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LABORATORY WORK №1 

“THERMAL ANALYSIS OF PURE METALS AND 

TERMOCOUP GRADING” 
 

Metallurgy is a science that studies the structure and properties of metals and 

establishes a relationship between their composition, structure and properties. 

          Metals are a certain group of chemical elements that have properties which 

are common to the whole group, such as increased strength, good thermal 

conductivity and electrical conductivity, ductility, plastic properties and metallic 

luster. 

The crystalline state is characterized by a certain regular arrangement of 

atoms in space. 

If imaginary lines are drawn through the centers of atoms, they form a 

lattice, in the sites of which atoms are located; it is a crystallographic plane. A 

multiple repetition of such planes arranged parallelly form a spatial crystal lattice. 

The following types of crystal lattices are distinguished: cubic volume-centered 

(Figure 1.1, a), cubic face-centered (Figure 1.1, b) and close-packed hexagonal 

(Figure 1.1, c). 

The circles depicting the atoms are located in the center of the cube and at its 

vertices (volume-centered cube), in the centers of the faces and at the vertices of 

the cube (face-centered cube), in the form of a hexagon, the three atoms of the 

upper plane of which are inside the hexagonal prism (hexagonal lattice). 

The size of the crystal lattice is characterized by parameters, or lattice 

spacings. The cubic lattice is determined by only one parameter – the length of the 

edge of the cube a. The dimensions of the hexagonal close-packed lattice are 

characterized by a constant value of the ratio of the cube edge length c to the cube 

edge length a c / a = 1.633. 
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Figure 1.1 – Types of crystal lattices: a - cubic body-centered; b - cubic face-

centered; c - close packed hexagonal 

 

Metal crystals are usually small-sized. That is the main reason why a metal 

product consists of a very large number of crystals. 

This type of structure is called polycrystalline. For a number of reasons, 

crystals cannot take the correct shape. Irregular crystals in a polycrystalline 

aggregate are called grains. 

Let’s consider which metals have one or another crystal lattice. 

Cubic volume-centered Cubic face-centered Close-packed hexagonal 

α-iron (α - Fe) 

chromium (Cr) 

tungsten (W) 

molybdenum (Mo) 

vanadium (V) 

sodium (Na) 

g-iron (g - Fe) 

aluminum (Al) 

copper (Cu) 

nickel (Ni) 

α-cobalt (α - Co) 

lead (Pb) 

zinc (Zn) 

b – cobalt (b - Co) 

cadmium (Cd) 

magnesium (Mg) 

α – titanium (α - Ti) 

α - zirconium (α - Zr) 
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lithium (Li) silver (Ag) 

gold (Au) 

platinum (Pt) 

 

Different planes in the lattice are filled with atoms with different planes. 

The properties of a single crystal (monocrystal) in one direction differ from 

the properties in the other direction, and depend on how often an atom occurs in a 

given direction. Thus, the difference in properties depending on the direction is 

called anisotropy. 

The metal transition from a liquid to a solid state with the formation of 

crystals is called crystallization. The unique feature of the transition from a liquid 

to a solid state is that it occurs in pure metals at constant temperatures, which 

depend on the nature of the metal and pressure. 

The arrangement of atoms in a liquid is characterized by the absence of 

long-range order, it means the absence of correct arrangement of atoms, 

periodically repeated in three dimensions. 

The internal energy of a disordered liquid is greater than of an ordered 

structure of a solid, therefore, when passing from one state to another, heat is 

released (or absorbed). 

The heat released during the transition of a metal from a liquid to a solid 

state is called latent heat of fusion. The crystallization temperature is defined as the 

temperature at which the values of free energy of the liquid and solid phases are 

equal. This temperature Ts is called the equilibrium crystallization (melting) 

temperature or theoretical crystallization (melting) temperature. The 

crystallization process does not occur at this temperature, because under these 

conditions, the values of free energy of the liquid and solid states are equal. The 

dependence of the free energy change on temperature is shown at Figure 1.2. 

The crystallization process begins when there is a difference in the values of 

free energy, which is formed due to the lower free energy of a solid metal in 

comparison with a liquid metal. Therefore, subcooling is required below the 
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equilibrium crystallization temperature for the transition of a metal from a liquid to 

a solid state.  

 

Figure 1.2 – The change in free energy of the liquid and crystalline phase of a 

metal plotted as a function of temperature 

 

The temperature at which crystallization actually begins is called the actual 

crystallization temperature. 

 

Figure 1.3 – Cooling curves during crystallization 
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The process of metal transition from a liquid to a crystalline state can be 

represented by curves in the coordinates of time - temperature (Figure 1.3). These 

curves are called cooling curves. 

Three sections can be distinguished on the cooling curve: 

1 - metal cooling in a liquid state, 

2 - crystallization period, 

3 - solid metal cooling. 

A horizontal area appears on the cooling curve during crystallization (a stop 

in a drop in temperature). It happens because of the release of latent heat of 

crystallization. 

After plotting the cooling curves from the known melting (crystallization) 

temperatures of pure metals and the corresponding EMF (electromotive force) 

values determined from them, namely the temperature at which a horizontal 

platform appears, a calibration curve is plotted. 

The correspondence between EMF in mV and the temperature in C is 

established according to the results of plotting a calibration curve. A thermocouple 

calibration is conducted, an example is shown at Figure 1.4. 

The actual crystallization temperature is always below the theoretical 

temperature. The temperature equal to the difference between the theoretical and 

actual crystallization temperatures is called the degree of supercooling, which is 

calculated by the formula (1): 

                                                   Т = Ts –Tcr                                                                                      (1) 

where: Ts is the theoretical crystallization temperature; Tcr is the actual 

crystallization temperature. 

The degree of subcooling depends on the nature and purity of the metal and 

the cooling rate. The higher the cooling rate is, the greater the degree of 

supercooling is. The crystallization process occurs at temperatures lying well 

below the theoretical crystallization temperature. 
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The crystallization mechanism consists of such processes as the formation of 

crystallization centers and their subsequent growth. 

 

Figure 1.4 – Thermocouple calibration curve 

 

When the crystallization temperature is reached, tiny particles of crystals 

appear in the liquid metal. These particles are called "nuclei" or "crystallization 

centers", from which crystals grow at a certain rate. While the crystals are 

surrounded by liquid, they have a correct shape. The regular shape of crystals 

breaks when they collide. Their shape depends on the conditions of their contact 

during the growth process. 

The crystallization process rate depends on the rate of nucleation of 

crystallization centers and the growth rate of crystals from these centers. The 

numbers of crystallization centers and the crystal growth rate are determined by the 

degree of supercooling. 

With an increase in the degree of supercooling, the crystal growth rate and 

the number of crystallization centers increase and reach a maximum point at a 
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certain degree of supercooling, after which they begin to decrease. The 

characteristic curves are shown in Figure 1.5. 

 

 

Figure 1.5 – The crystal growth rate (1) and the number of crystallization centers 

(2) depending on the degree of metal supercooling 

 

The size of the crystals formed depends on the number of crystallization 

centers and the crystal growth rate at a given degree of supercooling. At low 

degrees of supercooling, a small number of crystallization centers is formed in the 

liquid. The crystal growth rate from these centers is high, it results in the formation 

of a few large crystals. The number of crystallization centers increases with a 

growth of the degree of supercooling/ The grain size in the hardened metal 

decreases. To obtain high mechanical, in particular, strength properties, it is 

desirable to obtain a fine-grained structure. 
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Used laboratory equipment 

 

In this work, we use the following equipment for the thermal analysis of 

pure metals: 

 Small muffle furnace; 

 

Figure 1.6 – Small muffle furnace 

 

 A crucible with the studied metal; 

A crucible is a container for heating from a cylindrical refractory material. 

 

Figure 1.7 – Refractory crucible 

 Thermoelectric pyrometer. 

Thermoelectric pyrometer consists of a thermocouple and a recording device 

– millivoltmeter. 
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A thermocouple consists of two wires of different metals or alloys and has 

the property that if you connect (weld) one ends of the wires and connect the others 

to a galvanometer, then when the junction is heated, an electromotive force arises, 

causing the galvanometer to deviate. The magnitude of the electromotive force 

depends on the composition of the thermocouple material and the temperature of 

the closed ends of the circuit. The resulting electromotive force is greater, the 

greater the temperature difference between the hot and cold junction. At a constant 

temperature of one of the ends brought to the measuring device (called cold 

junction), the resulting EMF is determined by the temperature of the second end 

(hot junction), which is introduced into the molten metal. 

 

 

 

 

 

 

 

 

 

Figure 1.8 – Chromel-alumel thermocouple 

 

The following metal combinations are used as thermocouples: platinum 

rhodium (10% of Rh) - platinum (PP1); platinum rhodium (30% of Rh) - platinum 

rhodium (6% of Rh) (DR30 / 6), chromel alumel (HA); chromel-kopel (HC). 
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Table 1.1 – The chemical composition of alloys for thermocouples 

Chromel Alumel Constantan 
Platinum 

Rhodium 

Ni - 89,0 % 

Cr - 9,8 % 

Fe - 1,0 % 

Mn - 0,2 % 

Ni - 94 % 

Al -  2 % 

Si  - 1,0 % 

Fe - 0,5 % 

Mn - 2,5 % 

 

Ni  - 40 % 

Cu - 59 % 

Mn -  1 % 

 

Pt - 90 % 

Rh - 10 % 

 

Table 1.2 – Applications for various thermocouples 

Thermocouple Temperature limit, С 

Copper  – constantan 400 

Silver –  constantan 600 

Iron –  constantan 650 

Chromel  – alumel 900 

Platinum  – Platinum Rhodium 1600 

 

 

 

Figure 1.9 – Millivoltmeter 
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A hot junction of a thermocouple, protected by a refractory cap from contact 

with the liquid metal, is lowered into the metal so that the junction is in the middle 

of the metal volume, which allows us to characterize its actual temperature. 

           Thermocouple cold junction is lead to measuring instruments, for example, 

to a millivoltmeter, shown at Figure 1.9. 

Millivoltmeter is a voltmeter used for measuring small voltages. A voltmeter 

is a direct reading measuring device for determining the voltage or EMF in 

electrical circuits. 

 

Objective 

 

1. To get acquainted with the methodology for conducting thermal analysis of 

pure metals (for example, tin (Sn), lead (Pb), zinc (Zn)) and thermocouple 

calibration. 

 

Task 

 

1. To perform a thermal analysis of pure metals (for example, tin (Sn), lead 

(Pb), zinc (Zn)) and construct cooling curves for them. 

2. From the cooling curves, determine the EMF values characterizing the 

crystallization temperatures of pure metals. 

3. Construct a calibration curve for chromel-alumel thermocouples. 

 

Laboratory Technique 

 

Pure metals are used in the work: tin, lead, zinc. 

1. Install the crucible with metal in a small muffle furnace and heat above the 

melting temperature of the metal under study; 

2. Lower the thermocouple protected by the refractory cap into molten metal; 

3. Turn off the small muffle furnace. Metals to cool with furnaces; 
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4. From the moment cooling starts, the millivoltmeter readings every 30 

seconds are recorded in tabular form, according to table 3. 

 

The order of developing the report 

 

The report should provide for the following: 

1. The purpose of the work and assignments for its implementation; 

2. Brief information on the theory of crystallization of pure metals; 

3. The results of measuring the EMF for all studied metals in tabular form 

(table 3); 

4. Cooling curves in coordinates: electromotive force - time made on graph 

paper; 

5. A table with the electromotive force values of crystallization of the studied 

metals (table 4); 

6. Graph - calibration curve for chromel-alumel thermocouple made on graph 

paper.  

7.  

Table 3. –  electromotive force measurement results 

Experience number 

 

Millivoltmeter readings, mv Notes 

1   

….   

n   
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Table 4. – electromotive force values of crystallization 

Metal Melting temperature, C 

 

EMF crystallization 

mV 

tin 232  

lead 327  

zinc 419  
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Test questions 

 

1. Pure materials used at work: basic chemical characteristics. 

2. The principle of operation of the thermocouple. Design, materials used. 

3. The essence of thermal analysis of pure metals. 

4. The conditions of crystallization from a melt of pure metals. 

5. Definition of “theoretical crystallization temperature”. What is the 

difference from the actual crystallization temperature? 

6. Explain the term “degree of supercooling” 

7. Methodology for conducting thermal analysis. 

8. Methodology for plotting a calibration graph of a thermocouple. 

9. The effect of cooling rate on the degree of supercooling. 

10. Crystallization centers and crystal growth rate. 

11. Thermal analysis equipment. 

12. The work order. 

  



20 

 

LABORATORY WORK №2 

“THERMAL ANALYSIS OF LEAD-ANTIMONY FLOATS AND 

CONSTRUCTION DIAGRAM CONSTRUCTION” 
 

Alloys are complex substances obtained by fusion of two or more 

components. 

          The structure of an alloy depends on which interactions the components 

forming the alloy enter. In this regard, three types of alloys can be distinguished: 

mechanical mixtures, solid solutions and chemical compounds. 

A mechanical mixture is a mixture of two components A and B, which has 

the following features: the components are capable of mutual dissolution in a 

liquid state, are not capable of mutual dissolution in a solid state, and do not enter 

into a chemical reaction to form a compound. An example of the microstructure of 

a mechanical mixture is shown at Figure 2.1. 

 

Figure 2.1 – The microstructure of the mechanical mixture  

 

A chemical compound is a homogeneous chemical substance in which the 

atoms of both components form a new crystal lattice which is different from the 

crystal lattices of both components. 

If the chemical compound is formed only by metal elements, then positively 

charged ions held by the electron gas are located in the lattice sites. In this case the 

so-called metallic compound appears. 



21 

 

An ionic bonding emerges during the formation of a chemical compound of 

a metal with a non-metal element. 

A solid solution is a phase in which the crystal lattice of one of the 

components (solvent A) is retained, and the atoms of the second component 

(dissolved B), having lost their crystal lattice, are located in the lattice of the 

solvent. An example of the microstructure of a solid solution is shown at Figure 

2.2. 

 

Figure 2.2 – The microstructure of a solid solution  

A single-phase solution is a solution that consists of only one type of 

crystals and has just one crystal lattice. 

Depending on the nature of the atoms arrangement of the dissolved 

component in the solvent crystal lattice (Figure 2.3), there are 2 main types of solid 

solutions: 

 substitution solid solutions 

 introduction solid solutions 
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Figure 2.3 – Cubic volume-centered crystal lattice: a - pure metal; b - substitution 

solid solution; c – introduction solid solution 

 

The alloy of the Pb - Sb system is referred to alloys of the "mechanical 

mixture" type. 

We will consider the unique features of crystallization of alloys of the 

“mechanical mixture” type using Pb-Sb alloys of the following composition as an 

example: 

1. 5% of Sb and 95% of Pb 

2. 13% of Sb and 87% of Pb 

3. 30% of Sb and 70% of Pb 

The cooling curves of these alloys are shown at Figures 2.4, 2.5, 2.6. 

The cooling curve of an alloy of 5% of Sb and 95% of Pb consists of four main 

sections (Figure 2.4) 

1 – the process of cooling the alloy in its liquid state; 

2 - crystallization of the excessive component (Pb) in the temperature range - 

T1 - T2; 

3 - simultaneous crystallization of Pb and Sb at a constant temperature T2. 

4 – the process of cooling of the alloy in a solid state. 

Crystallization of the alloy begins at a temperature T1 (upper critical 

temperature) and proceeds at a variable temperature until it reaches the 

temperature T2 (lower critical temperature). 

Crystals of the excessive component (Pb) evolve from the liquid in the 

temperature range of T1 - T2. 

If Pb crystals disengage from the liquid, then the concentration of Pb in the 

liquid phase decreases while the concentration of Sb in the liquid phase increases. 

During the crystallization process the concentration of components in the liquid 

phase changes and tends to such a concentration (13% Sb and 87% Pb), when both 

components of Pb and Sb from the liquid crystallize together. Simultaneous 

crystallization process of Pb and Sb occurs at a constant temperature. 
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In an alloy containing 13% of Sb and 87% of Pb, both components 

crystallize simultaneously from the liquid phase (Figure 2.5). The result is a 

homogeneous mechanical mixture. A structure consisting of two or more solid 

phases that simultaneously crystallize from a liquid is called a eutectic. 

The crystallization process begins at the temperature T1 in an alloy 

containing 30% of Sb and 70% of Pb. Crystals of a component that is in excess in 

relation to the eutectic concentration begin to crystallize from the liquid phase 

(Figure 2.6). If Sb crystals evolve from the liquid, then the liquid phase is enriched 

with Pb during the crystallization process. When the concentration of the 

components in the liquid phase reaches the eutectic concentration (13% of Sb and 

87% of Pb), then the simultaneous crystallization of both components will begin at 

a constant temperature T2. 

Cooling curves show that all alloys of the Pb - Sb system finally solidify at a 

constant temperature - T2. This gives reason to believe that the alloy liquid part 

having hardened at a constant temperature T2 has a fixed composition. This 

composition corresponds to an alloy containing 13% of Sb and 87% of Pb. For 

alloys of the type “mechanical mixtures”, the temperature of the end of 

crystallization does not depend on the concentration of the alloy; it is constant for 

all alloys. The chilling temperature changes depending on the concentration of the 

alloy components. 
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Figure 2.4 – Hypoeutectic alloy cooling curve 

 

Figure 2.5 – Eutectic alloy cooling curve 
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Figure 2.6 – Hypereutectic alloy cooling curve 

 

A state diagram — a system of components — is a graphical layout that 

determines the structure of the alloys of a given system, in other words, the nature 

of the interaction of components in an equilibrium state depending on the 

concentration and temperature of the components. 

The state diagram can be constructed according to the cooling curves of 

alloys of various compositions. 

The liquidus line is the locus of the liquidus points. 

The liquidus point is the point at which the crystallization process begins. 

The solidus line is the geometric place of the points of solidus. 

The solidus point is called the end point of crystallization. 

Components - the substances that make up the system. 

A phase is a homogeneous part of a heterogeneous system, delimited from 

other parts of the system (phases) by an interface. The transition through these 

phases leads to abrupt changes the chemical composition or structure of the 

substance. 
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Description of state diagrams 

 

The state diagram for alloys forming mechanical mixtures of pure 

components (first kind) (Figure 2.7). 

Both components in the liquid state are unlimitedly soluble, while in the 

solid state they are insoluble and do not form chemical compounds. 

Components: substances A and B (k = 2). 

Phases: liquid, crystals A and crystals B (maximum value f = 3). 

 

 

Figure 2.7 – State diagram of the first kind 

The state diagram for alloys with unlimited solubility in the solid state (type 

II) (Figure 2.8). 

Both components are unlimitedly soluble in liquid and solid states and do 

not form chemical compounds. 

Components: A, B 

Phase: Liquid, α 
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Figure 2.8 – A state diagram of the second kind 

The state diagram for alloys with limited solubility in the solid state (type 

III) (Figure 2.9). 

Both components are unlimitedly soluble in a liquid state, limited in solid 

and do not form chemical compounds. 

Components: A, B 

Phase: Liquid, α, β 

 

Figure 2.9 – State diagram of the third kind 
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The state diagram for alloys forming a chemical compound (IV kind) 

(Figure 2.10). 

 

 

Figure 2.10 - Diagram of the state of the fourth kind 

 

State diagram 

 

The state diagram of alloys consisting of two components is built in the 

coordinates "temperature - concentration" (Figure 2.11). The temperature is plotted 

along the ordinate, and the concentration is plotted along the abscissa. The total 

content of both components in the alloy is 100%. On the abscissa axis, the 

concentration of Sb in the alloy increases from 0 to 100%, therefore, the 

concentration of Pb in the alloy will increase from right to left. Thus, the extreme 

ordinates correspond to the pure components Pb and Sb. 
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On the ordinate axis, at the points corresponding to the pure components, the 

crystallization temperatures Pb and Sb are noted. Then, based on the performed 

thermal analysis of Pb - Sb alloys with different component contents, cooling 

curves are constructed to determine the crystallization onset temperature T1 and 

crystallization end T2. 

The temperature values - T1 and T2 for each alloy are applied to the vertical 

corresponding to the concentration of this alloy. The crystallization temperatures of 

pure metals and the temperature of crystallization start are connected - T2 by a 

smooth line. The curve corresponding to the beginning of equilibrium 

crystallization of the alloys is called the liquidus line (ASV). 

The curve drawn through the points of the end of crystallization is called the 

solidus line (DSE). 

Above the liquidus line, the alloy is in a liquid state, below the solidus line, 

it is in a solid state. An alloy containing 13% Sb is eutectic. Alloys in which Sb is 

less than 13% are called hypereutectic; if the Sb content is more than 13%, such 

alloys are hypereutectic. 

In the hypereutectic alloys below the AC line, the crystallization process 

begins, Pb crystals are precipitated from the liquid, in the hypereutectic alloys, Sb 

crystals are separated below the GB line. Therefore, in the ASD region, there are 

two phases: W + Pb, in the CBE region: W + Sb. 

During crystallization of hypereutectic and hypereutectic alloys, the 

concentration of the liquid phase changes and tends to eutectic. On the DSE line, 

Pb and Sb crystals are simultaneously separated from the liquid of eutectic 

concentration, i.e. eutectic crystallizes: LJ = Pb + Sb. 
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Figure 2.11 - Pb-Sb status diagram 
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Phase rule 

 

The state diagram gives an idea of the crystallization processes of alloys, 

shows the domains of existence of alloys in liquid and solid states and the 

crystallization interval. This type of diagram allows you determine the equilibrium 

composition of liquid and solid phases at any stage of crystallization. 

The crystallization process obeys the phase rule, which gives a quantitative 

relationship between the degree of freedom of the system and the number of phases 

and components. 

The number of degrees of freedom (variability) of a system is the number of 

external and internal factors that can be changed without changing the number of 

phases in the system. 

For conditions when all transformations occur at constant pressure, the phase 

rule can be expressed by the equation: 

С =  k  f + 1                                                       (1) 

where: C is the number of degrees of freedom of the system; 

            k is the number of components; 

  f is the number of phases. 

The crystallization process of Pb-Sb alloys from the point of view of the 

phase rule is presented in this form. 

During the cooling period of the liquid alloy, the number of degrees of 

freedom is equal to 2; on the Pb-Sb state diagram, this corresponds to point K: 

 

C = k  f + 1= 2 - 1 + 1 =2 

 

This means that you can change the temperature within certain limits, while 

you can also change the concentration of the liquid solution by adding Pb or Sb to 

it, and the alloy will remain single-phased (liquid solution). 
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During the period of crystals separation of a supersaturated component from 

a liquid solution (between the liquidus and solidus lines). Thus, at point M, the 

number of degrees of freedom will be the following: 

 

С = k  f + 1 = 2 - 2 +1=1 

 

This means that you can increase or decrease the temperature within certain 

limits, but the number of phases will remain equal to 2: 

 liquid solution and solid crystals. 

During the formation of a eutectic (solidus line), the number of degrees of 

freedom is 0. 

С =  k  f + 1= 2 3 + 1=0. 

 

On the Pb-Sb state diagram, this equation corresponds to point N. 

This means that the eutectic crystallization occurs at a constant temperature, 

and the concentration of Sb in each phase is fixed, namely: 13% of Sb in a liquid 

solution, 100% of Sb in solid Sb crystals, and 100% of Pb in solid crystals of Pb. 

 

Rule of segments 

 

The rule of segments (or the lever rule) is used to determine the quantitative 

ratio of phases and concentration of phases. 

Let’s consider the alloy with the initial concentration K on the state diagram 

of the Pb-Sb system, Figure 2.11. 

At the temperature T, the alloy consists of Sb crystals and liquid. To 

determine the composition of the phases through a given point a a line should be 

drawn to the intersection with the boundaries of the diagram area. 

          The foot of the point a on the concentration axis will show the composition 

of the liquid phase, and the foot of the point a on the liquidus line will show the 
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composition of the solid phase. The diagram shows that during crystallization with 

decreasing temperature, the composition of the liquid phase changes along the 

liquidus line and strains after the eutectic concentration, while the composition of 

the solid phase remains constant. 

During crystallization, the phase ratio also changes: the amount of the solid 

phase increases while the liquid phase decreases. 

We denote the weight of the liquid phase as Ql, solid as Qs and the total 

weight of the liquid and solid phases as Q. If we write the equation of moments in 

relation to the point a, then 

Ql * ab = Qs * as; Ql / Qs = ac / ab; Ql / Q = ac / bc; Ql = ac / bc * 100%; 

 

Qs / Q = ab / bc; Qs = ab / bc * 100% 

 

Objective 

 

To get acquainted with the methods of conducting thermal analysis of alloys 

and the experimental construction of phase diagrams, using Pb-Sb alloys as an 

example. 

 

Task 

 

1. To perform a thermal analysis of Pb-Sb alloys with a different mixture 

ratio. 

2. To determine the critical temperature values for each investigated alloy. 

3. To build an approximate state diagram for Pb-Sb alloys. 

4. To learn the rules of phases and segments. 
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Methodology 

 

The methodology for performing the work is similar to work No. 1. 

Research is conducted on the same equipment. The results of thermal analysis of 

each of the three alloys are recorded in table 2.1. 

Table 2.1 

Reference 

number 

Indications of a galvanometer, mv Note 

5 % of Sb 13 % of Sb 30 % of Sb 
The countdown is made 

every 30 seconds. 

1     

2     

n     

 

According to the data of thermal analysis, cooling curves are constructed in 

the coordinates "electromotive force - time", where EMF1 values are determined - 

corresponding to the beginning of crystallization and EMF2 - corresponding to the 

end of crystallization. 

Using the calibration curve (laboratory work No. 1), the upper and lower 

critical temperatures valued in C are determined by the value of the electromotive 

force. This data is also recorded in table form, (table 2.2). 

Table 2.2 

Metal 

or 

alloy 

 

Upper critical temperature T1 

(start of crystallization) 

Lower critical 

temperature T2, 

(end of 

crystallization) 

Emf C Emf C 

0 % of Sb 

(pure lead) 
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5 % of Sb, 95 % of Pb  
 

 
 

13 % of Sb, 87 % of Pb  
 

 
 

30 % of Sb, 70 % of Pb  
 

 
 

100 % of Sb 

(pure antimony) 

 
 

 
 

 

Based on table 2.2, an experimental state diagram of the lead-antimony 

system is plotted. 

 

The order of developing the report 

 

The report should provide for the following: 

1. The purpose of the work and assignments for its implementation; 

2. Brief information on the theory; 

3. EMF measurement results for all investigated alloys (table 2.1); 

4. The values of critical temperatures for lead, antimony and their alloys 

(table 2.2); 

5. The constructed cooling curves for all types of Pb - Sn alloys. 

6. An approximate state diagram of the Pb - Sn alloys constructed from the 

experimental results. 

 

Test questions 

 

1. The essence of thermal analysis of Pb-Sb alloys. 

2. The structure of the state diagram. 

3. Definition of the phase rule. The equation of the phase rule. 

4. Definition of the rule of segments. 

5. Mechanical mixtures. 

6. Solid solutions. 
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7. Chemical compounds. 

8. The methodology of the work. 

9. The technique of plotting a state diagram. 

10. Under what conditions does the simultaneous crystallization of Sb and 

Pb from a melt occur? 

11. Definition of the term - eutectic. 

12. The solidus line, the liquidus line. 

13. Equipment for conducting the analysis. 

14. The order of the work. 

15. Report on the results of laboratory work. 
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LABORATORY WORK №3 

"MICROSTRUCTURAL ANALYSIS 

LEAD ANTIMONY ALLOYS" 
 

Various methods are used to study the crystal structure of metals and alloys 

in metallurgy. These methods are divided into two types: 

 methods for studying the internal structure of metals; 

 methods for studying the external forms of crystals. 

The internal crystals structure, or the mutual arrangement of atoms in the 

crystal lattice is studied using x-ray diffraction analysis, the external forms and 

sizes of crystals are studied using macro - and microstructural analysis. 

The combination and relative position of crystals (grains) in metals and 

alloys is called structure. 

Due to the fact that metals are opaque, the shape of crystals (grains), their 

sizes and relative positions can be studied on kinks or specially prepared samples 

called thin sections. 

Macrostructural analysis gives an idea of the general structure of the metal 

and allows you evaluate its quality after various types of treatment: casting, 

pressure treatment, welding, thermal and chemical-thermal treatment. 

Macrostructural analysis is used to study and control the structure of alloys 

with the naked eye or using a magnifier with a 30х increase on fractures and on 

thin sections. In this case, you can simultaneously observe the large surface of the 

workpiece. It often allows you judge the quality of the metal and determine the 

conditions of the previous treatment having affected the continuity of the metal and 

the features of its structure after solidification during casting, as well as the nature 

and quality of the treatment applied to give the part its final appearance. 

Macroanalysis, in contrast to microscopic analysis, cannot determine all the 

structural features of the metal. Therefore, macroanalysis is often not a final, but 

only a preliminary type of research. According to the macroanalysis data, you can 
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select those parts of the studied detail that need to be subjected to further, more 

detailed microscopic examination. 

Using macroanalysis, you can determine: 

 the type of fracture - viscous, brittle, naphthalene, stone-like, etc. 

 discontinuities in the metal — shrinkage friability, central porosity, fistulas, 

subcortical vesicles, intergranular cracks; cracks that occurred during 

pressure and heat treatment; flokens in steel, welding defects (in the form of 

lack of penetration, gas bubbles); 

 dendritic structure, transcrystallization zone, grain size and orientation in the 

cast metal; 

 fibrous structure of the deformed metal; 

 structural or chemical heterogeneity of the metal created by thermal, 

thermomechanical and chemical-thermal treatment; 

 chemical heterogeneity of the cast metal (liquation) and the presence of 

foreign inclusions in it; 

 hardenability (for tool steels, which require the preservation of a viscous 

core). 

Microscopic analysis or microanalysis is used to study the internal structure 

of metals and alloys with an optical microscope with an increase of 50 to 1,500 

times or with an electron microscope with an increase of about 5,000 ... 20,000 

times. 

Using microstructural analysis, the metal is evaluated in its delivery state, 

the presence of harmful and fusible inclusions is detected, the quality of various 

methods of thermal and chemical-thermal treatment is checked on, the connection 

between the structure and the strength, plastic properties and wear resistance of 

metals and alloys is established, etc. 

Microstructural analysis is performed in the following sequence: preparing 

thin sections, revealing the structure by etching thin sections, studying the structure 

under a microscope. 
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Sample Preparation 

 

For the study, a site is chosen, it is cut out of the metal in such a way that the 

desired section gets into the crosscut. The size of the samples depends on the 

studied objects and to a large extent on the goals and objectives of the study. 

Samples are cut on lathes or a hacksaw if the studied metal has a low value 

of hardness. If a study of hardened steels is to be carried out, then the samples are 

cut using the anodic-mechanical method or bakelite circles with massive water 

cooling. 

After the manufacture of a specimen intended for study, its surface goes 

through several stages of sequential processing: rough mechanical grinding on 

emery wheels, fine manual grinding on sandpaper and final mechanical polishing 

on circles. 

When replacing the paper with a paper of a different number, the sample 

should be rotated by 90 so that the risks are directed perpendicular when grinding 

on a finer paper to the previously formed risks when grinding on a larger paper. 

          A thin section for microstructural analysis is considered to be prepared 

qualitatively if its surface has a mirror-like appearance without a single, even an 

insignificant risk or scratch. 

After mechanical preparation of the surface of the thin section, an etching 

operation is carried out. This operation is caused by the fact that the polished thin 

section of the metal in the etched form has the appearance of a bright circle under 

the microscope, on which, if it is available, one can distinguish: pores, shells, 

cracks and non-metallic inclusions. However, it is impossible to see the metal 

structure on such a thin section. Etching is carried out with special reagents in 

order to identify the metal structure of the thin section, mainly with a solution of 

nitric acid in alcohol. 

The reagent is selected so that it provides selective dissolution of the structural 

components. 
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As a result of selective dissolution during etching, projections and 

depressions corresponding to the configuration of individual structural components 

are formed on the surface of the thin section. 

          During the examination the surface of a thin section under a microscope, 

light rays from protrusions and depressions are reflected differently (Figure 3.1). 

Structural constituents etched more (troughs) will appear dark, and non-

etched or less etched - light. Therefore, in the field of view of the microscope, one 

can see the size, shape and relative position of individual grains. 

When conducting microstructural analysis, it should be borne in mind that 

under the microscope the section of a certain metal section is studied, therefore, the 

flat grains visible under the microscope are actually three-dimensional in shape, 

and the grid around the crystals in the thin section plane, if one exists and is 

visible, is actually a section of the shell. 

 

Figure 3.1 – Scheme of reflection of light rays from the surface of the thin section 

and the characteristic form of the microstructure 

 



41 

 

The structure is studied using a MIM-7 microscope. 

The general scheme is shown in Figure 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. – General view of the microscope MIM-7: 1 - the base of the 

microscope; 2 - case; 3 - camera; 4 - screw micrometric (accurate) lens feed; 5 - 

visual tube; 6 - diaphragm handle; 7 - porthole; 8 - a subject little table; 9 - handle 

for moving the table; 10 - terminals; 11 - illuminator; 12 - locking device of the 

illuminator; 13 - a handle for changing light filters; 14 - screw rough feed table; 15 

- frame with frosted glass; 16 - analyzer; 17 - the housing of the Central part. 

 

The optical layout of a vertical microscope is shown at Figure 3.3. 

The thread of the lamp 1 is projected by the collector 2 into the plane of the 

aperture diaphragm 5. 

The system consisting of lenses 6 and 10, a prism 9 and a reflective plate 11, 

the aperture diaphragm is depicted in the plane of the supporting end for the lenses. 

Reflective plate 11 directs rays into the lens, which, reflected from the object, 

again passes through the lens, exit from it in a parallel beam, pass through the 

reflective plate and fall on the achromatic lens 14. 
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Thus, the lens serves not only to obtain images, but is also part of the 

lighting system. The parallel rays emerging from the lens using the lens 14 form an 

image of the object in the focal plane of the eyepiece. During visual observation, a 

mirror 18 is introduced into the course of the rays, which deflects the rays towards 

the eyepiece 19. 

The mirror 18 is turned off during the process of taking a photo and the rays 

are sent directly to the photocular 15. Behind the photococular 15 is a mirror 16, 

which directs the rays to the photographic plate. 

Field aperture 8 is used to confine the area of the observed object. 

 

 

Figure 3.3 – Optical design of a metallographic microscope (MIM-7) 
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The microstructure of Pb-Sb alloys 

 

Pb-Sb alloys are divided into three groups depending on the concentration of 

the components: eutectic, hypoeutectic and hypereutectic alloys, the form of which 

is shown at Figures 3.4, 3.5, 3.6. 

 
 

 

Figure 3.4 – Hypoeutectic 

Pb –Sb alloy (x250) 

Figure 3.5 – Eutectic Pb-

Sb alloy (x250) 

Figure 3.6 – A 

hypereutectic Pb-Sb alloy 

(x250) 

 

The structure of each group of alloys has its own characteristics. 

The structure of the eutectic alloy (13% of Sb and 87% of Pb) (Figure 3.5) is 

formed by equally mixed crystals of Pb and Sb. Lead crystals in the structure are 

black, and antimony crystals are white under a microscope. 

The analysis of this structure shows that lead is the main metal of this alloy, 

while antimony crystals are equally dispersed in it. 

The formation of such a structure is obtained due to the fact that lead, 

prevailing in quantity in the composition of this alloy, manages during 

crystallization to develop to complete mutually contacting grains. In this case, 

antimony does not have time to develop to the size of a normal grain and remains 

mainly in the form of underdeveloped axes of dendrites in the form of small plates. 
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This form of antimony crystallization and the inability to develop its large grains is 

explained by the fact that the solidification of both metals occurs simultaneously, 

at the same temperature, when lead crystals occupy a larger volume, which impede 

the growth and development of antimony crystals. 

The alloy structure (13% Sb and 87% Pb) contains 100% eutectic. 

Pre-eutectic alloys (Figure 3.4), containing less than 13% Sb, have in their 

structure crystals of excess lead in the form of dendritic formations and eutectics. 

Therefore, lead in the structure of these alloys is present in two structural varieties: 

large crystalline formations in the form of dendrites and smaller crystals having the 

form of plates and which are part of the eutectic structures. 

The structure of eaeutectic alloys (Figure 3.6) is characterized in that 

antimony is primarily crystallized as an excess component in it: excess antimony is 

represented in the structure of these alloys in the form of light and large crystalline 

formations. Between these antimony crystals is a eutectic 

Thus, all lead-antimony alloys, regardless of their concentration, have a 

eutectic in the structure. However, the amount of eutectic in the alloys is not the 

same and varies depending on the concentration of the components. 

Objective 

To get acquainted with the methodology of microstructural analysis using a 

metallographic microscope using lead-antimony alloys as an example. 

 

Task 

1. Draw the optical scheme of a metallographic microscope. 

2. Describe the methodology for preparing thin sections. 

3. View the thin sections of lead-antimony alloys under a microscope and 

sketch the observed microstructures. 

4. Draw a state diagram of lead-antimony alloys Pb - Sb. 
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Methodology 

1. The MIM-7 metallographic microscope is adjusted to the required 

magnification; 

2. Microsections from the collection of lead-antimony alloys are sequentially 

mounted on the stage of a metallographic microscope; 

3. The microstructure of each section is studied and the quantitative ratio of 

structural components is determined; 

4. Sketching of the microstructures. 

 

The order of developing the report 

The report provides: 

1. The purpose of the work and assignments for its implementation. 

2. Optical design of a metallographic microscope. 

3. A brief description of the manufacturing method of thin sections. 

 4. Drawings of the microstructures of three typical alloys: pre-eutectic, 

eutectic, hypereutectic, indicating their chemical composition, amount of 

eutectic and primary crystals of lead or antimony. 

5. The state diagram of the alloys Pb-Sb. 

 

Test questions 

1. Metallographic microscope. The principle of operation, the main 

components. 

2. The technique of manufacturing thin sections. 

3. The essence and purpose of microstructural analysis. 

4. Methodology for identifying the microstructure on thin sections by 

etching. 

5. Features of the structure of the eutectic alloy Pb - Sb. 

6. Features of the structure of the hypereutectic alloy Pb - Sb. 

7. Features of the structure of the hypereutectic alloy Pb - Sb. 

8. The methodology of the work. 
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9. Equipment for analysis. 

10. The order of the work. 

11. Report on the results of laboratory work.  
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LABORATORY WORK №4 

"CONSTRUCTION OF A DIAGRAM OF STATE OF IRON-

CARBON ALLOYS AND MICROSTRUCTURAL ANALYSIS OF 

CARBON STEELS IN EQUILIBRIUM STATE" 
 

Alloys are complex substances obtained by fusion of two or more 

components. 

The structure of the alloy depends on what interactions the components 

forming the alloy enter. In this regard, three types of alloys can be formed: 

mechanical mixtures, solid solutions and chemical compounds. 

A solid solution is a phase in which the crystal lattice of one of the 

components (solvent A) is retained, and the atoms of the second component 

(dissolved B), having lost their crystal lattice, are located in the lattice of the 

solvent. 

It is fundamentally important for iron-carbon alloys that the main 

component, iron, exists in two allotropic modifications: a body-centered cube 

(Feα) and a face-centered cube (Feγ). 

The cooling curve of pure iron (Figure 4.1) shows that Fe exists in two 

temperature ranges: below 911 ° C and from 1392 to 1539 ° C. Having reached a 

temperature of 1392 ° C during cooling, Feα undergoes an allotropic 

transformation, during which the crystal lattice of a body-centered cube at a 

constant temperature is rearranged into a lattice of a face-centered Feγ cube. 

The second allotropic transformation during cooling occurs at a temperature 

of 911 ° C, when Feγ (a face-centered cube lattice) is rearranged into a body-

centered cubic Feα lattice. 

At a temperature of 768 ° C, called the Curie point, iron undergoes a 

magnetic transformation: below 768 ° C, the iron becomes magnetic. Magnetic 

transformation is a special kind of transformation. 

Iron and carbon form interstitial solid solutions and chemical compounds. 

Depending on the carbon content, iron-carbon alloys are divided into two 

classes: steel and cast iron. 
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Steels are called alloys containing up to 2.14% carbon. 

Cast irons comprise from 2.14 to 6.67% carbon. 

Depending on the carbon content and the structure of the steels are 

distinguished: 

 technical iron - alloys containing up to 0.02% carbon. 

 pre-eutectoid steels - alloys containing from 0.02 to 0.8% carbon, 

 eutectoid steels - alloys containing 0.8% carbon, hypereutectoid steels are 

alloys containing from 0.8 to 2.14% carbon. 

 

Figure 4.1 - The cooling curve of pure iron 

 

Primary and secondary crystallization of steel 
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When studying transformations in iron-carbon alloys during slow cooling 

and their microstructures in equilibrium, they use the Fe-Fe3C state diagram 

(Figure 4.2), the foundations for the development of which were first given by 

D.K. Chernov in 1886. 

The state diagram of Fe-Fe3C, like other state diagrams for two-component 

systems, is constructed in the coordinates “temperature-carbon concentration in%”. 

Austenite is a structure representing a solid solution of carbon incorporation into γ-

iron; denoted by the letter A. 

Ferrite is a structural component representing a solid solution of carbon 

incorporation into α-iron; denoted by the letter F. 

Cementite is a chemical compound of iron and carbon, the formula is Fe3C. 

The maximum carbon concentration in the phase diagram is 6.67%, which 

corresponds to 100% cementite. 

The maximum carbon content in steel is 2.14%, however, the actual 

maximum carbon content in steel is 1.4%. 

Primary crystallization is the transition of a metal from a liquid to a solid 

state, i.e. the process of formation of solid crystals directly from a liquid melt. 

For carbon steels, this process begins with cooling, when the temperature 

reaches the values corresponding to the ABC line, and ends on the HJE line. After 

the initial crystallization is completed and the temperature corresponding to the 

HJE line is reached, the steel, regardless of its carbon content, has a polyhedral 

austenite structure, which, with further slow cooling, remains to the GS line in pre-

eutectoid steels and to the SE line in hypereutectoid. 

The line ABCD is a liquidus, i.e. geometric locus of dots liquidus. Above the 

liquidus line, the alloy is in liquid form; otherwise, the crystallization process 

begins on the liquidus line. 

Unlike primary crystallization, the process of separation of secondary 

crystals from the solid phase is called secondary crystallization. 



50 

 

The essence of secondary crystallization for carbon steels is the 

decomposition of austenite upon cooling of the steel and the formation of new 

phases: ferrite and cementite. 

Secondary crystallization in hypereutectoid steels begins with the release of 

ferrite upon reaching the temperature level during cooling, corresponding to the 

GS line. The state diagram shows that the temperature of the onset of secondary 

crystallization is not constant. In hypoeutectoid steels, it decreases with increasing 

carbon content. 

The solidus line is the geometrical place of the solidus points, on the 

diagram it is the AHJECF line. Below the solidus line, the alloy is in solid form. 

In the GSP domain, the structure consists of two phases: austenite and 

ferrite. As cooling from the GS line to the PS line, the amount of ferrite gradually 

increases, and the amount of austenite decreases; in the remaining austenite, the 

carbon concentration increases along the GS line towards point S and reaches 0.8% 

at 727 ° C (PS line). 

During cooling of hypereutectoid steels from austenite, secondary cementite 

begins to precipitate along the ES line. With further cooling between the ES and 

SK lines, the steel structure consists of austenite and secondary cementite, the 

amount of which is continuously increasing. When cooled, austenite is depleted in 

carbon and reaches a eutectoid composition (0.8% C) at a temperature of 727 ° C 

(line SK). 

Thus, in hypereutectoid, eutectoid and hypereutectoid steels at a temperature 

of 727 ° C, austenite contains 0.8% C and decomposes at a constant temperature 

into two phases: ferrite and cementite: 

А 0.8% С = (F 0.02% С + C 6.67% С), 

and the structure of the resulting mechanical mixture is called perlite. 
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Figure 4.2 - State diagram of Fe-Fe3C 
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Table 4.1. - Designation of points and their corresponding temperatures on the 

state diagram of Fe-Fe3C (Figure 4.2) 

Point designation t, 
0
C C,% Point value 

A 1539 0 Melting (crystallization) of pure iron 

N 1392 0 
Polymorphic conversion of δ γ in pure 

iron 

G 911 0 
Polymorphic Transformation of α γ in 

Pure Iron 

H 1499 0,1 

δ - solid solution, extremely saturated 

with carbon. Participates in peritectic 

transformation 

J (I) 1499 0,16 
Austenite resulting from peritectic 

transformation 

B 1499 0,51 
The liquid phase involved in peritectic 

transformation 

D 1260 6,67 Estimated Melting Point Fe3C 

E 1147 2,14 Extremely saturated carbon austenite 

C 1147 4,3 
Liquid phase undergoing a eutectic 

transformation 

F 1147 6,67  

P 727 0,02 Extremely saturated carbon 

S 727 0,8 
Austenite undergoing eutectoid 

transformation 

K 727 6,67  

Q 20 0,006 Extremely saturated carbon 
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Table 4.2. - Designation of lines on the state diagram of Fe-Fe3C (Figure 4.2) 

Lines Line value 

AB Liquidus for δ-solid solution 

AH Solidus for δ-solid solution 

BC Liquidus for austenite 

J(I)E Solidus for austenite 

CD Liquidus for cementite (primary) 

HJB Peritectic transformation: δn + LE - γJ 

ECF Eutectic Transformation LC - (γE + Fe3C) 

PSK (A1) Eutectoid Transformation γS- (αр + Fe3C) 

HN 
The onset of the polymorphic transformation of δ-γ in alloys upon 

cooling 

JN (A4) 
The end of the polymorphic transformation of δ-γ in alloys upon 

cooling 

ES (A) The line of ultimate solubility of carbon in γ-Fe 

GS (A3) 
The beginning of the allocation of cementite (secondary) from 

austenite upon cooling 

GP 
The beginning of the allotropic transformation of γ-α in alloys 

upon cooling 

PQ Onset of ferrite precipitation from austenite upon cooling 

MO (A2) The line of ultimate solubility of carbon in α-Fe 

 

The structure of carbon steel in equilibrium 

 

According to the state diagram of Fe-Fe3C, alloys containing up to 0.01% 

carbon are single-phase alloys and have the structure of pure ferrite. When the 

carbon content is from 0.01% to 0.02%, the structure of the alloys consists of 
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ferrite and tertiary cementite released from ferrite along the PQ line. Due to the 

very small amount of tertiary cementite in the structure, it is usually not observed. 

The structure of the hypereutectoid steel containing carbon of more than 

0.02% consists of ferrite and perlite. With increasing carbon content, the amount of 

perlite increases, and the amount of ferrite decreases. 

In pre-eutectoid steels, the carbon content can be determined with sufficient 

accuracy by the microstructure, assuming that all carbon is in perlite. To determine 

the carbon content, it is necessary to determine what part of the field of view on the 

thin section is occupied by pearlite sections, and multiply the resulting value by 

0.8. For example, if 40% of the total area is occupied by perlite, then the carbon 

content in steel 

40: 100 x 0.8 = 0.32%. 

The structure of eutectoid steel is perlite, i.e. a mechanical mixture of two 

phases - ferrite and cementite, in which cementite particles are evenly distributed 

in the mass of ferrite. Depending on the form of cementite precipitates, lamellar 

and granular perlite are distinguished. 

The hypereutectoid steel structure consists of perlite and secondary 

cementite. With an increase in the carbon content in steel, the amount of secondary 

cementite also increases; in hypereutectoid steel, secondary cementite is released 

mainly in the form of a fine mesh along the boundaries of perlite grains. In 

conventional etching with a four percent solution of nitric acid in alcohol, the 

cementite network has the same light color as the ferrite network in hypereutectoid 

steels. In order to make sure in doubtful cases that cementite is inclusions, the 

polished section is re-polished and etched with a special solution of sodium 

picrate, which stains cementite with a dark color and does not stain ferrite. 

The influence of constant impurities on the properties of steel 

Permanent impurities of steels are considered to be manganese, silicon, 

phosphorus, sulfur, as well as (hydrogen, nitrogen, oxygen), in one or another 

amount constantly present in technical grades of steel. 

Consider the effect of some impurities separately. 
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Phosphorus. Iron ores contain a certain amount of phosphorus, which in the 

production process goes into steel. During steelmaking in the main open-hearth 

furnaces, most of the phosphorus is removed from the metal. 

The presence of phosphorus above 1.2% leads to the formation of iron 

phosphide Fe3P. Dissolving in ferrite, phosphorus increases the strength of steels, 

reduces ductility and toughness, sharply increases the temperature of transition to a 

brittle state, or otherwise - causes cold brittleness of steel. 

Sulfur. Like phosphorus, sulfur enters the metal from ores, as well as from 

furnace gases, a product of fuel combustion (SO2). 

The sulfur content (S) in high-grade steels should not exceed 0.02-0.03%. In 

general-purpose steels, the permissible sulfur content is higher - 0.03-0.04%. By 

special treatment of liquid steel, the sulfur content in the steel is adjusted to 

0.005%. 

Sulfur does not dissolve in iron, so any amount of it forms iron sulfide FeS 

with iron. This sulfide is part of the eutectic, which is formed at 988 ° C. 

The increased sulfur content in steels leads to their brittleness due to low-

melting sulfide eutectics that occur along grain boundaries. The phenomenon of 

red breaking occurs at a temperature of 800 ° C, that is, at a temperature of red-hot 

steel. 

Sulfur has an adverse effect on ductility, toughness, weldability and surface 

quality of steels (especially in steels with a low carbon and manganese content). 
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Mechanical properties of slowly cooled steels 

 

The increase in carbon content leads to an increase in perlite in the structure 

of hypereutectoid steels and secondary cementite in the structure of hypereutectoid 

steels. 

Thus, with an increase in the carbon content in the structure of slowly cooled 

steels, the amount of cementite in them increases, and the amount of ferrite 

decreases. Such changes in the structure of steel lead to a change in its mechanical 

properties. Ferrite has a low strength (σb<250 MPa), low hardness (HB < 80) and 

high ductility (∆l<50%). Cementite has a high hardness (HB> 800) and practically 

does not have plastic properties. 

Figure 4.4 shows the dependences of the mechanical properties of hot-rolled 

steel, for which the final formation of the structure, and therefore the properties, is 

determined by relatively slow cooling after hot rolling, on the carbon content. The 

given values of mechanical properties are averaged and can fluctuate within 10% 

depending on the cooling conditions after rolling, the content of impurities and 

other reasons. 

It can be seen from the above dependences that, with an increase in the 

carbon content in slowly cooled steel, its hardness and strength increase, while 

ductility (relative elongation and relative narrowing) decreases. 

The decrease in tensile strength with an increase in carbon content above 1% 

is associated with the appearance in the steel structure of a brittle network of 

secondary cementite along the perlite grain boundaries. 
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Figure 4.4 - Effect of carbon content on the mechanical properties of steel 

 

Steel classification 

 

The following types of steels are distinguished by quality, which are 

determined by the content of harmful impurities, namely sulfur and phosphorus: 

 Ordinary quality - 0.05-0.045%; 

 High-quality - 0.045-0.035%; 

 High quality - 0.035-0.025%; 

 High quality - less than 0.015%. 

Steel are: 

 Carbon; 

 Alloyed. 

By carbon content (C): 
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 Low carbon, in which the carbon content is less than 0.025%; 

 Medium carbon - varies from 0.025 to 0.6%; 

 High carbon - more than 0.6%. 

According to the purpose, they are divided into the following groups: 

 Structural; 

 Instrumental; 

 Steel with special properties. 

 

Steel marking 

 

Carbon steel of ordinary quality: 

Marked St.2kp., BSt.3kp, VSt.3ps, VSt.4sp. 

St - the index of this group of steel. The numbers from 0 to 6 are the 

conditional number of the steel grade. With an increase in the brand number, 

strength increases and the ductility of steel decreases. 

The carbon content does not exceed 0.25%. 

There are three groups of steels for delivery guarantees: A, B and C. 

For steels of group A, mechanical properties are guaranteed upon delivery, 

the index of group A is not indicated in the designation. 

For steels of group B, the chemical composition is guaranteed. 

For Group B steels, both mechanical properties and chemical composition 

are guaranteed upon delivery. 

The indices kp, ps, cn indicate the degree of deoxidation of steel: kp is 

boiling (characterized by a high degree of gas evolution during crystallization of 

steel, difference in chemical composition over the cross section of the ingot), ps is 

semi-calm (steel is only partially deoxidized), cn is calm (steel, in which almost no 

gas evolution occurs during crystallization of the ingot, due to the complete 

removal of oxygen). 

Structural carbon steel: 



59 

 

Quality steels containing sulfur and phosphorus. 

Marked with a two-digit number, indicating the average carbon content in 

hundredths of a percent. 

Example: Steel 08 - steel with a carbon content of 0.08%; 

Steel 10 - steel with a carbon content of 0.10% 

Steel 45 - steel with a carbon content of 0.45%. 

Tool quality carbon steels. 

They are marked with the letter Y and a number indicating the carbon 

content in tenths of a percent. 

Example: U8 steel - tool steel with a carbon content of 0.8%; 

Steel U13 - tool steel with a carbon content of 1.3%. 

Tool high quality carbon steels. 

They are marked similarly to instrumental ones of high quality, only at the 

end of the brand they put the letter A, which means high quality steel. 

Example: Steel U12A - high-quality tool steel with a carbon content of 1.2%. 

Alloy steel. 

The designation is alphanumeric. Alloying elements are conventionally 

marked with the letters of the Russian alphabet (table 3). The number following the 

symbol of the element indicates its percentage. 

In alloy structural steels, a two-digit number indicating the carbon content in 

hundredths of a percent (for example, 15KHGN steel) is indicated at the beginning 

of the grade, a single-digit number indicating carbon content in tenths of a percent 

is indicated at the beginning of the grade, or it is not indicated if the content carbon 

no more than 1% (steel CVG). 

Alloy steel according to the degree of alloying is divided into: 

 low alloyed (alloying elements up to 2.5%), 

 medium doped (from 2.5 to 10%), 

 highly alloyed (more than 10%). 
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Table 4.3. - Designation of alloying elements 

Steel grade 

designation (in 

Russian/translation 

designation) 

Element Steel grade 

designation 

Element 

Х/Kh chromium Д/D copper 

Н/N nickel Ф/F vanadium 

М/M molybdenum С/S silicon 

В/V tungsten П/P phosphorus 

К/K cobalt Р/R boron 

Т/T titanium Б/B niobium 

А/A nitrogen Ц/Ts zirconium 

Г/G manganese Ю/Yu aluminum 

 

Steel for special purposes. 

Automated steels have a high sulfur content up to 0.3% and phosphorus up 

to 0.15%. They are used in the manufacture of fasteners: bolts, nuts, etc. They are 

marked with the letter A, which indicates the name of the steel - automatic, and a 

two-digit number that shows the average carbon value in hundredths of a percent. 

Example: A12 - automatic steel with a carbon content of 1.2%. 

High-speed tool steels are marked with the letter P, which is the index of this 

group, and a number that shows the percentage of the main alloying element - 

tungsten. If steels contain alloying elements, their content is indicated after the 

designation of the corresponding element. The carbon content in such steels is 

more than 1%. 

Example: P18 is a high-speed tool steel with a carbon content of 1% and 

tungsten 18%. 

Ball-bearing steel is marked with the letters - - the index of this group, X - 

indicates the presence of chromium in steel and a number showing the chromium 
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content in tenths of a percent. The alloying elements included in the steel are also 

indicated. The carbon content is more than 1%. 

Example: ШХ6/ShKh6 - ball-bearing steel with a carbon content of 1% and 

chromium 0.6%. 

 

Decoding examples of steel marking 

 

Steel 45 

Structural steel; medium carbon with a carbon content of 0.45%; high-

quality, i.e. the content of sulfur and phosphorus is 0.045-0.035%, if the letter A 

(Steel 45 A) were at the end - high-quality, and Ш/Sh (Steel 45 Ш/Sh) - especially 

high-quality. 

 

Steel 20Kh18N14M4AS A 

Structural steel; alloyed with a carbon content of 0.2%; because at the end is 

the letter A, then it is high quality; highly alloyed, containing the following alloyed 

elements: 

chromium - 18%, nickel - 14%, molybdenum - 4%, nitrogen - 1%, silicon - 1%. 

  

Objective 

 

1. To get acquainted with the state diagram of iron-carbon alloys and to 

study the nature of transformations in carbon steels during slow continuous 

cooling. 

2. To study the microstructure of carbon steels in equilibrium. 

3. To study the effect of carbon content on the mechanical properties of 

slowly cooled steels. 

 

Task 

1. Build a state diagram of the Fe-Fe3C system. 
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2. Perform an individual task - to build a cooling curve of an iron-carbon 

alloy with a carbon content specified by the teacher. 

3. Using a microscope, examine control sections of steels, determine their 

phase composition, structure, and approximate carbon content. Sketch 

microstructures of the studied steels. 

 

The order of developing the report 

 

The report provides: 

1. The purpose of the work and Task of its implementation. 

2. Cooling curve for steel with a given carbon concentration. 

3. Drawings of microstructures - hypereutectoid, eutectoid and hypereutectic 

carbon steel and their analysis. 

  

Test questions 

 

1. Allotropic modifications of iron. 

2. The temperature ranges of the existence of Feα and Feγ. 

3. Curie point. 

4. Two classes of iron-carbon alloy. Carbon content for everyone. 

5. Technical iron. 

6. Pre-eutectoid steels. Definition 

7. Eutectoid steels. Definition 

8. Hypereutectoid steels. Definition 

9. The diagram "iron-cementite." 

10. Primary crystallization of steel. 

11. Secondary crystallization of steel. 

12. Definition: austenite, ferrite, cementite, perlite. 

13. The structure of hypereutectoid steel. 

14. The structure of eutectoid steel. 
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15. The structure of hypereutectoid steels. 

16. The methodology for determining the carbon content by the 

microstructure of the thin section. 

17. The order of the work. 
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LABORATORY WORK №5 

"MICROSTRUCTURAL ANALYSIS AND PROPERTIES OF 

CAST IRON" 
 

Cast iron is an alloy of iron with carbon in which the carbon content is at 

least 2.14%. 

Depending on the amount and form of the rejected carbon (depending on 

the cooling rate, the impurity content and subsequent processing), cast irons are 

divided into white, gray, malleable and ductile.  

In iron carbon alloys, carbon is in the form of graphite. The 

crystallographic structure of graphite is layered (Figure 5.1). 

The distance between carbons lying in the same plane is 1.42 A, and the 

distance between the planes is 3.40 A. Graphite is formed directly from the liquid 

phase. When silicon or aluminum are inserted into graphite, the graphitization 

process is accelerated. If it is necessary to interrupt the graphitization process, 

insertion of chromium and manganese is applied as they increase the stability of 

carbides. 

 

Figure 5.1 – Crystallographic structure of graphite 
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White cast iron 

 

White cast iron is a type of cast iron, in which almost all present carbon (a 

small amount (0.02%) of carbon is in ferrite, one of the phases in the structure of 

white cast iron) is in a combined state in the form of cementite at normal 

temperature. Such kinked cast iron has a white color. 

The primary crystallization of white cast irons begins at the BCD line 

(Figure 4.2). According to the phase diagram, hypoeutectic (C <4.32%), eutectic 

(C = 4.32%) and hypereutectic (C> 4.32%) white irons are distinguished (Figure 

5.2,5.3,5.4). Below the BC line in hypoeutectic irons austenite crystals are 

separated out from the molten liquid while in hypereutectic cast-iron crystals of 

primary cementite formed during the primary crystallization are separated. 

 

   

Figure 5.2. - White 

hypoeutectic cast iron 

Figure 5.3 - White 

eutectic cast iron 

Figure 5.4 - White 

hypereutectic cast iron 

   

Under the decrease of temperature the amount of the formed austenite 

increases in the hypoeutectic cast iron while in the hypereutectic cast iron the 

quantity of the formed cementite increases under similar conditions. As a result, 

the concentration of carbon in the liquid phase of hypoeutectic cast irons increases 

while the hypereutectic cast iron decreases. 
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The carbon content in the liquid phase of cast irons becomes equal to 4.32% 

on the ECF line (temperature 1147 °С), At this temperature, austenite and 

cementite crystals are simultaneously formed from the liquid phase - an eutectic 

transformation occurs. 

Led 4.3 % С → А 2,14% С + C 6.67% С. 
 

The structure of the mechanical mixture of austenite and cementite 

containing 4.32% C is called ledeburite (Led). 

Thus, at the time of completion of primary crystallization, the structure of 

the hypoeutectic cast irons will be A + Led, the eutectic cast iron will be Led, and 

the hypereutectic cast iron will be C1 + Led. 

Secondary crystallization in cast irons on the PSK line is similar in its 

mechanism to secondary crystallization in steels and it comes down to the 

decomposition of austenite into a ferrite-cementite mixture. 

The structure of hypoeutectic cast irons will be – Ledtr + P + C, eutectic - 

Ledtr, and hypereutectic – Ledtr + C1 below the PSK line (727 °С). 

The transformed ledeburite (Ledtr), unlike ledeburite, consists of a mixture 

of perlite and cementite, it contains 4.32% of carbon. Secondary cementite released 

from the austenite grains during the cooling of the alloy from 1147°C to 727 °C 

usually sides with the cementite of ledeburite. 

White cast iron, in the structure of which cementite is present in large 

quantities, is a very hard and brittle alloy, so it does not find direct application as a 

structural material. White cast iron is applied in metallurgy for its redistribution 

into steel and in a small amount - for producing malleable cast iron. 

 

Gray cast iron 

 

Gray iron is a type of cast iron, in which almost all or most of its carbons are 

in the form of graphite, which has the form of thin platelets (flakes), in the bound 

state (in the form of cementite), the carbon content does not exceed 0.8%. 
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Due to the huge amount of graphite in the structure, this broken cast iron has 

a gray color. 

The carbon content in gray cast irons usually ranges from 2.9 to 3.7%. 

Depending on the structure of the metal base, there are: 

- ferritic cast iron (shown in Figure 5.5) having bound carbon (ferrite) in 

amount of 0.02%, and the rest - in the form of graphite;  

- ferrite-pearlitic cast iron (shown in Figure 5.6) where bound carbon 

(ferrite and cementite) amounts to 0.8%, the rest forming graphite;  

- pearlitic cast iron (shown in Figure 5.7) where bound carbon is about 

0.8% (in ferrite - cementite), and the rest is presented by graphite. 

-  

 

 

 

Figure 5.5 - Gray ferritic 

iron 

Figure 5.6 - Gray ferrite-

pearlitic iron 

Figure 5.7 - Gray 

pearlitic cast iron 

 

The structure of the metal base, as well as the quantity, size and shape of 

graphite in gray cast iron, depends on its chemical composition and the casting 

technology. Upon that, the content of carbon, silicon, manganese and the castings 

cooling rate have a significant importance. 

Gray cast iron - a cheap and non-deficient, typical casting alloy - is widely 

used in mechanical engineering for the manufacture of cast parts. It has high 



68 

 

casting properties (low shrinkage, good fluidity, a relatively low melting point), 

also it can be easily processed with a cutting tool. 

The mechanical properties of gray cast iron depend on the structure of its 

metal base and, to a large extent, are determined by the number, shape and size of 

graphite inclusions in it. 

Due to the low mechanical strength of graphite, the pellet shape of its 

inclusions in gray cast iron is disadvantageous. Even at low tensile stresses the 

plates having sharp edges show substantial local stress concentrations, and due to 

pronounced bulk stress state the potential of plastic deformation of the metal will 

be virtually lost. 

Therefore, the elongation and impact hardness of gray cast irons are close to 

zero (table 5.1). 

 

Malleable iron 

 

A type of cast iron with flaky graphite inclusions is known as malleable cast 

iron. The name "malleable cast iron" is conventional, since the blanks of products 

from it, like from any other cast iron, are made not by forging, but by casting. At 

the same time, this type of cast iron has higher plastic properties compared to gray 

cast iron. 

The schematic diagram of the technology for producing malleable cast iron 

parts consists of two operations. First, by casting, parts are obtained from white 

hypoeutectic cast iron (with the carbon content of 2.5 - 3.3%), the structure of 

which consists of perlite and ledeburite. Then, the obtained castings are annealed, 

during which cementite, which is part of ledeburite and perlite, decomposes into 

ferrite and graphite (annealing carbon). 

Depending on the degree of decomposition of cementite determined by the 

conditions of the annealing, the structure of the metal base of malleable cast iron 

can be: 
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 ferrite - with the complete decay of cementite, which is part of perlite and 

ledeburite; 

 ferrite + perlite - with a partial decomposition of cementite, which is only 

found in ledeburite; 

 perlite - in case of partial decomposition of cementite, which is included 

only in ledeburite. 

The microstructures of malleable cast iron with possible metal bases are 

shown in Figures 5.8 and 5.9. 

 

  

Figure 5.8 – Malleable ferritic iron Figure 5.9 - Malleable pearlite cast iron 

 

The flaky shape of graphite is the main reason for the higher strength and 

ductility properties of malleable cast iron compared to gray cast iron (table 5.1) 

due to the less pronounced bulk stress state near the stress concentrator - the cavity 

occupied by the inclusion of graphite. 

Despite the high mechanical properties of malleable cast iron, its use is 

limited due to the casting wall thickness which cannot exceed 50 mm. 

 

Ductile (modified) Cast Iron 

 

Cast iron having spheric graphite is called ductile cast iron (Figure 5.10). 

The modification operation consists of the following procedures: before casting 
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into the molds, small additives, called modifiers, are introduced into the ladle, 

which highly affect the crystallization process. Ferrosilicon and aluminum are used 

to modify cast iron, but magnesium is considered to be the best modifier, when it is 

introduced (about 0.5%) into liquid cast iron, the released graphite takes on a 

spherical shape. 

Inclusions of a spherical shape do not cause significant non-uniformity in the 

distribution of stresses, and therefore, such a strong decrease in ductility as plate 

inclusions with sharp edges is not provoked. 

The structure of the metal base of modified high-strength cast iron can be: 

 ferritic; 

 ferrite-pearlitic; 

 pearlitic. 

 

 

Figure 5.10 - Ductile ferritic-pearlitic iron 

 

In magnesium-modified cast iron with a ferrite base, the strength limit and 

the temporary tensile strength can exceed 400 MPa, and elongation comes up to 

15%. In pearlitic ductile cast iron, the temporary tensile strength exceeds 600 MPa, 

and the relative elongation sets up at 3% (table 5.1). 
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Table 5.1. - Mechanical properties of cast irons 

Characterization 

of mechanical 

properties 

Gray cast iron * 

(with lamellar graphite) 

GOST 1412-85 

Malleable iron 

(flake graphite) 

GOST 1215-79 

Ductile iron 

(with spherical graphite) 

GOST 7293-85 

Ferritic Pearlite Ferritic Pearlite Ferritic Ferritic Pearlite 

SCh15 SCh 350 KCh35 КCH40 VCh35 VCh40 VCh60 

Minimum 

tensile 

strength, MPa 

150 350 350 400 350 400 600 

Relative 

extension, % 
  10 3 22 15 3 

Brinell 

hardness, HB 
210 275 149 201 

140-

170 

140-

202 

192-

277 

* With a wall thickness of 15 mm. 

 

Castings of any size can be obtained from high-strength magnesium cast 

iron, as the shape and distribution of graphite do not depend on the castings 

cooling rate. 

 

Impurities effect 

Industrial cast iron contains the same impurities as carbon steel, i.e. 

manganese, sulfur, phosphorus and silicon, but in larger quantities than steel. 

These impurities significantly affect the conditions of graphitization, the structure 

and properties of cast iron. 

Silicon especially affects strongly the structure of cast iron, enhancing the 

process of graphitization. The silicon content in cast irons ranges from 0,3-0,5% to 

3-5%. 

Unlike silicon, manganese prevents the process of graphitization, so it 

promotes bleaching of cast iron. 
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Sulfur also contributes to the bleaching process of cast iron, but at the same 

time aggravates the casting properties (reduces fluidity), that is why the sulfur 

content in cast iron is limited: the upper limit for small castings is 0.08%. For 

larger castings the limit makes up to 0,1- 0,12% when the quality of liquidity is 

allowed to be slightly lower. 

Phosphorus practically does not affect the graphitization process. However, 

it improves liquidity thereby phosphorus happens to be a useful impurity. 

 

Cast iron marking 

 

Gray cast iron marking 

Gray cast iron is lettered as SCh. After these letters numbers indicating the 

smallest temporary fracture resistance in 
𝑘𝑔

𝑚𝑚2
 come.  

According to GOST 1412-85 "Flake graphite iron for castings. Grades" [4] 

gray cast irons are designated as follows: 

SCh-10, SCh-15, SCh-20, SCh-35. 

Ductile iron marking 

Ductile cast iron is lettered as VCh. After these letters numbers indicating 

the smallest temporary fracture resistance in 
𝑘𝑔

𝑚𝑚2
 come.  

Ductile cast irons unlike gray cast irons are divided into 8 main grades.  

Ductile cast iron is lettered as: 

VCh-35, VCh-40, VCh-45, VCh-50. 

Malleable cast iron has a similar marking as KCh, the only difference is that 

after letters there are two groups of numbers, for example: KCh 37-12. 

The first two digits that come after the letters indicate the smallest temporary 

fracture resistance in 
𝑘𝑔

𝑚𝑚2
 while the last group of digits indicates the percentage of 

relative elongation during tension. 
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As for ductile, gray and malleable cast irons, they are usually classified 

directly by its grades. These grades have a difference in their level of guaranteed 

mechanical properties. 

Malleable cast irons are divided into 11 grades, they are designated as 

follows: KCh 30-6, KCh 33-8, KCh 35-Yu, KCh 80-1.5. 

Alloyed cast iron has a marking, in which first there is the letter Ch, and then 

letters and numbers come. 

The letter Ch in the marking of alloyed cast iron indicates that it is cast iron, 

and the letters and numbers that follow further indicate which alloying element is 

present and which is its quantity. 

For example, the marking ChG6S3 means that this type of cast iron contains 

6% of manganese, also 3% of silicon. 

Special types of cast iron usually have higher requirements for either wear 

resistance or heat resistance. Moreover, they are resistant to the formation of the 

corrosion process. 

The alloying process of special cast irons is performed due to such elements 

as silicon, nickel, chromium and others. 

Here are examples of conventional signs of some special cast irons: 

ZhChH – Heat-resistant, chrome (corrosion-resistant); 

AChS – Gray, anti-friction; 

ChN2H – Wear-resistant, nickel (corrosion resistant) 

ZhChS5 – Silicon, heat-resistant. 

 

Objective 

 To study the nature of transformations in cast iron under cooling.  

 
1. To study the microstructure and mechanical properties of cast iron.  
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Task 

 

1. Build a cooling curve for white cast iron having carbon concentration as 

provided by supervisor.  

2. Investigate thin sections of white, gray, malleable and ductile cast irons 

using microscope. Sketch the microstructure of the examined cast irons. 

 

The order of developing the report 

 

The report should provide for the following: 

 

1. The purpose of Task and assignment to implement it. 

2. The cooling curve plotted for white iron under given concentration of 

carbon. 

3. Sketches of microstructures in hypoeutectic, eutectic and hypereutectic 

white cast iron, in gray, ductile and nodular cast iron having different 

structure of the metal base. To conduct analysis of the studied 

microstructures. 

  

Test questions 

 

1. The definition of white, gray, malleable and ductile cast irons. 

2. The process of primary crystallization of white cast irons. 

3. Ledeburite and its composition. 

4. The structure of hypoeutectic, eutectic and hypereutectic cast irons at the 

end of primary crystallization. 

5. Secondary crystallization in cast irons. The mechanism of the process. 

6. The field of use of white cast irons in metallurgy. 

7. Casting and mechanical properties of gray cast iron. 
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8. Schematic diagram of the technology for producing malleable cast iron 

parts. 

9. The structure of the metal base of malleable iron. 

10. The producing method of ductile (modified) cast iron. 

11. The structure of the metal base of modified malleable cast iron. 

12. Mechanical properties of malleable cast iron. 

13. Designation of cast irons according to the GOST standards. 

14. The microstructure of cast irons. 

15. The order of the work. 

 

 

 

 

 

 

 

 

 

  



76 

 

LABORATORY WORK №6 

“THERMAL TREATMENT OF CARBON STEELS: 

ANNEALING, NORMALIZATION, HARDENING” 
 

Heat treatment of steel is a set of operations such as heating to a certain 

temperature, the process of equalizing and subsequent cooling. These operations 

are carried out in order to change the structure of steel. It leads to the improvement 

the technological properties of blanks (rolling, forging, casting) and obtainment of 

the necessary operational properties of the material. 

The formation of the steel structure is mainly associated with the 

decomposition of austenite during its cooling at different rates. 

A stable state of austenite in steels occurs at temperatures above Ac3 (GSE 

line, Figure 6.1). 

In the temperature range of Ac3 - Ac1 (GSE - PSK lines), such excess phases 

as ferrite in hypoeutectoid steels and secondary cementite in hypereutectoid steels 

are separated during cooling. As a result, the dissolved carbon content in the 

remaining austenite reaches 0,8% at a temperature of 727 °C. In a balanced 

condition, austenite, containing 0.8% of carbon, decomposes at a temperature of 

727 °C with the formation of perlite - a eutectoid mechanical mixture of ferrite and 

cementite. 

With continuous slow cooling at a speed of V1, (Figure 6.2), the pearlite 

transformation can begin and end at temperatures below 727 °C. The 

decomposition temperature of austenite decreases with an increase of the cooling 

rate (V3>V2>V1). This process leads to the grinding of plates of a ferrite-cementite 

mixture. 
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Figure 6.1 - The state diagram of iron – cementite 
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Figure 6.2 - Diagram of isothermal decomposition of austenite with vectors of 

different cooling rates 

 

As a result, perlite, sorbite, and troostite structures are formed, which differ 

in the size of ferrite and cementite formations (dispersion degree) and, therefore, 

they all have different mechanical properties. 

The coarse-grained ferrite-cementite mixture in perlite provides the highest 

values of impact strength, relative elongation and relative reduction compared to 

sorbite and troostite, while the values of such properties as hardness, tensile 

strength and yield strength are the lowest. 

The dispersed fine-grained structure of troostite provides higher values of 

hardness and strength properties; sorbite occupies an intermediate position between 

perlite and troostite in terms of the same mechanical properties. 
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Only a part of the austenite can pass into the ferrite-cementite mixture 

(troostite) with a further increase of the cooling rate (V4). The remaining austenite 

undergoes diffusionless conversion into a supersaturated solid solution of carbon in 

Fe, which is called martensite. 

In the martensitic diffusionless transformation, the cubic face-centered 

austenite lattice is rearranged into a body-centered Fe lattice while the carbon at 

its initial structure concentration remains constant. 

The Fe lattice is able to accommodate only a limited amount of carbon – the 

carbon content cannot exceed 0.02%. Therefore, an excess amount of carbon of the 

initial austenite (max – 2.14%) distorts the cubic body-centered Fe lattice to a 

tetragonal body-centered lattice. The ratio of the c/a periods, or the tetragonality of 

the martensite lattice, rises with increasing carbon content (Figure 6.3). 

 

 

Figure 6.3 - Models of crystalline cells of martensite 

 

The carbon diffusion redistribution is completely eliminated with continuous 

cooling at an even higher speed (V5>V4) and only the martensitic transformation 

can occur. Moreover, a part of the austenite remains unreacted. 
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Mb (the temperature of the beginning of the martensitic transformation) and 

Me (the temperature of the end of the martensitic transformation) are determined 

by the carbon content in the steel; the more there is carbon in austenite, the lower is 

the temperature of Mb and Me (Figure 6.4). 

 

Figure 6.4 - Effect of carbon content on the position of the martensitic points Mb 

and Me 

 

The amount of retained austenite depends on the carbon content in the steel. 

In high-carbon steels, the amount of residual austenite is high. 

The velocity vector Vk, tangent to the protrusion of the C-shaped isothermal 

curve (Figure 6.4) characterizes the minimum continuous cooling rate at which 

diffusional decay is completely suppressed. This velocity vector is called the 

critical cooling rate (critical quenching rate). 

Martensite has the highest values of hardness and tensile strength of all the 

possible structures obtained by continuous cooling of austenite. 

However, impact strength, relative elongation and relative reduction of 

martensite have the bottom values in comparison with the other structures. 
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High hardness of martensite is determined by the amount of the dissolved 

carbon. The value of hardness goes up with increasing carbon concentration in the 

Fe lattice. 

In mechanical engineering such types of heat treatment as annealing, normalizing, 

and hardening are used in order to obtain various structures and a set of 

mechanical properties in steel. 

Annealing is a type of heat treatment which includes the processes of heating 

the steel above AC3 temperature for hypoeutectoid steels or AC1 for hypereutectoid 

steels (Figure 6.5), equalizing at these temperatures and subsequent slow furnace 

cooling. 

Slow cooling of steel during the process of annealing provides the 

occurrence of balanced phase transformations and the formation of perlite in 

eutectoid steel, perlite with excess ferrite in its structure or cementite in 

hypoeutectoid and hypereutectoid steels. 

Steels obtain high plastic properties after annealing, but the values of 

strength and hardness reduce. 

 

Figure 6.5. - Annealing zone of steel on the iron-carbon diagram 
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Normalizing is a type of heat treatment, which includes heating the steel 30-

500C above AC3 temperature (Figure 6.6), equalizing it at this temperature and 

then air cooling. 

The phase recrystallization during heating and subsequent air cooling leads 

to the decomposition of austenite at lower temperatures, which increases the 

dispersion of the ferrite-cementite mixture and leads to the formation of sorbite. 

The structure in hypoeutectoid and hypereutectoid steels along with sorbite 

will contain proeutectoid ferrite and cementite. 

When sorbite is formed in steel, the steel values of strength and hardness 

increase compared to annealed steel. For this reason normalizing is widely used in 

order to improve the properties of steels after casting, rolling and forging. 

For low-carbon steels, normalizing, which has higher technical and 

economic performance, replaces the process of annealing. 

For medium-carbon steels, normalizing can replace improvement, a process 

of hardening with subsequent high tempering. 

For high-carbon steels, normalizing prevents the settlement of a cementite 

lattice along perlite grain boundaries observed during annealing in the temperature 

range of AC3 - AC1. 
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Figure 6.6 - Steel normalizing zone in the iron-carbon diagram 

 

Quenching is a type of heat treatment, which includes heating the steel 30–

50°C above the temperature of AC3 for hypoeutectoid and AC1 for hypereutectoid 

(eutectoid) steels (shown on Figure 6.7), equalizing at these temperatures and 

subsequent cooling at a speed equal to or exceeding the critical cooling rate 

(critical quenching rate). Water, oil, salt solutions and alkalis are used as an media 

providing such cooling rates. 

Hypoeutectoid and eutectoid steels will have the structure of martensite and 

the hypereutectoid steel will have the structure of martensite and excess cementite 

as a result of quenching. 

In addition to these structures, hardened steels can have a certain amount of 

retained austenite in their structure due to the relative ability of most cooling 

medias to confine the end of the austenitic-martensitic transformation process by 

room temperatures. 
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Steel after hardening with the optimum temperature has the highest possible 

value of hardness, high strength but also low plastic properties and toughness. 

 

 

Figure 6.7 - Steel quenching zone on the iron-carbon diagram 

 

Table 6.1. - Structures after hardening 

Steel grade 
Structure before 

quenching 

Structure during 

heating 

Structure after 

cooling 

Steels 15–25 F+P А S or Т 

Steels 30–60 F+P А М 

Steels 65 – U8 F+P; P А М+Аres 

U9 – U13 P+C А+C М+Аres+C 

 

Objective 

1. To study the effect of heating temperature and cooling rate on the 

transformation of austenite of carbon steel. 
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2. To get acquainted with the main types and technology of heat treatment of 

steel. 

 

Task 

1. To conduct the processes of annealing, normalizing and hardening of carbon 

steel samples. 

2. To measure the hardness of heat-treated steel samples using standard 

methods. 

3. To study the effect of cooling rate on the structure and hardness of carbon 

steels. 

4. To study the effect of carbon content on the structure and hardness of carbon 

steels in these types of heat treatment. 

 

Method of work 

Equipment, instruments, tools 

Equipment for various types of steel heat treatment includes: an electric 

chamber furnace with an electromechanical temperature control system; mobile 

quenching twin tanks with water and oil; mittens, safety glasses. 

An emery stone (wheel) and grit paper are used to clean the scale and align 

the end surfaces of the samples before measuring the value of hardness. 

Hardness measurement according to the Brinell method is performed on a 

TSh-2 device and according to the Rockwell method on a TK-2 device. 

 

Sample Preparation 

Cylindrical specimens are used for testing, their height ranges from 12 to 15 

mm and the diameter – from 15 to 20 mm. The end surfaces of the samples should 

be plane parallel, without shells, cracks or other visible defects. 
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Testing 

Research is conducted on the following carbon steel grades: steel 20, steel 

40, steel U7, steel U10, steel U12. 

Four samples are taken from each steel grade, they are subjected to 

annealing, normalizing and quenching (in water and oil). 

The heating temperature of the samples is selected depending on the type of 

heat treatment and the carbon content in the steel. The equalizing time is set within 

5-10 minutes at a given temperature. 

The samples are cooled: during annealing with the furnace, during 

normalizing - on air, during quenching - in oil and in water. 

Cooled samples are cleaned from both ends on an emery stone (wheel) to 

remove the scale and obtain plane-parallel surfaces. 

The hardness of heat-treated steels is determined by two methods. 

The Brinell method is used for steels after annealing and normalizing 

operations. 

Rockwell's method is used for hardened steels. 

The value of hardness of the steel on the sample is measured at no less than 

three points: the distance between the two prints must be at least 1,5 mm when the 

diamond cone is pressed in and 4 mm when the ball is pressed. 

Rockwell hardness values are converted to Brinell hardness values using 

standard tables. 

The arithmetic average of three measurements is taken as the test result. 

The results of tests and calculations are recorded in table 6.2. 

According to the measurement data, two graphs are constructed: 

 a dependence diagram of hardness versus carbon content for steels 

cooled at different speeds in coordinates: Brinell hardness (ordinate) - 

carbon content (abscissa); 
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 a dependence diagram of Brinell hardness versus cooling rate for 

each steel grade studied in the coordinates: Brinell hardness 

(ordinate) - cooling rate (abscissa). 

 

Table 6.2 – The results of measurements of hardness of the samples 

Steel Cooling d Hardness 

grade method fingerprint HB HRC 

Steel 20 

Water    

Oil    

Air    

Furnace    

Steel 40 

Water    

Oil    

Air    

Furnace    

Steel U7 

Water    

Oil    

Air    

Furnace    

Steel U10 

Water    

Oil    

Air    

Furnace    

Steel U12 

Water    

Oil    

Air    

Furnace    

 

 



88 

 

The order of developing the report 

 

The report should provide for the following: 

1. The purpose of the work and Task of its implementation. 

2. Modes of technological operations during annealing, normalizing and 

hardening. 

3. The obtained results of the hardness assessment (table 6.2). 

4. Dependence diagrams of hardness versus carbon content and hardness 

versus steels cooling rate. 

5. Brief conclusions on the analysis of the influence of different types of heat 

treatment on the structure and mechanical properties of carbon steels. 

 

Students who have been instructed on safety precautions and current 

production rules on the technology of various types of heat treatment of steels are 

allowed to perform the laboratory work. 

 

Test questions 

1. The definition of heat treatment. 

2. C-shaped diagram of the decomposition of austenite. 

3. The process of perlite formation and the resulting mechanical properties. 

4. The process of sorbite formation and the resulting mechanical properties. 

5. The process of troostite formation and the resulting mechanical properties. 

6. The process of martensite formation during cooling. 

7. Critical quenching rate. 

8. The change in the crystal lattice during the process of martensitic 

transformation. 

9. Retained austenite. 

10. Mechanical properties of martensite. 

11. Annealing. Definition. Phase transformations. The resulting properties. 
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12. Normalization. Definition. Phase transformations. The resulting 

properties. 

13. Hardening. Definition. Phase transformations. The resulting properties. 

14. Quenching media. 

15. Definition of the term - hardness of steel. 

16. The method of determining the hardness of steel according to the Brinell 

method. 

17. The method of determining the hardness of steel according to the 

Rockwell method. 

18. Dependence diagram of hardness versus carbon content for various 

cooling rates. 

19. Dependence diagram of versus cooling rate. 

20. The method of work. 
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LABORATORY WORK №7 

“HEAT TREATMENT OF CARBON STEELS: TEMPERING” 

 
Tempering is a type of heat treatment, which includes heating hardened steel 

to temperatures below the critical point AC1, equalizing at a given temperature and 

subsequent cooling. 

The nature and rate of decomposition of martensite and retained austenite, 

the final structure and properties of steel are determined by specific temperatures. 

These temperatures determine the four main transformations in steel during 

tempering, on the basis of which three types of tempering are developed and 

applied for heat treatment of hardened steels in mechanical engineering: low-

temperature (low), medium-temperature (medium) and high-temperature (high), 

shown on Figure 7.1. 

 

 

Figure 7.1. - Low, medium and high tempering zones on the iron-carbon diagram 

 

Low tempering is carried out at temperatures of 150-250C. As a result of 

such heat treatment, a structure is formed, the so-called tempered martensite, 
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which is a heterogeneous mixture of a supersaturated solid solution 

(inhomogeneous concentration) and still unseparated particles of metastable 

carbide that are close in composition to Fe2C and retain a coherent bond with the 

initial crystal lattice. 

The redistribution of the dissolved carbon leads to a decrease in its 

concentration in the supersaturated solid solution and in the tetragonality of the 

lattice. 

Low tempering provides high values of hardness and wear resistance of the 

surface layers of steel, almost at the level of hardened steels. In this case, there is a 

partial decrease in internal residual stresses, an increase in impact strength, which 

reduces the tendency of steel to brittle fracture. 

Cutting and measuring tools, parts of the equipment heat-treated by 

hardening and cementation on their surface, products operating under friction of 

mating parts are subjected to low tempering. 

          Retained austenite is converted to tempered martensite at a temperature of 

250-350C, which leads to a decrease in toughness - the appearance of undesirable 

brittleness of the material. Therefore, steel tempering, as a rule, is not performed in 

the range of these temperatures. 

Medium tempering is carried out in the temperature range of 400-480С. The 

process of carbon evolution from martensite is completed with an increase in 

tempering temperature up to 400C in hardened carbon steels. Fine particles of the 

carbide - Fe2C are converted to Fe3C, their coherent bond with the martensite 

lattice is broken. The steel structure will consist of ferrite and cementite. 

         Subsequent heating to maximum temperatures of this type of tempering leads 

to the growth of cementite particles and a change in their shape (the beginning of 

the coagulation and spheroidization process). At the same time, the ferrite flakes 

become larger starting from the temperature of 400C. 
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As a result of medium tempering, the structure of hardened steels will be a 

finely divided compound of ferrite and cementite, which is called tempered 

troostite. 

         The full release of carbon from martensite determines the release of internal 

stresses, while the inititated process of grain enlargement accompanied by a 

decrease in hardness (40-50HRC) and, consequently, an increase in plastic 

properties, determines high values of elasticity and endurance limits. 

Average tempering is used for parts operating under varying loads: springs, 

torsion bars, dies. 

High tempering is carried out at the temperature range of 500-680C. 

Heating above the temperature of 500C enhances the processes of coagulation and 

spheroidization of cementite particles: ferrite grains are even larger and closer to 

equiaxial. The result is a structure called tempering sorbitol. 

            The obtained structure is characterized by an even greater decrease in 

hardness (30-45HRC) and an increase in relative reduction and special toughness, 

and almost total (90-95%) elimination of all internal stresses. 

A large number of the most loaded machine parts undergoes high tempering, 

these parts experience alternating and shock loads - shafts, axles, gears, connecting 

rods, etc. 

High tempering provides both significant plastic properties and a high value 

of increased strength of structural steel compared to normalizing and annealing. 

Therefore, the heat treatment, consisting of quenching and subsequent high 

tempering, is called improvement. Medium-carbon steels are subjected to this 

process in order to reduce their sensitivity to stress concentrators and lower the 

temperature of the cold brittleness threshold. 

The structures of medium and high tempering (troostite and tempered sorbite 

with a rounded granular form of cementite) are characterized by an increased value 

of viscosity at almost the same strength with similar structures that were formed 
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because of the decomposition of supercooled austenite, also these structures have a 

lamellar form of cementite. 

It should be noted that tempering is the only final type of heat treatment of 

hardened steel which temperature ranges, determining the characteristics of the 

transformation of martensite and retained austenite during heating, create the most 

effective set of properties of practical focus in the material. 

As an example, Figure 7.2 shows the effect of the temperature of tempering 

on the mechanical properties of carbon steel. 

 

Figure 7.2. - Dependence of the mechanical properties of steel 40 on tempering 

temperature 

 

Objective 

1. To study the influence of heating temperature on the structure and 

mechanical properties of hardened carbon steel. 

2. To get acquainted with the various types and technological modes of 

tempering of hardened carbon steels. 
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Task 

1. To conduct the process of quenching of annealed carbon steel samples. 

2. To expose hardened carbon steel samples to the process of tempering at 

various temperatures. 

3. To measure the value of hardness of carbon steel samples after tempering. 

4. To analyze the results of studies and explain the obtained dependencies. 

 

Method of work 

Equipment, instruments, tools 

Equipment for various types of heat treatment of steel includes: an electric 

chamber furnace with an electromechanical temperature control system; mobile 

quenching twin tanks with water and oil; mittens, safety glasses. 

To clean the scale and align the end surfaces of the samples before 

measuring the hardness, an emery stone (wheel) and a grinding sand are used. 

Hardness measurement according to the Brinell method is performed on a 

TSh-2 device and according to the Rockwell method on a TK-2 device. 

 

Sample Preparation 

For the test, cylindrical specimens are used, the height of which is 12-15 mm 

and the diameter is -20 mm. The surfaces of the samples should be plane parallel 

and free from shells, cracks and other visible defects. 

 

Testing 

Research is carried out on samples of steel 45. Samples annealed in advance 

in the amount of 12 pcs. are hardened in the following mode: 

 maximum heating temperature - Tmax= 850±10C. 

 exposure at Tmax - 10-15 minutes; 

 cooling in water. 

Tempering tempering regimes include: 

 heating of samples to a temperature of 200, 300, 400, 500, 600, 700С; 
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 holding in the furnace  at each set tempering temperature for 30 minutes; 

 cooling of samples on air and in water. 

Loading and unloading of samples from furnaces should be made with tongs 

with elongated handles; this work is to perform in mittens and goggles. 

Cooled samples are cleaned from both ends on an emery stone (wheel) to 

remove the scale and obtain plane-parallel surfaces. 

The value of hardness of heat-treated steel samples after tempering is 

determined by the Brinell method and the Rockwell method. 

Rockwell hardness values are converted to Brinell hardness values using 

standard tables. 

The hardness of each sample is measured at no less than three points: the 

distance between the two prints must be at least 1.5 mm when the diamond cone is 

pressed in and 4 mm when the ball is pressed. 

The arithmetic mean of three values is taken as the test result. The test and 

calculation results are recorded in table 7.1. 

According to the measurement data, a dependence diagram of the Brinell 

steel hardness versus tempering temperature is plotted for two cooling methods: on 

air and in water. 

Table 7.1. –  Hardness test results 

Tempering Cooling d Hardness 

temperature,С method print, mm НВ HRC 

200С 
Water    

Air    

300С 
Water    

Air    

400С 
Water    

Air    

500С 
Water    

Air    
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600С 
Water    

Air    

700С 
Water    

Air    

 

 

The order of developing the report 
 

The report should provide for the following: 

1. The purpose of the work and Task of its implementation. 

2. Modes of heat treatment of samples of steel 45 according to this 

laboratory work. 

3. The results of the assessment of the value of hardness after the process of 

samples tempering (table 7.1). 

4. Dependence diagram of hardness versus tempering temperature of steel 45 

upon cooling in water and on air. 

5. Brief conclusions on the obtained dependencies. 

 

Test questions 

1. The definition of tempering. 

2. The main transformation in steel during tempering. 

3. Low tempering. 

4. Medium tempering. 

5. High tempering. 

6. Parts and equipment subjected to low tempering. 

7. Tempered troostite. 

8. Tempered sorbite. 

9. Heat treatment - improvement. 

10. Samples for the experiment. 

11. The hardening mode of steel 45 for subsequent tempering. 

12. Hardened steel 45 tempering. Temperature, duration of the process. 
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13. The method for determining the value of hardness of steel by the Brinell 

method. 

14. The method of determining the value of hardness of steel by the Rockwell 

method. 

15. Dependence diagram of the change in hardness versus the tempering 

temperature.  
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