HaaCcTaBKa) BHJIMBHHITI
BUJIMBHUIIS

BUIYCKHUH OTBip

JOJATOK

ycaJo4YHa paKOBHHA

CTOTIOP

CTpyMiHBb

PO3IIMBHUH KiBII
po3NKBaHHS (MeTajna)
PO3TIMBAHHS 3BEPXY

pO3TMBaHHS 3HU3Y (CU(OHHE)
30HaJIbHA cerperaiis

2.3.5. PRODUCTION OF HIGH-QUALITY AND SUPER-HIGH-QUALITY STEEL

contamination
degassing
plasma jet
remelting
electro slag r.
plasma arc r.
vacuum arc r.
seal

special electric metallurgy

synthetic slag

alumina
aluminium hydroxide
anion

anode

autoclave

bauxites

(current) lead
cathode

cation

cryolite (NazAlF)
electrolysis
electrolyte
leaching, lixiviation

3arpsi3HEHHE
Jierasarust

IJ1a3MeHHast CTpys

neperuiaB

anexTponutakoBerii m. (D1IT)

m1a3MeHHo-xyrosoi . (ITAIT)

BakyyMHO-nyroso# 1. (B/IIT)
3aTBOP

cricuajibHasd JICKTPOMECTAIIITYPIrus

CUHTETHYECKUI IIIJIaK

TJIMHO3EM
TUAPAT OKUCH aJTIOMUHUS
AHWOH

aHoOJI

aBTOKJIAB
OOKCHTEI
TOKOIIOIBOI
KaTo.I

KaTHOH
KpUOJIUT
ANEKTPOIIN3
3IEKTPOJIUT
BBILEIaYNBAHUE
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3a0pyAHEeHHS
Jerasaris
TUTa3MOBHHA CTPYMiHB
neperuiaBiIeHHs
€JIEKTPOILIAKOBE II.
TUIa3MOBO-IyTOBE 1.
BaKyyMHO-yT'OBE II.
3aTBOP

CIeIiallbHa eIEKTPOMETAITYPTis
CHHTETUYHUM 1IJIaK

2.4. PRODUCTION OF NON-FERROUS METALS
2.4.1. PRODUCTION OF ALUMINIUM

TTTIUHO3EM

T1JIpaT OKHUCY AIOMIHIIO
aHioH

aHox

aBTOKJIaB
6okcuTH
CTYMOITiIBEICHHS
KaTo[

KaTiOH

KpiomiT
€JIEKTPOII3
€JIEKTPOJIIT
BUITY>KEHHS



pitch (fossil) resin

primary aluminium

rough aluminium

sodium aluminate (Na,AlO;)
specific strength

tube furnace

electrolytic refining

copper glance

copper pyrite

fire refining
hydrocarbon

matte

oxidizing roasting
reverberatory furnace

carnallite
(MgCIl,*KCI*6H,0)
chloride

fluidized bed furnace
fluoride

lithium

mixer, holding furnace
slurry, slime, sludge
sublimation

rutile

ilmenite

oil coke

briquette
rectification
condensate

retort

sponge

distillation, distilling

KaMEHHOYTOJIbHAsI CMOJIa
MEePBUYHBIN ATTFOMUHUMN
YEPHOBOM aJIOMUHUN
AITIOMUHAT HATPUS
yAenpHas IPOYHOCTD
TpyOuaTas 1meysb
3NEKTPOJIUTHIECKOE
paduHEpOBaHUE

KaM’STHOBYT1JIbHA CMOJIa
TIePBUHHUN aTFOMIiHIN
YOPHOBHI aIOMIHIH
aNIOMiHAT HATPilO

IIATOMA MIIHICTh

TpyOdacTa miga
eJIeKTPONITHYHE padiHyBaHHS

2.4.2. PRODUCTION OF COPPER

MeIHBIN 01ecK

MEIHBIA KOTUeIaH
OTHEBOE paUHUPOBAHUE
YTIIEBOIOPOJT

IITSHH

OKHUCJIUTEIBHBIN 00U
OoTpa)kaTebHas MeYb

MIITHAI OJIHICK
MIIHUN KOJIYeaad
BOTHEBe padiHyBaHHS
BYTJIEBOJICHb

IITCHH

OKHMCHHUM BUMAJ
BiAOMBHA MY

2.4.3. PRODUCTION OF MAGNESIUM

KapHAJUIUT

XJIOpUJ

[e4b KUIISILETO CI0s
¢dhropun

JIATUI

MHUKcCep

[iam

BO3TOHKa

KapHaIT

XJIOpHITL
MY KUTUISTIOTO IIapy
¢bTopun

JTIH

MiKcep

IaM

cyOimariis

2.4.4. PRODUCTION OF TITANIUM

pyTHII
WJIBMEHHT

He(TEKOKC

Opuker

pexTudukaius (meperoHka)
KOHJICHCAT

peropra

rybka

JHMCTHIUISIINS

3 FOUNDRY PRACTICE

PYTHIT
1JIBMEHIT

Ha(TOKOKC
Opuker
pexTudikartis
KOHJICHCAT
peropra
ryoka
JTACTHAIALIS

3.1. THEORETICAL FUNDAMENTALS OF FOUNDRY

amenable

casting

conform
contraction

crack

directional solidification
fluidity

foundry

foundry properties
hot spot

mould

porosity

shrinkage

HOAJAIOIIHMICS

OTJINBKA, TNTHE (TIPOIIECC)
COOTBETCTBOBATh

YMEHBITIICHUE pPa3MEPOB, ycaaKa
TpeLuHa

HaIpaBlieHHas KPUCTAIUTH3AIIHS
KUJIKOTEKYIECTh

JINTEMHOE NPOU3BOJICTBO
JINTEHHBIE CBOMCTBA
TEPMHUYECKUH y3eT

dhopma

MIOPHUCTOCTH

ycazka
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110 ITTa€ThCS

BHJIUBOK, JTUTTSI (TIPOIIEC)
BIIOBIAATH

3MEHIIIEHHSI PO3MIpiB, yca/iKa
TpiluHa

CHpsSIMOBaHA KPUCTAJi3allist
piAKOTeKydicTh

TBapHE BUPOOHHUIITBO
JIMBapHi BIACTUBOCTI
TEPMIYHHUH BY30J1

¢dopma

MTOPHUCTICTH

ycaaka



linear s.
volumetric s.
shrinkage cavity
sound casting
surface tension
viscosity

wetability

JINHEHaA Y.

o0beMHAA Y.

ycaJ04yHasl paKOBHHA
IJIOTHAs! OTJIMBKA
MTOBEPXHOCTHOE HATSKEHUE
BSI3KOCTBH (OKHIK.),
BHYTpPEHHEE TPCHHE
CMa4HBaeMOCTb

JIiHIWHA Y.

00’eMHa y.
ycaJiouHa paKOBUHA
LIIJIBHUHA BUJIUBOK
MMOBEPXHEBUHN HATAT
B’S3KiCTh (pimH.),
BHYTPIIITHE TEPTS
3MOYyBaJIbHICTh

3.2. MANUFACTURE OF CASTINGS IN SAND MOULDS

aerator

alumina (Al,O3)
auxiliary
backing sand,
floor sand
bentonite
(Al,03*4Si0,*H,0)
binder

chromite (Cr,03)
clamp

cleaning, fettling

compliance,
deformability
cope

core box

core print
cutting of

dextrin

dirt (slag) trap, crossgate
downgate (sprue)
drag

drawing

dry sand
edge-runner mills
facing sand

fin

fireproof clay,
fireclay, caolinite
(Al,03*2Si0,*2H,0)
flask, moulding box
foundry slope,
pattern taper

gas permeability
gating system

green sand

hopper
hydroblasting

ingate, runner
jolting knock-out grid
machining allowance

moulding

nozzle

overflow, flow off
overlap

aspatop
TJIMHO3EM

BCIIOMOTATEIbHBIN

o6opoTHast (HaITOJHUTETbHAS)
(hopmMoBOYHAs CMECH
OCHTOHUT

CBSI3YIOILEE, KPETHTEIb
XPOMUT

cKk00a, 3aKUM

OYHUCTKA (OT IpHUrapa)

MOIATIIUBOCTE (CMECH)

BEPXHSAA 9acThb (Mozenu, Gopmbl)
CTEPKHEBOU SIIIUK

3HaK (3HaKOBas 4acTh CTEPIKHA)
00pyOKa (OTHeIeHne TUTHUKOBOH
CHCTEMBI 1 TPUOBLIEH)

JEKCTPUH

LIJIAKOYJIOBUTEIb

CTOSIK

HWDKHSSL 9acTh (MoieH, GOpMBbI)
4epTex

cyxas (hOpMOBOUYHas CMECh
OeryHbl

oOnuioBouHas popMoOBOUHAs CMEChH
3ayceHelr, 0010

OTHEYTOpHAas TIIMHA

ornoka
JINTENHBIN YKJIOH

ra3onpoHULAEMOCTb
JIUTHUKOBAs CUCTEMA

ceIpasi JOPMOBOYHAS CMECH
OyHKep

THIIpaBIMYecKast OUUCTKA
MUTATENh

BUOpaIMOHHAs BHIOMBHAS peIIeTKa
MPUITYCK HA MEXaHUYECKYIO
00paboTKy

(hopmoBka

COILIO

BBITIOp

HAIyCK
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aepaTop
TJIMHO3EM

IOMIOMDKHHI

000poTHA (HATTOBHIOBATILHA)
(hopMyBanpHa CyMiI
OCHTOHIT

3B’SI3y104e

XPOMIT

CcK00a, 3aTHCcKaY
ouuIIeHHS (Bl IpUTapy)

MiATATAUBICTS (CyMili)

BEpXHS YacTuHA (Moeni, hopMn)
CTPH>KHEBUH SIIUK

3HaK (3HAKOBA YaCTHHA CTPHKHS)
00pyOKa (BiAIiIeHHS TUBHUKOBOT
CUCTEMH Ta JIOJIATKIB)

JEKCTPUH

IIJTAKOBJIOBITIOBAY

CTOSIK

HWKHS yacTrHa (Mozeni, hopmu)
KpECJICHHS

cyxa ¢popMyBalibHa CyMIII
OiryHu

JIUIIOBaJbHA (POpMYBaIbHA CYMINI
3aIupKa, 000

BOTHETPHBKA IITUHA

OIIOKa
JIMBapHUH yXUII

ra30MpPOHUKHICTb

JMBHUKOBA CUCTEMA

BorKa (hopMyBaJlbHA CyMITIT
OyHKep

TiipaBTiuHe OYHUIIEHHS
KUBHIIbHUK

BiOpariiina BUOMBHA pelriTKa
NPUIYCK Ha MeXaHiuHy 00poOKy

(dbopMyBaHHS
COILIO
BUIIOP
HAITyCK



parting line, joint line
pattern

pattern making
fireproof base
pouring basin (cup)
pouring weight

ram

ramming-up board
ruler

sawdust

shaking out, knocking out
shipment

shot blasting

silica sand (SiO,)
slotted pattern key

split pattern,

cope and drag pattern
stove

superfluous
tumbling, rumbling

unit sand
unsplit (solid) pattern
water glass (Na,O*mSiO,)

yoke

curing

dimensional accuracy
glue
phenol-formaldehyde resin
pulver-bakelite

rate of production
shell-mould casting

shot

spring-loaded ejector pin
standard of surface finish
strip

zirconium sand

chilling

heat erosion
heat-insulting coat
item

metal mould casting

metal mould,
permanent mould

rigid
stud bolt, trunnion
thermal fatigue strength

JIMHUS pazbeMa
MOJIEIb

MPOU3BOJICTBO MOJEJIEN
OTHEYIIOpHasi OCHOBA
JINTHUKOBAS Yalla

JINTEHHBIN Tpy3

TpaMOOBaTh, YIUIOTHATh
MTOJAMOJETBHBIN IUTOK

JIMHEMKa

JPEBECHBIE OMUIIKU

BbIOMBKA (OTIMBOK, CTEPIKHEN)
OTrpy3Ka

npoOecTpyiiHas OYMCTKa
KBapLEBbIN I1ECOK

LI JUIS COETNHEHMS BEpXHEH U
HIDKHEW JacTel MOJENn
pazbeMHasi MOZEIb

CYIIMJIbHAS Kamepa
W3JTUIIHUN
OUYHMCTKA B TAJITOBOYHBIX OapabaHax

enuHas popMoBOYHAs CMeCh
Hepa3beMHasi MOJIEIb
KHIKOE CTEKJIO,
THIPOCHITMKAT HATPHS
KOPOMBICIIO

JIiHISE pO3HIMaHHS

MOJIEINTh

BUPOOHUIITBO MOJICIICH
BOTHETPHBKA OCHOBA
JMBHHUKOBA Yalla

JIMBapHUI BaHTaX

TpaMOyBaTH

MiIMOIEIbHAN [MIIATOK

TiHiKa

THpCa

BUOMBaHHS (BUJIMBKIB, CTPIIKHIB)
BIIBAHTAXCHHS
JIPOOOCTPYMUHHE OUHUIIICHHS
KBapIIOBUI MiCOK

TI|IT IS 3 €THAHHS BEPXHBOT Ta
HWKHBOI YaCTUH MO
pO3HIMHA MOJIETh

CyIIWIIbHA KaMepa
HaJIAIIKOBUH

OUUILEHHS B TANTyBaJIbHUX
Oapabanax

enuHa (OPMYyBaIIbHA CYMIIII
HEPO3HIMHA MOJICITh

piake ckio,

T1ApOCHITIKAT HATPIFO
KOPOMHCIIO

3.3. SHELL-MOULDING PROCESS

OTBEPIKICHUE
pasMepHasi TOYHOCTb

KJIeH

(heHon-popmalbe-riuIHas CMOJIa
MyIbBepOAKETUT
MPOU3BOTUTEIHHOCTD

JUTHE B 000JIOUKOBBIE (POPMBI
IpoOb

MOINPY>KUHEHHBIN BBHITATKUBATEb
CTaH/IapT Ka4ecTBa MOBEPXHOCTH
CHUMATh

MUPKOHOBBIN TIECOK

OTBEPIiHHS

pO3MipHa TOYHICTh

1 9) (S5

(denon-popmaibie-riHa cMoja
mynsBepOaKeriT
HPOTYKTHBHICTb

JUTTS. B 000JIOHKOBI JOpMHU
npib

HiANpPYKHHEHUH BUIITOBXYBaY
CTaH/APT SKOCTI MOBEPXHI
3HIMaTH

IIUPKOHOBHH iCOK

3.4. METAL MOULD CASTING

oroen (4yryHa)
BBICOKOTEMIIEpaTypPHast 3PO3us
TEIUIOU30JIALIMOHHOE TIOKPBITHE
U3JIeNne, 1eTalb

JIUThE B METALTUYECKHE (DOPMBI,
KOKHJIbHOE JIUTHE

KOKHJIb,

MeTanieckas hopma,
MOCTOsIHHAs opma

JKECTKUI

mTudT, Handa, ochb KauaHUI
TEPMOCTOUKOCTh
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BUO1TIOBaHHSI (YaBYHY)
BHUCOKOTEMIIEpATYpHA epo3ist
TEII0I30JISIHHE TOKPUTTS
BUpIiO, AeTaTh

JUTTS B MeTalieBi Gpopmu,
KOKUThHE JTUTTS

KOK1JIb,

MeTaseBa (popma,

mocriiiHa popma

KOPCTKHM

wtudT, nanda, Bicb XUTaHHSA
TEPMOCTIHKICTh



boring

bushing

cap

centrifugal casting, spinning
chute

hollow casting
hydrostatic pressure pipe
liner

overflow pipe

piston ring

pulley

two-layer,

bimetallic

cold pressing chamber
duct

hot pressing chamber
piston

plunger machine
pressure casting die,
press mould

pressure die-casting

3.5. CENTRIFUGAL CASTING

pactaynBaHue
BTYJIKA, THITh3a
KPBIIIKa
IIEHTPOOCIKHOE JTUTHE
XKeno0

MyCTOTEJasi OTIIMBKA
HaropHas Tpyoa
BKJIQ/IBIII

ciuBHas Tpyba
MTOPITHEBOE KOJIBI[O
IIKUB, POJIHK
JBYXCJIOMHBIN,
OMMETaTTHYCCKUI

PO3TOUYBaHHSI
BTYJIKa, T1Tb3a
KPHIITKa
BIIIICHTPOBE JINTTS
XKOJI00

MYCTOTLINN BHJIHBOK
HamipHa TpyOa
BKJIQIATII

3IIUBaJIbHA TpyOa
MOPIIHEBE KUTBIIE
IITKiB, POJIUK
JIBOIIIAPOBUH,
OiMeTaniuHui

3.6. PRESSURE-DIE CASTING

XO0JI0JHad KaMepa NpeCCOBaAHUA

KaHaJ
ropsiyasi KaMepa ImpeccoBaHUs
MOpIIEHD

TUTyH)KEpHAs MallliHA
mpecc-opma

JIUTHE TI0]1, JaBJICHUEM

3.7. INVESTMENT CASTING

XO0JIOJJHA KaMepa NPeCyBaHHs
KaHaJ

raps4a Kamepa IpecyBaHHs
MOpIIEHD

IUTyH)KEepHA MaIlliHa
mpec-hopma

JINTTA M1 THCKOM

dipping HOTpY’KEHHE 3aHypEHHS

ethyl silicate STHI-CUIIUKAT eTil-CHIiKaT

expendable pacxoyemeIit 110 BUTPAYaETHCS

fluidized sand CKUTISALIAN» TIECOK CKHATUISTYUIY TTICOK

shell mould OrHeynopHas 000J09Ka (B JIUTHE M0  BOTHETPUBKA 000JIOHKA (TIPH JIUTTI

BBITTIJIABJIICMbBIM MOI[eJ'ISIM)
JINTHE 110 BBIIIJIABJIIACMBIM MOACIISAM

3a BUTOITKOBAHUMH MO):[GJIHMI/I)

investment casting JIUTTS 32 BUTOIUIFOBAHUMU

MOJICIISIMU
master die npecc-popma npec-popma
paraffin napadux napadin
pine cocHa cocHa
quartz KBapI| KBap1
quartzite KBapIuUT KBapIUT
rosin KaHU(OJIb KaHi(poJb
silica floor MapIaiuT MapInaiT
slurry, suspension CyCIICH3HSI CycCIeH3ist
soldering naiika HastHHSI
stearin CTeapuH CTeapHvH
wax BOCK BiCK

3.8. MODERN PROCESSES OF METAL PRODUCTION FOR CASTINGS
3.8.1. CAST IRON PRODUCTION FOR CASTINGS

bott npoOka (JIeTKH) npoOka (JILOTKN)

cerium uepui uepin

charge, burden KOJIOINA, IITNXTa KOJIOILA, IINXTa

crucible (coreless) induction TurenbHas HHAYKIIMOHHAS TIeYb O€3  THUTeJbHA IHAYKINHHA MY Oe3
furnace cepAcYHHKA cepleyHNKa

cupola BarpaHka BarpaHka

duplex process IOYTUIEKC-TIPOIIECC JIYTIIEKC-TIPOLIEC
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inductor
inoculation
lanthanum
multiturn coil
receiver

tilting mechanism
winding

yttrium

admixture

boiling

critical castings,
responsible castings
deoxidize

desulphurize

melting, smelting, fusion
oxidizing melting
remelting

WHAYKTOP
MOIUGUIIIPOBAHNE
JIAHTaH

MHOTOBUTKOBAsI KaTyIlIKa
KOIMJIBHAK

TMOBOPOTHBIN MEXaHNU3M
00MOTKa (AJIEKTP.)
UTTpUHN

MIPUIMECH
KUTICHUE
OTBETCTBEHHBIE OTIMBKU

PACKHUCISTH

yAAJISATh cepy
IJIaBJICHUE, MIaBKa
IJIaBKa C OKHACICHUEM
nepernan

1HIYKTOP
MoauGiKyBaHHS

JIaHTaH

0araToBUTKOBa KOTYIIKA
KOTIHJIbHUK
MTOBOPOTHBIA MEXaHi3M
oOMoTKa (eJeKTp.)

ITpiit

3.8.2. STEEL CASTINGS PRODUCTION

JOMIIIIKa
KUITIHHS
BIAITOBigaIbHI BUIIMBKHU

PO3KUCITIOBATH
BUJAJISTH CIpKY
TUTaBJICHHS, TIJIaBKa
TUIaBKa 3 OKHUCIICHHSAM
HeperIaBIeHHs

3.8.3. MELTING OF COPPER-BASE ALLOYS

chloride

duct

exhaust pipe

flotation

fluoride (CaF,)

foundry alloy

grate

induction furnace with core

jet

magnetic flux

soda (Na,COy)
step-down transformer
stool

surface-active

tapping throat

XITOPH]T
KaHas

JIBIMOX O/

(dbnoranus

IUTABUKOBBIH mITIaT, PTOPHT

JIUraTypa, cIijiaB JJisl JIETHPOBaHUS

perieTka
WHIYKITMOHHAS TIeYb C
CEPAECYHUKOM

ropeinka, OpcyHKa, CTpys
MarHuTHBINA OTOK

coJia, kKapOOHAT HATPUS

MMOHMKAIOLIUH TpaHc(opmaTop

MOJICTaBKa
IMOBEPXHOCTHO-aKTUBHBIH

TOpJIOBHMHA IS BBIITYCKa METaJllla

XJIOpHITL
KaHaJ

TAMOXIJ

¢roraris

TUTAaBUKOBHH HITIAT, GTOPH]T
Jiratypa, CIuIaB JUIs JIETyBaHHS
rpaTe

IHAYKIiHA T4 13 CepAeYHNKOM

MaNTbHUK, (DOPCYyHKA, CTPYMiHb
MarHiTHUN TOTIK

cojia, KapOOHAT HATPIIO
MTOHIKYIOUNH TpaHchopMaTop
mijcTaBKa
MMOBEPXHEBO-aKTUBHUI

ropJioBMHa JIs1 BUITYCKY MCTaJia

3.8.4. MELTING OF ALUMINIUM-BASE ALLOYS

chlorine
dilution

XJI0p
pacTBopeHue

XJI0p
PO3YMHEHHS

rpagiTo-mamMoT (BOTHETPUB)
cyMinr 11t MOAN(iKyBaHHS

rpaduTo-11aMoT (OTHEYIIOP)
CMech 7151 MOIM(UIMPOBAHUS

4. METAL FORMING

graphite-chamotte
modifying mix

4.1. PHYSICAL AND MECHANICAL FUNDAMENTALS OF METAL FORMING

anisotropy
displacement
equiaxed grain
etchant

etching

fibrous structure
globular structure
impact force
impede

AHU30TPOIIHUS
NepeMelIeHE

PaBHOOCHOE 3€PHO
TpaBUTEIH

TpaBJICHUE

BOJIOKHHUCTAs CTPYKTypa
paBHOOCHAs CTPYKTypa
yaapHas Harpy3Ka
MPENSITCTBOBATh, 3aMEIATh
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aHi30Tporis
nepeMilleHHs
piBHOBIiCHE 3epHO
TPaBHUK

TpaBJICHHS
BOJIOKHHCTA CTPYKTypa
PIBHOBICHA CTPYKTYypa
ylapHE HaBaHTaKCHHS

MNEPCUIKOAKATH, CIIOBLIBHIOBATH



metal forming,
plastic metal working
peening, strain hardening,
cold work hardening
residual deformation
reveal

slip plane

squeezing pressure
stress

normal s.

principal s.

shear s.

texture
thermomechanical
treatment

utilization factor

00paboTKa METAJIJIOB JIaBJICHUEM

HaKJIeTl, 1eOopMaluOHHOE
yIPOYHEHHE

ocTtarouyHas aedopmarrus
BBISIBIIATH

IUIOCKOCTh CKOJIBKCHUS
CKUMAIOIIee yCUITNe
HaIpsDKeHUEe

HOpMaJIbHOE H.

TJIaBHOE H.

KacaTelpHOe H.

TEKCTypa
TepMOMeXaHu4IecKas oopadoTka

KO3(pPUITMEHT MCTIOIB30BaHNS
(metamna)

00poOKa METaIiB THCKOM

HakJen, AeopmMarliitHe 3MilHSHHS

3QJTAITKOBA AehOopMaIist
BUSIBIISITH

TUTOLIMHA KOB3aHHS
CTHCKAI04e 3yCUIIIA
HaIpy>KeHHS

HOpMAJIBHE H.

TOJIOBHE H.

JOTHYHE H.

TEKCTypa
TepMoMexaHidyHa 00poOKa

Koe(iIieHT BUKOPHUCTAHHS
(metaiy)

4.2. RECOVERY AND RECRYSTALLIZATION

burning

cold deformation
hot deformation
irremediable
overheating
recovery
recrystallization
collective r.
primary r.
relief

scale

stony fracture
threshold

pressing stress

scheme of deformation
technological plasticity
tensile stress

furnace, heater
chamber f.
continuous f.

pit f.

nonoxidation heating
pusher

actuator

angle bar, angle iron
bar

bloom

blooming

coupling, clutch
double tee

HEePEKOor
X0JogHas edopMartis
ropsiaas aeopmanus
HEUCIIPAaBUMBII
neperpes

BO3BpAT
peKpHCTaUIN3aLns]
coOupaTesbHas p.
MIEPBUYHAS P.

CHSTHE, YCTpaHEHHE
OKaJIMHa
KaMHEBUIHBIN H3JI0M
opor

CKUMAIOIIEE HAMPSDKCHUE
cxema aeopMarum
TEXHOJIOTUUYECKAsl INIACTHYHOCTh
paCTATHUBAOLICe HAIPSHKCHUE

4.4 HEATING OF METALS

HarpeBaTeNbHas 1Mevb
KaMepHas II.

MeTOANYECKas 1.

KoJsozel] (HarpeBaTeIbHbIH)
0E30KUCTUTENbHBIA HATPEB
TOJIKATENb

4.5. ROLLING

MPUBOJT

YTOJIOK, YTIIOBAast CTaJIb
MIPYTOK

OroM

OIXOMUHT

Mydra

JIBYTaBp
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nepenan
xoJotHa nedopmartis
rapsiaa nedopmartis
HEBUIIPABHUU
Meperpis

3BOPOT
peKpHCTaTi3aIisl
30upasbHa p.
MIEpBUHHA D.

3HATTSI, YCYHEHHSI
OKaJlMHa
KaMEHEeIOMIOHUHA 3710M
mopir

4.3. TECHNOLOGICAL PLASTICITY

CTHUCKaIO4e HAIPYKCHHS
cxeMa nedopmariii
TEXHOJIOTIYHA IUIACTUYHICTD

PO3TATYBaJIbHE HAIPYKEHHS

HarpiBajbHa 1.

KaMepHa II.

METOANYHA TI.

KOJIOJSI3b (HArpiBaJIbHUH )
0e30KHCHEe HarpiBaHHS
LITOBXa4

MPUBOJT

KyT, KyTOBa CTallh
MIPYTOK

OyroM

OJIIOMIHT

Mydra

JIBOTaBp



drawing coefficient,
extension coefficient
gap

gauge, roll pass
break-blowing g.
closed g. (pass)
finishing g.

open g. (pass)
mandrel

pipe

reduction gear
roll formed shape,
roll formed section
rolled steel sections
rolled stock
rolling

Crossr.

helical r.
lengthwise r.
plain roll

rolling mill
cluster m.

duo m.

four-high m.
multiroll m.
piercing m.

pilger m.,

paying out m.
section m.
three-high m.
universal m.
seamed tube
seamless tube
shape rolled stock
sheet rolled stock
size roll

sizing

skelp

slab

slabing

spindle

cable sheating
container
die

direct (forward) pressing

extrusion ram
extrusion, pressing
hydraulic press

indirect (reverse) pressing

orifice
pressing rest
pressing washer

KO3(DPUITMEHT BBITSKKH

3a30p

Kamuop

YEpPHOBOMH K.
3aKPBITHIH K.
YHCTOBOMH K.
OTKPBITHIN K.
MIPOIINBEHb, OTPaBKa
TpyOa

peIyKTOp

THYTBIA TIPO(UITH

CTaJIbHOU ITPOKaT
IIpOKaT

IIpOKaTKa
rorepeyHas 1.
[IOTIEPEYHO-BUHTOBAS II.
MIPOJOJIbHAS 1.
IJIaJIKUI BaJIOK
IIPOKATHBIN CTaH
MHOTOKJIETBEBOH CTaH
IyO-CTaH
KBapTO-CTaH
MHOTOBAJIKOBBIM CTaH
MPOILLKBHON CTaH
MAJIUTPUMOBBIH CTaH,
pacKaTHOM CTaH
COpPTOBOM CcTaH
TpHUO-CTaH
YHUBEPCAJIBHBIN CTaH
IIOBHAas TpyOa
OecioBHast TpyOa
COPTOBOM MpPOKAT, COPT
JIMCTOBOM MpoKar
PY4YbEBO BAJIOK
KanuOpOBKa

LITPUIIC

cisio

CIIIOMHT

LITHH/ENb

Koe(iIieHT BUTATYBaHHS

3a30p

KaJiop
YOPHOBUH K.
3aKpUTHH K.
YUCTOBHM K.
BIIKPHUTHHA K.
OTpaBKa

TpyOa
peayKTop
THYTHH Tpodise

CTaJeBUU IIPOKAT
MIPOKAT

MIPOKATKa

rorepeyHa 1.
MONIEPEYHO-TBUHTOBA 1T
MTO3J0BXKHA II.
rJIaJKWH B.
IIPOKATHUI CTaH
0araToKJIITKOBUN CTaH
JIyOo-CTaH

KBapTO-CTaH
0araToBaJIKOBUH CTaH
MPOLIVBHUNA CTaH
MUTICPUMIB CTaH,

COPTOBHI C.
Tpio-cTaH
VHIBepCaJbHUN CTaH
oBHA TpyOa
Oe3moBHa TpyOa
COPTOBHUH ITPOKAT, COPT
JIMCTOBUH IPOKAT
piBYaKOBHIA BaJOK
KaJiOpyBaHHs
HITPHIIC

cist0

CJIA0IHT

MIMAHACTH

4.6. EXTRUSION OF METALS

o0oouka Kabens
KOHTEUHEp

MaTpuIia

MPSIMOE TIPECCOBAHKE
TUTYHXKEP

IKCTPY3Hs, IPECCOBAHHE
TUAPABINYECKUI ITpecC
o0paTHOE MpeccoBaHUe
OTBEPCTHE
MPecc-0CTaToK
npecc-mraiida
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00oJt0HKa Kaberto
KOHTEHHEp

MaTpUIIs

npsiMe TPeCyBaHHs
TUTYHKEP

eKCTpY3isl, mpecyBaHHs
TiIpaBIIvHU ITpec
3BOPOTHE MPECYBaHHS
OTBip

pec-3aUIIoK
npec-maida



drawing

reducing die, drawhole
grip

lubricant

wire

drum mill

chain mill

hard drawn wire
tool steel
hard-facing alloy
technical diamond

anvil

anvil block

bending

block head

chopping, cutting-off
cylinder

drawing

forge hammer
fundament

hammer

hammering,

black smithing, forging
hand (machine) forging
heading

lap

machinery allowance
mass of falling parts
piercing

piston

piston rod

piston stroke, piston travel

pneumatic

ring rolling, paying-out
size tolerance

slider

squeezing

traverse

twisting

upsetting

welding, bonding

forge pitch

belt transmission
calibration, coining
closed die

cold die forging

cold extrusion

cold upset forging
connecting rod, coupler
crank press

4.7. DRAWING

BOJIOYCHHC

BOJIOKA

3aXBaTbIBATh

cMasKka

MPOBOJIOKA

OapabaHHBIN cTaH
IeHOM cTaH
XOJIOAHOTSHYTAasi IPOBOJIOKA
WHCTPYMEHTAJIbHAS CTaNb
TBEPIBIU CILJIAB
TEXHUYCCKHI ajMa3

4.8. HAMMERING

HaKOBAJIbHS
mabor

rudka

6oek

pyOKa, oTpe3ka
LWIHHIP
MPOTSDKKA
KY3HEUHBIH MOJIOT
dbyHIaMeHT
MOJIOT

KOBKa

pyuHas (MalllMHHAs) KOBKa
BbICaJIKa

HAaILyCK

MIPHITYCK

Macca naJarolinx 4acTei
MPOILINBKA

MOpIICHb

IITOK TOPITHS

XOJ TTOPIIIHS
ITHEBMAaTHYECKUI
packartka

pa3MepHbIi I0ITyCK
MOJI3yH

cKaTHe

TpaBepca

CKpYy4HBaHHE

ocajka

cBapka (Ky3HeuHas)
Ky3HEUHBIH YKIOH

4.9. DIE FORGING

peMeHHas repeaya
KaOpOBKa

3aKPBITHIA IITAMII

XO0JIOAHAs! 00bEMHAs IITaMIIOBKA
BBIIaBIINBAaHUE

BBICAJIKa (XOJI0THAs)

maTyH

KPUBOILHUITHBINA Ipecc
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BOJIOUIHHS

BOJIOKA

3aXOILTIOBATH

MacTHIIO

MPOBOJIOKA
OapabaHHUH cTaH
JIQHITFOTOBUH CTaH
XOJIOTHOTATHYTA MPOBOJIOKA
IHCTpYMEHTAJIbHA CTaIb
TBEpAUH CIUIAB
TEeXHIYHUH amMa3

KOBaJJIO
maboT

THYTTS

00110k

pyOKka, Bigpizka
HUTIH]IP
MPOTSATYBAaHHS
KOBaJbCHKHAM MOJIOT
¢byHaaMeHT

MOJIOT

KyBaHHS

pyuHe (MaIlMHHE) KyBaHHS
BUCAJKCHHS

HAaILyCK

TIPUITYCK

Maca 4acTHH, 10 NaJal0Th
MPOIIMBAHHS

MOPIIIEHb

HITOK MOPIITHS

Xi/1 mopHrHs
MMHEBMATHUYHUN
PO3KOUyBaHHA

PO3MIpHHI TOIYCK
MOB3YH

CTHUCHEHHS

TpaBepca

CKPYYyBaHHS

OCaJKEHHS

3BapIOBaHHA (KOBAJIbCHKE)
KOBaJIbCHbKUI YXHII

[1acoBa nepegayda
KaJliOpyBaHHS

3aKPUTUH LITAMIT

X0Jo/HE 00’ €MHE ILITaMITyBaHHS
BHJIaBIIIOBaHHS

BHCaJIKa (XOJI0IHA)

1IaTyH

KPUBOILUITHUN ITpec



crank shaft

die forging

die, stamp

fin, barb, flash

flute

fly wheel

forming (cold)

horizontal forging machine

hot die forging
impression, gauge
knurling

open die

output

screw press

bending

bushing
case-reducing
circular shears
column

cutting-out, blanking
die

bed d.

follow d.

compound d.

upper d.

drawing

flanging

forming (shaping) operation
guillotine shears
notching

punching

separating operation
spring

stamping, sheet stamping
stampings

strip

tape

KPHBOILIHUIT
00beMHas ITaMIIOBKa
HITAMIT

3ayceHelr, 0010

mas

MaxOBHUK

oObemMHast popMOBKa (XOJIOTHAS)
TOPU30HTAJIBHO-KOBOYHASI MaIlINHA

('KM)

ropsiuasi 0ObeMHas ITaMIIOBKa
pyuen

HakaTKa

OTKPBITHIH IITAMII

BBIIYCK, IPOU3BOIUTENHHOCTD
BUHTOBOM TIpecc

4.10. STAMPING

rudka

BTYJIKa

00KHUM

JMICKOBBIE HOXKHULIBI
KOJIOHKa

BBIpYOKa

mTamn

MaTpHLa

LITaMI [TOCIIeI0BATENILHOTO
JIEUCTBHUS

COBMEILEHHBIN IITaMII
MyaHCOH

BBITSDKKA

0TOOpPTOBKA
(hopMon3MeHsIIoLIast onepanus
THJILOTUHHBIE HOXXHHUIIBI
Hajpes3Ka

poOUBKa
paszaenuTeNnbHas onepanys
MpyXKuHa

JIUCTOBAs MITAMIIOBKA
BbICEUYKa (OTXObI)

royioca

JIeHTa

5 WELDING

KPHUBOIIIHIT
00’ eMHE TIITaMITyBaHHS
HITaMIT

000t

na3s

MaXOBHK

00’emHe popMyBaHHS (XONOIHE)

TOPU30HTAJIbHO-KYBaJibHA MallliHa

(TKM)

rapsiae 00’ €MHE IITaMITyBaHHS
piBuUak

HaKaTka

BIIKPUTHUH IITAMII

BUITYCK, MPOAYKTHUBHICTh
TBUHTOBHH IIpec

THYTTS
BTYJIKA

00THCK

JTMCKOB1 HOXKHIIL
KOJIOHKA

BUPYOyBaHHs

HITaMII

MaTPUIIS

LITAMII ITOCJIIJOBHOI il

CIIOJIYYEHUH LITaMIT
MyaHCOH

BUTSTYBaHHS
BiIOOPTYBaHHS
(hopMo3MiHHA onepartis
TIJIBHOTHHHI HOXKHULI
HaJpi3aHHA
MPOOMBaHHS
PO3IiTIOBaJIbHA OTIepallis
MpyXKHUHA

JHMCTOBE LITAMITyBaHHS
BHUCIYKa (BIAXOAM)
cMmyra

CTpiuka

5.1. PHYSICAL FUNDAMENTALS OF WELDING

consumable electrode
filler rod

nonconsumable electrode
permanent joint

reel

rivet

riveting

root gap

weld

weldability
welded-cast

pacxoayeMblil JIEKTPOT
MPHUCAA0YHBIN TIPYTOK
MOCTOSIHHBIN 3JIEKTPOJ
HEpa3beMHOE COETMHEHNE
0600rHa (TIPOBOJIOKH )
3aKJIenKa

KJIETTKa

3a30p (TIpu cBapKe)
CBapHOM IIOB,

CBapHOE COEIMHEHUE
CapuBaeMoCTh
CBapHO-TTUTON
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€JIEKTPOJI 0 BUTPAYAETHCS
MPHUCAHKYBATBHAN TPYTOK
MOCTIMHUHN €IIEKTPO]T
HEpo3’eMHE 3’ €THAHHS
600uHa (IpoTy)

3aKJIeIKa

KJICTTaHHS

3a30p (IIpH 3BaprOBaHHI)
3BapHUII 1IOB,

3BapHE 3’€ITHAHHA
3BapIOBaHICTh
3BapHO-IUTUHN



welded-forged
welding
blacksmith w.,
forge (fire) w.,
hammer w.
capacitor-stored energy w.
cold w.

diffusion w.
electric arc w.
electron-beam w.
electroslag w.
explosion w.
friction w.

fusion w.

gas w.

laser w.
plasma-arc w.
pressure w.
pressure-gas w.
resistance w.

thermit (aluminothermit) w.

ultrasonic w.
weldment

arc discharge
choke

direct polarity
drop

dropping

external terminals,
output terminals
generator
gradually dropping
input terminals
intersect
open-circuit run
rectifier

reverse polarity
short circuit

source of welding current,
welder

stable (rigid)

stable arcing

static voltage current
characteristic
transformer
variable resistance

welder

arc rays
chalk

coated electrode
eye shield

CBapHO-KOBaHBII
CBapKa
Ky3HE4YHas CB.

KOHJICHCATOpHAsI CB.
XOJIOJTHAS CB.
muddy3noHHAs CB.
3JIEKTPOAYTOBast CB.
AJICKTPOHHO-TTy4YeBas CB.
AJICKTPOIILIAKOBAS CB.
CB. B3pBIBOM

CB. TPEHUEM

CB. IUIABJICHUEM
ra3oBas CB.

na3epHasi CB.
I1a3MeHHast CB.

CB. JJaBIICHHEM
ra3ornpeccoBas CB.

CB. COIIPOTHUBJIEHUEM

TEpMUTHAas (aJTFOMOTEPMHTHAS) CB.

YIIBTPa3ByKOBas CB.
CBapHOE COSIUHEHHE

5.2. ARC WELDING

JlyTOBOM pa3psi
Ipoccellb

HpsiMasi MOJISIPHOCTh
Karis

NaJaromas
BBIXOHBIE KJIIEMMBI

reHepaTop
MIOJIOTO TaJjaromias
BXOJIHBIE KJIEMMBI
nepeceKaThest

XOJIOCTOH XO[
BBITIPSIMHUTEITH

oOpaTHast MOJSPHOCTb
KOPOTKOE 3aMbIKaHHE
WCTOYHHK CBAPOYHOTO TOKA

cTaOuibHas (kecTKast)
cTabuIIbHOE TOPEHUE IyTH
CTaTHYecKasi BOJIbT-aMIIepHast
XapaKTepUCTHKA
TpaHchopmarop

MEPEMEHHOE COIPOTHBIICHUE
(peocrar)

CBapLIUK

3BapHO-KOBaHUM
3BapIOBaHHS
3B. KyBaHHSIM

KOHJICHCATOPHE 3B.
XOJIOZIHE 3B.

nudysiiiHe 3B.
CJICKTPOIYTOBE 3B.
€JIEKTPOHHO-TTPOMEHEBE 3B.
€JIEKTPOIJIAKOBE 3B.

3B. BUOYXOM

3B. TEPTSIM

3B. IUIABJICHHIM

ra3oBe 3B.

Ja3epHe 3B.

IUIa3MOBE 3B.

3B. THCKOM

ra3oIrpecoBe 3B.

3B. OIIOPOM

TEepMiTHE (aJIFOMOTEPMITHE) 3B.
YIBTPA3BYKOBE 3B.

3BapHE 3’ €THAHHSA

JlyTOBUI PO3psT
Jpocenb

TpsiMa MOJIAPHICTh
Kparuis

10 TIa/1a€e

BUXIIHI KJIIEMH

reHepaTop

110 MJIABHO Ma1a€

BX1IHI KJIEMA

MepEeTHHATHCS

XOJIOCTHH pyX

BUIPAMIISY

3BOPOTHA MOJISIPHICTh

KOPOTKE 3aMHUKaHHS

JOKEPETIO 3BapiOBaJIbHOTO CTPYMY

ctabinbHa (KOPCTKA)
cTabibHE TOPIHHS JyTH
CTaTHYHA BOJIbT-aMIIepHA
XapakTepucTHKa
Tparchopmarop
nepeMiHHMH omip (peocTar)

3BapIOBAJIbLHUK

5.2.1. MANUAL ARC WELDING

H3JIy4eHHE TyTU

Mell

3IEKTPOJ C IOKPBITUEM
3aIUTHOE CTEKIIO JUIA IJIa3
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BHITPOMIHIOBaHHS TyTH
Kpenaa

€JIEKTPO/]I 3 MOKPUTTSIM
3aXHCHE CKJIO IS ouei



gelatin

helmet shield

luting

manual (hand) arc welding
marble

oscillator

starch

weld

butt w.

corner w.
downhand (flat) w.,
down w.

edge w.

horizontal w.
inverted w.

tee butt w., T-weld
vertical w.

welding rod holder

arc torch

automatic arc welding,
machine arc welding
automatic bare-wire
submerged arc welding
bare-electrode welding

crater
filler wire
initiate discharge

overlaying metal
semiautomatic gas arc
welding

shielding-gas arc welding,
welding in shielding gases

splashing
sustain arcing
welding head
welding tractor

acetone

acetylene (C,H,)
acetylene generator
adjust

balanced pressure torch
bell

calcium carbide (CaCy,)
carbide-to-water
contact type,

water recession

core of flame

cut-off valve

JKEJIaTUH

[UIEM C IPO3PaYHBIM IKPAHOM
MIOKPBITHE 3JIEKTPOJA
py4Has IyroBas CBapKa
Mpamop

OCLIAIUIATOP

KpaxMai

CBapHOM 1110B

CBapHOE COEIMHEHUE BCTHIK
YTIIOBOE COEUHEHUE
HWKHUH (HamoabHbIN) 1.

TOPLIEBOE COENVHEHNE
TOPU30HTAIbHBIH 1.
IIOTOJIOYHBIH III.
TaBPOBOE COECAMHEHUE
BEPTUKAJIbHBIM III.
JeprKaTelb dIIEKTPoaa

KeJaTHH
II0JIOM 13 TIPO30PUM EKPaHOM
MOKPUTTS €JIEKTPOIa

pYUHE IyroBe 3BaprOBaHHS
MapMmyp

OCTIHIISITOP

KpOXMaJib

3BapHUM I10B

CTHUKOBE 3BapHE 3’ €THAHHS
KyTOBE 3’ €IHaHHS

HWOKHIN 11

TOpIIEBE 3’ €THAHHS
TOPU30HTAIBHUN III.
CTEIbOBUM III.
TaBpOBE 3’ €THAHHSI
BEPTUKAJIBHUM 111.
TpUMad eJIeKTpoJIa

5.2.2. AUTOMATIC ARC WELDING

CBapoOYHas rojoBKa (IpH
ra303JeKTPHYECKON CBAPKE)
aBTOMaTHYeCcKas IyroBas cBapka

aBTOMaTHYeCKas JIyroBas CBapKa
o (hrocom
CBapKa 3JICKTPOIOM 03 MOKPHITHS

Kpatep

CBapOYHasi MPOBOJIOKA
MHUIMHPOBATH Pa3psii

(3axwurath ayry)

HaIlJIaBJISIEMBIN METaJLI
MOJTyaBTOMATHYECKas
ra30dJIeKTpUIecKas CBapKa
JyroBasi CBapKa B CpeJie 3alUTHBIX
ra3oB, ra303JIEKTPH-YeCKast CBapKa

pa3OpbI3rUBaHKe
NOJJEPIKUBATh TOPEHUE AYTU
CBapOYHast rOJIOBKA
CBapOYHBIN TPAKTOP

5.3. GAS WELDING

areToH
areTHICH

aIeTHJICHOBBIN TeHEepaTop
perynupoBath

ropenka 0e3pIHKEKTOPHOTO THUTIA
KOJIOKOJI

KapOUJT KabIIHs

KapOu Ha BOITY

KOHTAKTHOT'O THITA

SIAPO IIIAMEHU
OTCEYHOMU KJIallaH
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3BaplOBaJIbHA TOJIOBKA (TIPU
ra30eJeKTPUIHOMY 3BapIOBaHHI)
ABTOMATUYHEC JYI'OBC 3BaprOBAHHA

ABTOMATHYHE JyTOBE 3BAPIOBAHHS
i urrocom

3BapIOBaHHS €JEKTPOIOM 0e3
HOKPUTTS

Kparep

3BapIOBAJILHUM JIPIT

IHIIIIOBATH PO3PSJ

(3anaioBaty ayTry)

METaJ, IO HAIUIABIISIETHCS
HaIiBaBTOMaTHYHE Ta30eIeKTPUIHE
3BapIOBaHHS

JIyTOBE 3BapIOBAHHS B CEPEIOBHIII
3aXHMCHUX Ta3iB, Ta30€JIEKTPHUYHE
3BapIOBaHHS

PO30pHU3KyBaHHS

MiATPUMYBATH TOPIHHS TYTH
3BapIOBAJIbHA TOJIOBKA
3BapIOBAILHHUI TPAKTOP

areToH
areTHiIeH

alleTUICHOBUI TeHepaTop
peryitoBaTH

MaTbHUK 0€31HKEKTOPHOTO THITY
JI3BiH

KapOiJ KaJbIIi0

KapOi1 HA BOIY

KOHTaKTHOTO TUITY

SAJIPO TOIYM’ st
BIJCIYHUI KJIaIlaH



explosive gas

gradual, smooth
heat-producing ability
inclined

injector

kerosene

natural gas (CHp)
odorless

portable

pressure reducing regulator
protective water seal
reverse (inverted) impact
steel cylinder

tap

tip, head

tongue, jet
water-to-carbide

welding flame

balanced f., normal f.
oxidizing f.

reducing f., carbonizing f.
welding torch

welding zone

abut

ampere

cam drive

coalescence

current cut-off switch,
contactor

current strength
electric resistance welding
flash w., butt w.

seam w., roll spot w.,
pulse w., intermittent w.
spot w.

upset w.

end, face

Joule

lever-spring drive
linkage

Ohm

persistent

turn

voltage

welding loop

blade, tool point

chip

cutting angle

front clearance a.

top rake a.,back rake a.

B3pBIBOOMACHBIH Ta3
MOCTETIEHHBIN, pABHOMEPHBIN
TETIOTBOPHAs CIOCOOHOCTD
CKJIOHHBIN

HWHXEKTOP

KEpOCHH

IIPUPOIHBIN ra3

0e3 3amaxa

MEPEHOCHOU

penykTop (s rasza)
3alIUTHBIN BOASHOM 3aTBOP
oOpatHbIi ynap

CTAJILHOW OaJlJIOH

KpaH, BEHTUJIb
HaKOHEYHUK, MYHAIITYK
daken

BOJIa HA KapOus

CBapOYHOE IIaMs
HOPMAaJIbHOE TUI.
OKHCIIUTENBHOE ILJI.
BOCCTaHOBHUTEIHHOE TII.
CBapoOYHas TOpesKa
CBapoOyYHast 30Ha

5.4. RESISTANCE WELDING

MIPUMBIKATh
amrep

KYJIAYKOBBIH PUBOJ
COeTMHEHNE
MpepbIBaTEIb TOKA

CHUJIa TOKa

KOHTaKTHas CBapKa
CTBIKOBAsI CB. OTUIABIIEHUEM
IITOBHAS CB.

TOYEYHAS CB.
CTBIKOBAsl CB. COPOTHUBIIEHUEM
TOpeI|

xoynb
PBIYKHO-TIPYKUHHBIN TIPUBOT
HIapHUP

Om

MOCTOSIHHBIN

BHUTOK (OOMOTKH)

HampspKEHUE (IJIEKTP.)
CBapoyYHas IEIb

BUOYXOHEOE3eUHUH Ta3
MTOCTYIIOBUH, pIBHOMIpHHH
TEIUIOTBOPHA CIIPOMOXKHICTh
CXUJIbHUU

IH)KEKTOP

rac

MPUPOIHUI ra3

0e3 3amaxy

10 IEPEHOCHUTHCS
penykrop (st razy)
3aXUCHUN BOJSHHI 3aTBOP
3BOPOTHHU yaap

CTaJIeBUl 0AJIOH

KpaH, BCHTUJIb
HAaKOHEYHUK, MyHAIITYK
daken

BOJ/Ia Ha KapOiy
3BaprOBaJIbHE MOyM sl
HOpPMaJIbHE TTOJL.

TOJI., 1[0 OKUCITIOE

I10JI., 110 BITHOBJIIOE
3BaprOBaJIbHUI NAJIBHUK
3BapIOBaJIbHA 30HA

MPUMUKATH
amIep

KYJa4KOBUH IPUBOJ
3’€IHaHHA

nepepruBay CTpyMy

cuja CTpymy
KOHTaKTHE 3BAPIOBAHHS
CTUKOBE 3B. OTUIABICHHIM
IIIOBHE 3B.

TOYKOBE 3B.
CTHKOBE 3B. OIIOPOM

TOpEIh

Jxoyns
BaXX1TBHO-TIPYKUHHHIA TTPUBOJ]
rapHip

Om

MOCTIMHUI

BUTOK OOMOTKH

Harpyra (eIeKTp.)
3BapIOBAIILHUH JIAHITFOT

6 METAL CUTTING OPERATIONS
6.1. PRINCIPLES OF CUTTING AND SHAPING OF METALS

pexyIas 4yacTh (BepIIrHa pe3la)

CTpYXKa
yTOJI PE3aHMus
3a(HU Y.
nepeaHuil y.
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6.2. GEOMETRY OF A CUTTING TOOL

piKyua yacThHa (BepIIMHA Pi3Ls)

CTpYXKKa
KYT pi3aHHs
3aHIN KyT
nepeHii KyT



wedge a., lip a.

cutting, machining
(cutting) face, true rake,
back rake

depth of cut, feed value,
thickness of removal metal
detaching

dimension accuracy

edge

finishing mechanical
treatment

flank

machine surface
machining allowance, stock

major cutting edge, leading
cutting edge

minor cutting edge, trailing
cutting edge

point

shank

shaping

transient surface

wedge

work surface

working motion

feed m.

linear m.

longitudinal m.

primary (cutting) m.
reciprocating m.,

alternate m.

rotary m.

setup m.

transverse m.

y. 320CTPEHHUSI
00paboTKa pe3aHueM
MepEeIHss TOBEPXHOCTH (pe3ia)

TOJIIIMHA CPE3aeMOro CII0,
rTyOWHA pe3aHus

ylaneHue

pa3MepHasi TOYHOCTb
KpPOMKa, OCTpHE
OKOHYaTeNbHas 00paboTKa
pe3aHueM

TopeIr, OOKOBasi CTOPOHA
00paboTaHHas TOBEPXHOCTh
MPUITYCK HA MEXaHUYECKYIO
00paboTKy

TJIABHOE PEXYIIee JIe3BHE

BCIIOMOTI'aTCJIbHOC PEKYIICE JIE3BUC

BepIrHa (pe3lia)

CTepXeHb (XBOCTOBHK) pe3lia
npunanue Gopmsl
MOBEPXHOCTh PE3aHUS

KJIMH

oOpabaTsiBaeMasi TOBEPXHOCTh
pabodee ABIKEHHE

IB. IOJa91

MPAMOJIMHEITHOE JIB.
MIPOAOJIBHOE JIB.

TJIaBHOE JIB.
BO3BPATHO-TIOCTYTATENHHOE JIB.

BpalaTeiIibHOC JIB.
YCTaHOBOYHOC [IB.
MOIICPEYHOC [IB.

KyT 3arOCTPEHHS
00poOKa pizaHHIM
nepeans noBepxHst (pisLs)

TOBIIMHA IIAPY, IO 3Pi3YETHCH,
rMOWHA pi3aHHsA

BUJAJICHHS

pO3MipHa TOYHICTh

KpOMKa, BiCTps

ocTaTo4Ha 00poOKa pizaHHAM

TOpempb, OiK
00pobiieHa TOBEPXHS
MIPUITYCK Ha MEXaHIYHY 00pOOKY

TOJIOBHE Pi3aIbHE JIE30
JIOTIOM1KHE pi3abHE JIe30

BepIIMHA (Pi3Is)

CTPYKEHB (XBOCTOBUK) Pi3LA
TonaHHs GopMHU

MOBEPXHS pi3aHHA

KITUH

MTOBEPXHS, 110 00POOIIIETHCS
poboumii pyx

pyX mojaui

NPSAMOJIHIMHUK pyx
MO30BXKHIN pyx

TOJIOBHUH PyX
3BOPOTHO-IIOCTYIAIBHUHI pyX

o0epTanbHUIA pyX
YCTaHOBUHH PYX
MONEPEYHUHN PyX

6.3. CUTTING SPEED AND CHIP FORMATION

blunt

chip (chips)

flowing ch., continuous ch.
shearing ch.

tearing ch.,

discontinuous ch.

coolant,

cutting fluid

sharpened tool

abrasive

belbor

cermets, ceramics,
cemented oxides

diamond

elbor (cubic borous nitride)
elevated temperature
friction

TYIOH

CTpyXKa

CJIMBHAs CTPYKKa
CTpy’KKa HajJIoMa
CTpy’KKa CKaJIbIBAHUS

CMa30YHO-0XJIAXKIA0MIast
xuakocts (COX)
3aTOYCHHBIH HHCTPYMEHT

6.4. CUTTING MATERIALS

aOpa3uBHEIN MaTepuai
6ebop

KEepMETHI

anMas
3IK00p

MOBBIIIICHHAS TEMIIEpaTypa
TpeHUe

166

U20050%1

CTpYXKa

3]IMBHA CTPYXKKa
CTPYy’KKa HaIJIOMY
CTPY’>KKa CKOJFOBaHHS

MAacCTHIbHO-0XO0JIO/KYBaIbHA
pinuaa (MOP)
3aTOYCHUH IHCTPYMEHT

abpa3uBHMI MaTepian
6enbop

KEPMETH

anMas
ennoop

MiIBUIIIEHA TeMIIepaTypa
TepTs



hard alloys,
cemented carbides
high-speed steel
ingredient

insert

loose abrasive

red hardness
silica carbide (SiC)
sintering

temper

tool steel

wear

lathe

machine-tool, machine
boring m.

broaching m.
cutting-off m.

drilling m.

gear- and thread-cutting
machines

grinding m.
high-precision m.
microfinishing m.
milling m.
multi-spindle m.
numeral control m.

planer

shaper
single-spindle m.
slotter

turret lathe

apron
beveling

boring

bottom hole, blind hole
carriage

chuck

contour

cutting tool

facing t.

forming t.

left-hand t.

parting t.

right-hand t.
threading t.

turning t.

facing

feed gear

finishing

forming

TBEPALIC CIIJIaBbI

OBICTpOpEXKYIIas CTANb
WHTPEVCHT, KOMITOHCHT
BCTaBKa
HE3aKPEIUICHHBIN aOpa3uBHBINA
MOPOLIOK
TEIJIOCTOMKOCTh

KapOua KpeMHHS
CIICKaHUe

OTITyCK
WHCTPYMEHTAaIbHAS CTaNb
H3HOC

TOKapHBIM CTAHOK

CTaHOK

pacTO4HOM C.

MPOTSKHOM C.

OTPE3HOH C.

CBEPJIWIIBHBIH C.

3y00- 1 pe3p00HapEe3HbIE CTAHKU

U OBaNBHEIH C.
NPEUU3HOHHBIN C
JIOBOJIOYHBIH C.

(hpe3epHsIii c.
MHOTOIIINH/EIbHBIHN C.
CTaHOK C YHCJIOBBIM MPOrPaMMHBIM
yIpaBjICHUEM
MIPOJIOILHO-CTPOTABHEIH C.
MTOTIEPEYHO-CTPOTAITBLHBIN C.
OJTHOIIIIMHJIETbHBIN C.
JIOTOEKHBIH C.
TOKapHO-PEBOJIBBEPHEIH C.

6.6. LATHE WORKS

haptyk

nonydeHue (acok

pacraunBaHue

[IIyX0€ OTBEPCTHE

KapeTka

MaTpOH

KOHTYP

pesern

TOPLEBOH P.

(hacoHHBIH p.

JIEBBIH .

OTPE3HOH P.

MIpaBbIH p.

pe3p00BOi P.

IIPOXOJHOM P.

TOpIICBaHUE

KOpoOKa nojad

4rcTOBast 00paboTKa
nony4eHue (acoHHBIX MOBEPXHOCTEH
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TBEPIi CIUTaBH

HIBUKOpi3abHA CTallb
IHTpENi€HT, KOMIOHEHT
BCTaBKa
HE3aKpITUICHUH a0pa3uBHEII
MOPOLIOK
TEIUIOCTINKICTD

KapOig KpeMHiI0
CITiKaHHS

BIZITYyCK
IHCTpYMEHTAaJIbHA CTalb
3HOILTYBaHHS

6.5. MACHINE TOOLS CLASSIFICATION

TOKApHUI BEpCTaT

BepcTar

pO3TOUyBaNIbHUIL B.
HMPOTSKHUM B.

BiJIpi3HUII B.

CBEp/UIHIIBHHM B.

3y00- i pizeHapi3Hi BepcTaTh

nutihyBaNbHUH B.
Mpenn3iitHmiA B.
JIOBOJOYHHUH B.

¢bpe3epHuii B.
OaraToIIIMHACIBHUN B.
BEPCTAT 3 YMCIOBUM MTPOrPaMHUM
KEepyBaHHSIM
MO30BXKHBO-CTPYTATHHHAN B.
MOTIEPEYHO-CTPYTAILHUI B.
OJHOIIINHUHACILHUHN B.
IOBOAJIBHUH B.
TOKapHO-PEBOJILBEPHUIA B.

thapryx
oTpuMaHHs (Hacok
PO3TOUYBaHHS
TIIyXUH OTBIp
KapeTka

NaTpoH

KOHTYP

pizernpb

TOPLIEBUI P.
(acoHHHUH p.
JBUH p.
BiJIpi3HUH p.
MIPaBUH P.
pi3zeHapi3Hui p.
MPOXiTHUH P.
TOPIFOBAHHS
KopoOka mogay
4iCTOBa 00pOOKa
oTprMaHHs (HacCOHHHUX TOBEPXOHb



gear box

gear cutting
headstock
integrally cast hole
knurling
necking
parting

radius forming
roughing
sleeve

slope

support
tailstock

taper

tapering
through hole
turning
V-belts

alignment
bench-type drilling machine
boring m.

fine boring m.
radial drilling m.
upright drilling m.
body

bolting

bore

boring
counterbore

counterboring, countersinking

countersink
dead center
drill
enlarging
fillister-head screw
fitting

flute

spiral f.
straight f.
gearcase
guide cylinder
housing

lip

nut

overall length
pinning
reamer
reaming
riveting
shank
straight sh.
taper sh.
spot-facing
tang

tap

KOpoOKa CKOpOCTeit
H3rOTOBJICHUE 3y0UaThIX KOJIeC
nepeaHss 6adka

OTBEPCTHE, IOJYYCHHOE B OTJIUBKE
HaKaTKa

Mpope3Ka KOJIbIIEBOM KaHABKU
oTpe3Ka

3aKpyTIICHHE

YepHOBas 00paboTKa

BTYJIKa

HaKJIOH

CYImopT

3anHss 0abka

KOHYC

00paboTKa KOHMYECKOU TTOBEPXHOCTH

CKBO3HOE OTBEpPCTUE
TOUEHHUE
KJIMHOPEMEHHas Iepenayda

6.7. DRILLING

COOCHOCTH

HAaCTOJIbHBIN CBEPIMIIBHBII CTAHOK
pacTO4YHOH C.
KOOPAHHATHO-PACTOYHOM C.
paaraIbHO-CBEPIMIIEHBIH C.
BEPTUKAILHO-CBEPIMIHHBIH C.
paboyast yacThb (CBepJa)
coequHeHne O0ITaMu
3CHKEP

3CHKEPOBaHHUE, paCTAaYMBAHNE
3€HKOBKa, [IEKOBKa
36HKOBaHWE

3CHKOBKA

HETOJIBYKHBIN IIEHTP
CBEpIIO

paccBepiIrBaHUE

BHUHT C OTAHOU rOJIOBKOM
MIPUTOHKA

BEIEMKA, KaHaBKa
CIIUpaJIbHAs K.

mpsiMast K.

KOPITYC peayKTopa
HaNpaBISIOMIMNN UIUHAD
KOPITYC

pexyIas KpoMka (cBepia)
raika

TIOJTHASI ITTUHA

COEIMHEHUE UIMUIbKaMU
pa3BepTKa

pa3BepTHIBAaHNE

KJIETIKa

XBOCTOBHK (CBepIia)
IUITUHAPUYECKAA XBOCTOBHK
KOHUYECKHI XBOCTOBUK
LIEKOBaHUE

namnka (cBepia)

METUYHUK

168

KopoOKa IMMBHIKOCTEH
BHUTOTOBJICHHS 3y0O9aCTHX KOJIIC
nepeans 6adbka

OTBIp, OTPUMAHUH Y BUIIMBKY
HaKaTKa

MIPOpi3aHHS KIJIBIIEBOT KAHABKU
BiJpi3aHHs

320KPYTIICHHS

JopHOBa 00poOKa

BTYJIKA

HaXHJ

CyTIopT

3aHs1 Oa0Oka

KOHYC

00po0OKa KOHITHOI ITOBEPXHIi
HACKpi3HUI OTBIp

TOYIHHS

KIIMHYACTO-TIAcoBa Mepeaaya

CITIBBICHICTh

HACTITbHUHN CBEPUIMIHHHANA BEPCTAT
pO3TOUYyBaJIbHUM B.
KOPIWHATHO-PO3TOYYBaIBHUI B.
pamiambHO-CBEPUIHILHUMH B.
BEPTUKAIBHO - CBEPUTHIIbHUH B.
poboua yacTrHa (cBep/Ia)
3’eHaHHS O0NITaMU

3eHKep

3eHKEPYBaHHsI, pO3TOUyBaHHS
3€HKiBKa, [IEKOBKa
3€HKYBaHHS

3€eHKiBKa

HEPYXOMHUI1 LICHTP

CBEpJIO

PO3CBEPLTIOBaHHS

TBHHT 31 CXOBaHOIO TOJIIBKOIO
MIPHUITACOBYBaHHS

BHiMKa, KaHaBKa

criipajibHa K.

npsimMa K.

KOPITYC peAayKTopa
HaTPaBJISIOYNH IITIHIDP
KOpITyC

pi3anbHa KpoMKa (cBepia)
raiika

MMOBHA JIOBJKHHA

3’€IHaHHS MIMAIbBKAMHU
poO3BepTKa

pO3BEpTaHHS

KJIETTKa

XBOCTOBHK (CBep/IJia)
HUTIHIPUYHUN XBOCTOBUK
KOHIYHHI XBOCTOBHMK
[EKyBaHHS

namka (cBepiia)

MITYHK



threading die
twist drill

double-housing planer

groove
index

planer, planing machine
planning

relief-slotting machine

shaper, shaping machine
shaping

slotter, slotting machine
slotting

circumference
knee
milling

cut-up m., conventional m.

down-cut m., climb m.
milling cutter,mill, cutter
angle cutter, corner c.
coned c.

disk c.

end c., shank c.

face c.

form c., profile c.
gang c.

gear (tooth) c.

hob c., worm gear hob
plain milling c.,
shell-and-mill c.
overarm

cutting stroke
form-cutting method
gear cutting

gear rack

generating process
meshing

return stroke

rotary gear cutter, shaper
worm

bakelite

TUTaIKa
JIBYXIIEPOBOE CBEPIIO

JBYXCTOEYHBIHN MPOJIOIHEHO-
CTPOTaJIbHBIN CTAHOK

nas

3a/1aBaTh OIPEaeIICHHOE
MMOJIOKEHUE
MIPOJIOJLHO-CTPOTABHBIN CTAHOK
CTpOTaHHUE Ha MPOI0IHHO-
CTPOTaJIbHOM CTaHKE
JIOJI0€KHO-3aTEIIOBOYHEIN CTAHOK

[TOTIEPEYHO- CTPOTaIbHBINA CTAHOK
CTPOTaHHUE HA MOMEPEUHO-
CTPOTaJIbHOM CTaHKE

JI0JI0€)KHBIM CTAHOK

0JI0IeHne

6.9. MILLING

OKPY)KHOCTb
KOHCOJb (CTaHKA)
(hpesepoBanue
BCTpPEYHOE (ppe3epoBaHme
noryTHOe (pe3epoBaHme
(pesa

yrioBas (pesa
KoHUYeckast .

mucKoBas .

KOHIIEBas .

TopieBas ¢.

daconnas ¢.

HabopHas .

MOJIyJbHAS §.

yepBsiaHas .
nuIuHIpUIeckas .

X000T (CTaHKa)

TuTanKa
JIBOXTIEPOBE CBEPIIO

6.8. PLANING, SHAPING AND SLOTTING

MO3JIOBKHBO-CTPYTaIbHUIN BepCcTaT
3 IBOMa CTIMKaMH

mas

3a7aBaTH IIEBHE ITOJI0KEHHS

MO3/I0BKHBO-CTPYTaJIbHUHN BEpCTaT
CTpYTaHHS Ha TO3I0BXHBO-CTPY-
rajJbHUX BepcTaTax
JIOBOAJIbHO-3aTUIIOBYBaJIbHUAN
BEpCTaT

HONEePEYHO-CTPYTATbHUIA BepCcTaT
CTpyTaHHs Ha IIOIIEPEYHO-CTPY-
raJbHUX BE€pCTATax

JIOBOABHUI BepcTat

JIOBOAHHS

OKPYKHICTh

KOHCOJIb (BepcTara)
(bpe3epyBaHHS
3ycTpiuHe (ppe3epyBaHHs
noryTHe (pe3epyBaHHs
¢dpesa

KyTOoBa (hpe3a

KOHIYHA (.

ucKoBa (.

KiHIena ¢.

TopuEeBa ¢.

¢aconHa ¢.

¢., 1o HabupaeTscs
MOJyJIbHA (.
4yepB’siuHa ¢.
nuIiHapuaHa .

x000T (Bepcrara)

6.10. GEAR-CUTTING METHODS

pabounii Xo1

METO]T KOMHUPOBAHUS
M3rOTOBJIICHUE 3y04aThIX KOJIEC,
Hape3aHue 3yObeB

3yOuarast perika

MeToJ1 00KkaTKH (OrudaHms)
3areruieHne

XOJIOCTOH XO[

TOTOSIK

YepBsIK

6.11. GRINDING

OaKeIuT
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pobounii xif

METOJ, KOIIFOBAHHS
BUTOTOBJICHHS 3y04acTUX KOJIiC,
HapizaHH: 3y0iB

3yOduacra peiika

METO/T OOKaTK! (OrMHAHHS)
3aygin

HEepOoOOUHiA Xif

JIOBOAITBHIH IHCTPYMEHT
4epB’ K

OakeiT



centerless grinding machine

cylindrical grinding m.
internal grinding m.
surface grinding m.
electromagnetic work-
holding fixture (table)
grinding

guartzite

rubber

spark

OecIIeHTPOBO-ITN (D OBATHHBIN
CTaHOK
KpyTriaonuin)OBaILHBIN C.
BHYTPHUILIU(OBAILHBINA C.
ITOCKONIITH(HOBATLHBIH C.
3JIEKTPOMATHUTHBIN CTOJ

o oBaHUE
KBapIHT
Kay4yK
HCKpa

0e311eHTPOBO-TILTI P yBaTEHAN
BEpCTaT
KpyrionutiyBaabHUN B.
BHYTPILIHBbO-ILTi(hyBaJIbHUH B.
TUIOCKONLTi(yBaTbHUI B.
€JICKTPOMAaTrHITHAN CTLI

nutipyBaHHS
KBapIUT
Kay4dykK
ickpa

6.12. FINISHING AND MICROFINISHING PROCESSES IN MACHINING OF METALS

actual size

deviation

finish cutting

finish grinding

fit

honing

impracticable

lapping

mating
microirregularity
nominal size, design size
peak

permissible variations
precise

precision

ridge

roughness

stock removal

superfinishing
tolerance
valley

JIEUCTBUTENBHBIN pa3zMep
OTKIJIOHEHHE

YUCTOBas 00pabOTKa pe3aHHEeM
YUCTOBOE NUTH()OBAHHUE
MIPUTOHKA

XOHUHTOBaHUE
HEBBINIOJIHUMBII
MIPUTHPKA

COTIPSDKEHUE
MHUKPOHEPOBHOCTh
HOMUHAaJbHBIA pa3Mep
BBICTYTI

JOMYCTHUMBIE OTKJIOHEHHUS
TOYHBIN

TOYHOCTh

rpebeHb, BBICTYII
IEpOX0OBATOCTh

MIPUITYCK HA MEXaHHYECKYFO
00paboTKy
cynepUHHUIITIPOBAHUE
JIOTTYCK

BITaJITHA

TIHCHHUM po3Mip
BIIXWJICHHSI

4yrcTOBa 00pOOKa pizaHHIM
YHCTOBE ILTIQyBaHHS
IPUIIACOBYBAHHS
XOHIHTYBaHHSI
HE3A1HCHEHHN ]

MPUTHPKA

CIHOJTY4EHHS
MiKpPOHEPiBHICTb
HOMIHAJIEHUHN pO3MIp
BUCTYII

MPUMYCTAMI BiIXUJICHHS
TOYHUN

TOYHICTb

rpebiHb, BUCTYI
HIOPCTKICTh

MIPUITYCK Ha MEXaHiuHY 00pOOKY

cynepiHinryBaHHs
JIOTTYCK
3arJanOJIEHHS

6.13. ELECTROPHYSICAL AND ELECTROCHEMICAL MACHINING

electrophysical and
electrochemi-cal machining,
electromachining
contact-initiated discharge
machining,

electric resistance arc
machining

electrical discharge
machining, spark erosion,
electrospark machining
electrical-pulse  discharge
machining,

arc-erosion machining
electrochemical machining

electrolytically assisted
discharge machining
electron-beam machining
ultrasonic machining

00paboTKa ¢ UCTIOITB30BaHUEM
3NIEKTPUIECKOTIO TOKA

ANIEKTPOKOHTAKTHAs 00paboTKa

3JIEKTPOUCKPOBast 00padoTKa

3JIEKTPOUMITYJILCHAs 00paboTKa

ANEKTPOIUTHYECKAS pa3MepHast
obpaboTka
aHOJHO-MeXaHHuecKas 00padoTka

3JIEKTPOHHO-Ty4eBasi 00paboTka
yIBTpa3ByKoBas 00paboTka
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00po0Ka 3 BUKOPHCTAaHHIM
EIEKTPHYHOTO CTPYMY

€JIeKTPOKOHTAaKTHA 00pOoOKa

€JICKTPOICKpOBa 00poOKa

EJIeKTPOIMITyJIbCHa 00pO0Ka

€JIEKTPOJIITHYHA PO3MipHa 00poOKa
aHOJIHO-MEeXaHiuHa 00poOKa

€JIEKTPOHHO-TIPOMEHEBa 00poOKa
YIBTPa3ByKOBa 00poOKa



bank of condenser Oarapest KOHICHCATOPOB Oarapest KOHIEHCATOPIB

beam Jy4, My40K IPOMIHb, TY4OK

deep vacuum IyOOKUN BaKyyM TJIMOOKHIA BaKyyM

duration JUTTETBHOCTh TPUBATICTh

electrolyte JJIEKTPOJIUT €JIEKTPOTIT

electrolytic etching AJIEKTPOJIUTHYECKOE TPABIICHHE €JIEKTPOIIITHYHE TPABIECHHS

electrolytic grinding, JNEKTPOXUMHUYECKOE UTN(OBAHUE  EJIEKTPOXiMiuHe ILTihyBaHHS

electrochemical grinding

electrolytic polishing JJIEKTPOIUTHYECKOE eJIEKTPOIITHYHE (EIEKTPOXIMIYHE)
(AMIEKTPOXMUMHYECKOE ) OJTUPOBAHUE MOJTiPyBaHHS

electrolytically assisted AQHOAHO-MEXaHMYECKHI OTPE3HOM AHOJJHO-MEXaHIYHUH BiIpi3HUN

cutting-off machine CTaHOK BepcTar

electron gun 3JEKTPOHHAS MyIIKA €JIGKTPOHHA ITyIIKa

emit HMCITyCKaTh, U3JIy4aTb BUIIPOMIHIOBATH

laser material processing  nasepHas 00paboTKa na3epHa 00pobKa

magnetostriction MarHUTOCTPUKIUS MarHiTOCTPHUKIIiS

roughing obaupka, rpybas 00paboTka obaupKa

skin on castings KOpKa Ha OTJIMBKax KipKa Ha BUJIMBKaxX

spark gap HCKPOBOM MTPOMEXKYTOK ICKpOBHI MPOMIKOK
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