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1. CLASSIFICATION OF FORMING PROCESSES  

 

 
    Time to study:  45 min. 

 

 

  Aim:    After study of this chapter students will be able to: 

 

¶ Differentiate individual forming technologies according to basic   

classification to classic and progressive, 

¶ identify structural processes occurring during hot and cold forming, 

interval  of forming temperatures, recrystallization and recovery 

temperatures. 

 

 

 

 Lecture  

 

 

1.1. Introduction  

Forming can be distinguished according to several criteria: 

 a) According to products: forming of semi-products, final products 

 b) According to temperature: forming under cold, warm or hot conditions 

 c) According to temperature effect occurring during forming (a larger portion of the 

total energy changes into heat):  

1) Isothermal forming (at constant temperature) ï the entire generated heat is 

transferred to the surrounding environment and thus the temperature 

remains constant. 

2) Adiabatic forming (at constant heat) ï the entire generated heat is 

accumulated in the deformed work-piece and is consumed by temperature 

increase. It is similar to high energy rate forming. 
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3) Polytropic ï a portion of the generated heat is accumulated, a portion is 

transferred away.  The temperature usually increases, but less than 

during adiabatic forming; is usually neglected during forming via 

conventional technologies. 

 d) According to effect of deformation force: static, dynamic (cyclic, by explosion). 

 e) According to relation of deformation zone to volume of the work-piece: bulk, sheet. 

 

1. Bulk forming ï the workpiece is subjected to a high strain, which results in significant 

changes in its shape and cross-section. The strain affects the entire work-piece, or its 

substantial part (the deformation zone is located in the entire work-piece, or in its 

substantial part). The work-piece surface (S) to volume (V) ratio increases significantly 

during forming. Plastic strain is critical for the volume of the work-piece, while elastic 

strain can be neglected. Intermediate products for bulk forming are ingots, slabs, blocks 

and rods of circular and else-shaped cross-sections.  

2. Sheet forming ï intermediate products for sheet forming are sheets or components 

produced from sheets. The deformation zone is located only in a portion of the work-piece 

volume. The imposed strain changes significantly the shape of the work-piece, but the 

change of its cross-section is not substantial. The V/S ratio of the work-piece and product 

change only marginally or do not change during forming. Plastic and elastic strains are 

equal during the process, a significant spring-back can even happen.  

 
f) According to sources of energy and the method of its transfer to deformation zone, 

unusuality of technical design or processing parameters, the following categorization of 

forming methods has been established: conventional (usual, used in a casual production 

and for processing of casual materials), progressive (new, less usual).  

 
1.2. Technological forming procedures  

The technology of forming involves the design of processing procedure and selection of 

machines and devices (including lubrication) suitable for production of the desired product. 

From the intermediate product to the final product, the material is processed considering the 

requirements on the final properties. Individual procedures are organized with the aim to 

maximize productivity and minimize defects while maintaining favorable economy of the 

process. 
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The sequence of the individual hot forming steps serves to achieve changes in shapes of bulky 

work-pieces (ingots) and to refine and homogenize their original cast structures. Hot forming 

typically consists of multiple steps (passes, reductions) following closely one after another 

after initial pre-heating, the temperature of which provides the material with sufficient 

formability, low flow stress and a sufficiently high supply of heat, so that even rapidly cooling 

locations (e.g. edges) do not exhibit cracks during final processing steps. Nevertheless, even a 

too high heating temperature together with adiabatic heating can lead, for a rapidly deformed 

material in a cast state, to melting of segregations and subsequent material failure. The 

common characteristic of hot forming processes is gradual unification and refinement of grain 

size and gradual improvement of material formability. For a variety of products, hot formed 

material is only a semi-product, possibly a finished product. Its structure imparts final 

mechanical and usable properties. This applies to most of the forged-products, beam profiles 

and rails, thick sheets, hot rolled strips etc. In these cases, forming can be viewed as a set of 

technological procedures imparting shape to the material, but also as a set of procedures, 

which, via processing parameters (temperature regimes of heating and forming, strain, strain 

rate, inter-pass intervals, cooling process) essentially predetermines development of inner 

structure of the formed material. 

 

1.3. Hot forming   

Hot forming is defined as forming at such temperature-velocity conditions, at which the 

recovery and recrystallization, i.e. softening processes, occurring during deformation keep the 

flow stress at a low value.  

During hot forming, strengthening and deformation texture occurring during forming are 

rapidly eliminated by development of new structure resulting from recrystallization. 

Significant reductions can be achieved, since softening processes are in equilibrium with the 

imposed strain. Flow stress decreases with increasing temperature. For pure metals, 

temperature of recovery and recrystallization can approximately be determined from the 

relations: 

 

Ὕ   ²  πȟσ Ὕ   

Ὕ   ²  πȟτ Ὕ  (1.1) 

where Trec, Trx, and Tmelt  are temperatures of recovery, recrystallizations and melting 
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The energy necessary to realize a process is generally lower for hot forming than for cold 

forming.  

 

For the majority of common alloys, the forming temperature has to be higher than given by 

equation (1) to ensure the required recrystallization rate. Softening processes have almost no 

effect during cold forming, during which strengthening of the material occurs and 

deformation texture develops. 

 

Conventional technologies: open die forging, rolling, extrusion, are the most commonly used 

hot forming technologies. They feature large strains (Ů = 2 ï 4), strain rates in wide ranges (Ů → 

= 0,5 ï 500 s
-1

) and temperatures above 0.6 Tmelt. They result in decrease in chemical and 

structural inhomogeneity of cast structures, elimination of inner cavities, refining of cast 

structure, increase in formability and ductility of metal materials.  

The low limit of the forming temperatures interval is generally the lowest temperature, at 

which recrystallization is rapid enough to eliminate strengthening caused by plastic 

deformation. For a given metal or alloy, the low forming temperature limit depends also on 

the overall strain imposed within the given time and at the given temperature. The higher is 

the strain, the lower is the recrystallization temperature and low forming temperature limit.  

 

It also depends on the strain rate. A metal, which is deformed with a high strain rate and 

cooled rapidly down from the forming temperature requires, for the same deformation degree, 

a higher forming temperature than a material deformed and cooled slower.  

The upper forming temperature of any material is limited by its melting temperature and 

temperature of intensive surface scaling. Important is especially the melting temperature of 

phases segregating at grain boundaries (primarily Fe, Ni and Mo-based sulphides and 

complex Fe, Mn, Si, Cr-based oxides).  

The majority of hot forming technologies consist of a set of operations. Generally, the 

working temperature between the individual operations is maintained a little above the 

recrystallization temperature to ensure low flow stress and consequently low energy intensity 

of the process (directly related costs of energy and equipment). However, the final forming 

step is favorably performed at a temperature only slightly above the recrystallization 

temperature and with a relatively high strain to achieve fine grain size in the final product. 

The interval of forming temperatures is depicted in Fig. 1.  
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Fig. 1 Hot forming region limited by the mutual influences of temperature, pressure and strain 

rate 

 

From the curves depicted in Fig. 1 can be seen that, for given forming pressure and 

temperature, only a certain strain can be imposed into the material. This is controlled by the 

dependence of flow stress on temperature.  

The left set of curves shows that the possible reduction increases with temperature increasing 

theoretically up to the solidus temperature, but the practical limit is the region of cracks 

development during hot forming.  

The right set of curves depicts the influence of strain rate. Increasing strain rate increases the 

flow stress and also temperature of the material due to generation of deformation heat. 

Increase in temperature of the formed material depends on: the initial temperature of work-

piece and dies, deformation heat generated by plastic deformation, heat generated by the 

influence of friction between the material and dies, heat transfer between the material, dies 

and surroundings.   

 

 

 

Recommended literature:  
[1] ASM HANBOOK ς Metalworking: Bulk Forming (Vol. 14A). Materials Park, Ohio, 2005. 

 

 

 

 

Summary and conclusion of the section:  
¶ bulk forming  -  sheet forming 

¶ hot forming   -  cold formin 



Advanced forming technologies 
 

8 
 

2. STRENGTHENING OF METAL MATERIALS  

 
    Time to study:  90 min. 

 

 

Aim:    After study of this chapter students will be able to: 

 

ω Determine theoretic strength of metals, 

ω calculate strengthening increments for individual strengthening 

             phenomena. 

  

 

  Lecture  

 

. 

2.1. Introduction  

Mechanical properties, especially strength and other properties derived from tensile tests 

results, are important for practice. They ensue from crystal structure and possible occurrence 

of lattice defects, especially dislocations, and their changes. The important parameter, having 

both the theoretical and practical significance, according to which materials are classified into 

groups determining their use, is the ultimate strength. 

 

2.2. Strength 

Strength is in the technological practice determined as the highest stress achieved during a 

tensile test. It can also be determined via pressure, bend or torsion loading. Conditions for the 

tests are given in standards. Among the ultimate strength, another parameter which can be 

determined using a tensile test is the yield strength (Rp0.2). Furthermore, elongation and 

contraction can be determined. Loading is uniaxial and homogenous from the beginning of 

the test till the moment, in which the cross-section of the sample starts to locally narrow and 

exhibits a local necking. In this location, three-axial stress state occurs, which also changes 

deformation conditions. 

Theoretical strength is determined by inter-atomic forces. For metals, the maximum strength 

can be expressed as: 
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     G/2ˊ                               (2.1) 

or approximately 

     E/10.                     (2.2) 

In practice, the measured values are usually by 2 or 3 orders lower due to lattice defects, 

which facilitate slip and plastic deformation, decrease stress necessary for failure and thus 

also strength of the material. The highest strength have monocrystals with relatively low 

dislocation densities (whiskers), for which the strength can be of one order higher than for the 

same metal or alloy in a polycrystalline form. 

 

2.3. Strengthening 

The strength of pure metals is usually lower than desired. By this reason, methods for its 

increase ï strengthening ï have been developed. For pure metals, strength can be increased by 

cold forming or grain size decrease. In cases in which the mentioned means are not sufficient, 

pure metals are replaced with alloys. Strength can furthermore be increased by alloying for 

pure metals and by heat treatment for alloys. The methods can also be combined, e.g. 

alloying, forming and grain size controlling. 

 

2.3.1 Deformation strengthening 

Via e.g. extrusion, rolling, drawing, plastic deformation can contribute to fabrication of 

required shapes, and also to strengthening. During plastic deformation, decrease in the cross-

section area, which can be expressed by the following relation, usually occurs: 

                   (2.3) 

  where S0 and S1 are cross-section areas before and after deformation, respectively.  

Plastic deformation typically proceeds via slip, which preferentially proceeds in planes and 

directions with the highest atomic densities. Slip is initiated by motion of dislocations in 

active slip planes at stresses higher than the critical resolved shear stress values. The value of 

the critical resolved shear stress depends on the type of the metal, its purity and state and on 

deformation conditions. Higher strains imposed into polycrystalline materials activate 

multiple slip systems (minimum five for metals and alloys with cubic lattices) according to 

orientation and magnitude of the acting force and deformation conditions. Under certain 

conditions, deformation proceeds via generation of twins. Twins generate typically in systems 

with lower number of slip planes, e.g. in metals with hexagonal lattices, or at higher strain 
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rates and lower temperatures. The rate of twin generation in crystals is close to the rate of 

sound propagation in the given metal. 

Strengthening during slip mechanism is caused by increase in density of dislocations and their 

accumulation on obstacles, which results in increases in the critical resolved shear stress and 

consequently in the yield and ultimate strengths. On the other hand, strengthening caused by 

twins generation is relatively low. Other consequences of plastic deformation can be changes 

in physical parameters, especially in those depending on the amount and behavior of lattice 

defects (electrical conductivity, magnetic properties etc.).   

The maximum achievable strengthening is an important material parameter and is directly 

related to the shear modulus for KPC metals. The following relation is usually used:  

 

                         (2.4)

 

Strengthening is significantly influenced by temperature and loading rate, the temperature 

changes not only the absolute values of stress, strain and strengthening. If we want to compare 

strengthening curves of various metals, we have to do it at homologous temperatures. An 

example of strengthening curves for various metals is depicted in Fig. 1. 

 

Fig. 1. Strengthening curves for selected  metals 

Materials formed under cold conditions are in non-equilibrium states. The influence of 

temperature can initiate softening processes, e.g. recovery or recrystallization, which can 
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cause the metal to lose strengthening imposed via plastic deformation. Generally, materials 

strengthened by plastic deformation under cold conditions should be used only at 

temperatures at which they were formed, or lower. Softening processes depend on the 

temperature, crystal lattice of the metal and the overall strain imposed under cold conditions. 

Therefore, the temperature for usage of cold formed materials cannot be unambiguously 

limited. For example, for a very pure copper, softening processes can occur already at the 

temperature of 100 ÁC. Therefore, metals with low melting temperatures can only be used at 

ambient temperatures.   

 

2.3.2. Strengthening by grain boundaries 

Grain boundaries are substantial obstacles for dislocations movement. During plastic 

deformation, dislocations cumulate in the vicinities of grain boundaries and generate on grain 

boundaries. The following Hall-Petch relation was derived to describe the dependence of the 

properties of metal materials on the grain size: 

                    (2.5)  

where so and k are constants independent on the grain size d.  

 

so represents the value of stress necessary for movement of dislocations in the basic material 

without consideration of grain boundaries, while k represents the influence of grain 

boundaries on the induced slip process in neighboring grains, yet plastically undeformed. so 

can be determined from the critical resolved shear stress in monocrystals and depends on 

temperature. The constant k depends less on temperature. 

 

Fig. 2 General dependence of strength properties on grain size 

Rm k do= + Ö-s 1 2/
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Fig. 3 depicts the dependence of yield strength on grain size for copper and aluminum. The 

Hall-Petch relation is generally applicable for all metals. More detailed investigations have 

shown that the exponent is not identical for all materials and that it varies from -1/4 to  -1. 

 

Fig. 3 Dependence of Yield strength on grain size (for coarse-grained materials) 

 

The increase in strength of metals caused by newly generated dislocations can be determined 

by the equation: 

                       (2.6)

 

 where G is shear modulus, r is dislocation density in the original metal, m is dislocation 

density, b is burgers vector, d is grain size. 

 

The overall strength of metals can be predicted using the equation: 

                     (2.7)

 

     where sF is basic strength of the metal without any dislocation strengthening. If the 

dislocation density of the original metal is low, the dependence of strength on grain size is a 

function of d
-1/2

. If the dislocation density is high (e.g. 3m < r.d after deformation), equation 

(2.7) can be modified: 
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                     (2.8)

 

It is obvious that the dependence of strength on grain size is a function of d
-1

. This can be put 

together with the Hall-Petch relation and modified: 

                     (2.9) 

which includes strength of the original material counting in the influence of dislocations in the 

original state. From the comparison ensues also the following value: 

                                      (2.10)

 

which specifies coefficient (k) of grain size influence.  

The value of m in equation (2.10) can be defined using experimentally determined values of 

strengths at various grain sizes.  

Contrary to strengthening by plastic deformation, the influence of grain boundaries is 

permanent due to equilibrium conditions (if grain growth does not occur). However, the 

influence of grain size on strength and other properties depends on temperature. The 

maximum increase in strength is achieved for fine-grained materials at low temperatures. 

 

2.3.3. Strengthening by alloying 

Presence of a larger amount of different atoms in the basic metal lattice distorts its 

arrangement and, when differences in atoms sizes are significant, also causes elastic 

deformations of the solid solution crystal lattice. Formation of solid solutions is influenced 

not only by different atom sizes, but also by electrochemical factor and difference in valences. 

The range of solid solutions is the larger, the more similar are the alloying elements to the 

basic metals, especially considering atoms sizes and valences. Alloying elements also 

influence behavior of lattice distortions in the basic lattice. All the above mentioned also 

influence properties of solid solutions and arrangements of atoms. Instead of ideal substitute 

arrangement, solid solutions feature areas with short-period arrangements. A short period 

arrangement develops when the difference of valences is positive, i.e. if the alloying element 

has a higher valence. When the difference of valences is negative, the alloying atoms form 

clusters. 

Substitutional atoms in the lattice of the basic metal act as obstacles and increase stress 

necessary for dislocations movement, which increases the yield and ultimate strengths. The 
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influence of alloying elements on shear stress to in dependence on their concentration c is 

described by the equation:  

                           (2.11) 

where tks ,je is critical shear stress for pure metal, Z1 is constant, G is shear modulus, ɝ is 

combined alloying parameter, which includes change in lattice parameter and stress. 

Equation (2.12) can be modified as: 

  

                                        (2.12) 

 where Z2 is a constant different than Z1. 

 

The influence of concentration of alloying elements on strength of Cu, Al and Ni-based alloys 

is depicted in Fig. 4. 

 

a)                                                                 b) 

Fig. 4 Influence of concentration of alloying elements on strength of: a) Cu-based alloys, b) 

Al -based alloys 

 

From the mentioned relations ensues that the maximum effect of strengthening by solid 

solutions can be expected in systems with maximum differences in atomic diameters of both 

the elements.  

 

t t zo ks Z G c= + ÖÖ Ö1

3 2 1 2/ /

t to ks Z G= + ÖÖ2
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2.3.4. Precipitation strengthening 

The strength of solid solutions, the solubility of which decreases with temperature, can be 

increased by heat treatments ï precipitation or hardening. The principle lies in rapid cooling 

of a solid solution from the temperature of its maximum solubility resulting in acquirement of 

an oversaturated solid solution, from which then, at ambient or increased temperatures, very 

fine structural phases precipitate. These increase strength and hardness of the alloy, although 

at the expense of plastic properties. The first part of the process, i.e. heating to the 

temperature of homogenous solid solution followed by rapid cooling, is denoted as solution 

annealing, while the second part is denoted as ageing, which can be either natural (at ambient 

temperatures), or artificial (at elevated temperatures).  

 

Fig. 5 Change of properties of Al-based alloy in dependence on precipitation time 

 

An oversaturated solid solution is unstable, since precipitation occurs continuously. Changes 

of selected properties depending on precipitation times are depicted in Fig. 6.  

Development and growth of precipitates are influenced significantly by temperature. From 

this ensue not only conditions for optimization of the entire process, but also limited 

applicability of properties at elevated temperatures. To achieve maximum strength, it is 

necessary to ensure conditions, under which temperatures and times resulting in over-ageing 

are not exceeded. Plastic deformation after solution annealing accelerates development of 

precipitates. The strengthening rate increases and the entire ageing process shortens. The 

maximum value of strength or hardness is also higher than for natural ageing.  
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2.3.5 Dispersion strengthening 

Dispersion strengthening refers to the last stage of precipitation strengthening and is 

characterized by generation of stable non-coherent equilibrium precipitates. Equilibrium 

phases segregate from an oversaturated solid solution in compositions and volumes 

corresponding to the appropriate equilibrium diagrams. During plastic deformation, 

dislocations usually pass by such obstacles and the strengthening rate is indirectly 

proportional to the distance between obstacles. 

An idea occurred, to use this means of strengthening to artificially introduce obstacles by 

generating or alloying of suitable compounds into the basic metal or alloy, which 

subsequently act as efficient obstacles for dislocations movement. The requirements are for 

the individual particles to be the finest possible and uniformly distributed in very short 

distances. A characteristic feature of such systems is that the strengthening particles are 

located within the basic phase. Typically, the systems consist of metals or alloys with 

intermetallic compounds. Dispersion systems are characterized with the volume of the added 

particles, their dimensions, distance and distribution function. It is necessary to take into 

account their crystal structure, shape and phase boundary.  

 

Fig. 6 The effect of obstacles during dislocation movement 

 

Strengthening induced by a presence of dispersion particles can be expressed by an increase 

in resistance against dislocation movement. Second phase particles can be impermeable and 

then dislocations have to pass them by (Orowan mechanism), or dislocations can cut them 

through at stresses lower than the Orowan stress. When a dislocation gets pinned between two 

obstacles, it bows by the effect of stress t till the angle ű between the two arms of the 

dislocation reaches a certain critical value and the dislocations breaks (Fig. 6). The strength of 

an obstacle F related to dislocation stress is then given by the relation: 
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 F = 2E.cos ű/2          (2.13) 

 and the stress causing breaking of a dislocation can be determined by: 

 

                  (2.14)

 

where ɚ is effective distance between particles.  

In practice, the goal is to determine the value of ɚ and validate the correspondence of the 

model with real values, including validation for concrete systems. Generally, the equation for 

shear stress increment can be given as: 

                                (2.15)
 

 where G is shear modulus, b is burgers vector, a determines influence of distribution 

and orientation of particles, ɓ determines particles size and ɔ determines dislocation 

properties. 

 

Dispersion strengthening is important especially for components used under higher 

temperatures. Among mechanical properties, physical properties, such as electric 

conductivity, change as well. Alloys featuring optimum properties can be achieved by suitable 

combinations. To prepare such systems, conventional metallurgical processes, as well as 

powder metallurgy methods, can be used. Non-metallic compounds (mostly oxides, but also 

nitrides, borides, silicides etc.) can generate directly in given systems by reactions, e.g. by 

internal oxidation, or they are directly alloyed into the systems during their preparations.  

 

2.3.6 Spinodal decomposition 

Some solid solutions are not stable within the entire range of compositions and temperatures. 

During cooling, solid solutions decompose to two solid solutions of different compositions 

and identical crystallographic structures (Fig.7).  
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Fig. 7 Principle of spinodal decomposition 

This is denoted as spinodal decomposition Contrary to precipitation, decomposition of an 

oversaturated solid solution process spontaneously without any incubation period. Within an 

oversaturated solid solution, periodically repeated regions with lower and higher 

concentrations of alloying elements develop. With increasing time these regions of 

concentration changes develop larger, as do concentration differences. Curious is that the 

diffusion process against the concentration gradient and decomposition is finalized by 

establishment of equilibrium compositions at a given temperature.  

From a comparison of spinodal decomposition and hardening is obvious that a consequence of 

the spontaneous process of structural changes is a faster change in mechanical properties 

occurring during spinodal decomposition. Decomposition can occur already during cooling 

and then solution annealing and ageing is not necessary.  

 

2.3.7. Strengthening by fibers 

The highest strengths were achieved when whiskers were used (thin monocrystals), although 

wires of polycrystalline metals and alloys and even fibers from plastics and glass can also be 

used. Such materials are denoted as composites. A basic matrix with lower strength transfers 

deformation to fibers featuring higher strength. Cohesion of the fibers and basic materials has 

to be perfect and must not be deteriorated by reactions on contact surfaces. Fibers have to 

exhibit higher tensile elasticity moduli and suitable shapes to ensure the largest possible 
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contact areas with the basic material. A suitable volume to surface ratio has to be achieved. 

Therefore, thin fibers or laminas are the most convenient. Force is transferred via shear stress. 

The final strength depends not only on the volume of introduced fibers, but also on their 

diameter to length ratio, since shear stress increases with increasing fiber length and the 

maximum strengthening can be achieved only at a certain length. Fig. 8 shows the 

dependence of increase in strength for precipitation and dispersion strengthening (in 

dependence on particles sizes and volumes) and for materials strengthened by fibers (in 

dependence on the ratio of fibers length L to their diameter df at various relative volumes Vf). 

Strengthening is expressed by the ratio of RP0.1 of the strengthened and basic materials. 

Metallic whiskers feature strengths around 15 000 MPa and whiskers of non-metallic 

compounds (nitrides, borides, but also oxides) feature similar or even higher strengths (up to 

25 000 MPa). 

 

Fig. 8. Comparison of various strengthening methods: A ï solid solutions and precipitation 

strengthened alloys; B ï dispersion strengthened alloys; C ï cements; D ï composite materials 

strengthened by fibers; dp ï particles size; df ï fiber diameter; L ï fiber length. 
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Fibers of metals and alloys have strengths from 2 000 to 4 000 MPa. The mostly used fibers 

are: steel, fibers from titanium, molybdenum, tungsten alloys etc. Typical is application of 

wires with diameters around 0.1 mm. An example of the increase in strength of copper 

reinforced with tungsten fibers is depicted in Fig. 9 

Examples of strengths of selected systems are depicted in Tab. 1. Due to their high price, 

composite materials are at present only used for special cases. However, their wider 

application is presupposed in future. 

 

Table 1. Strengths of alloys reinforced with fibers. 

½łƪƭŀŘƴƝ ƳŀǘŜǊƛłƭ ±ƭłƪƴŀ hōǎŀƘ Ǿƭłƪƴŀ 
(obj. %) 

Rm 
(MPa) 

tƻȊƴłƳƪŀ 

Cu W 65 - 75 1 560 - 1740  

CuNiS W 76 - 79 1 530 - 1720  

CuAlS W 63 ς 76* 692 ς 1082* *ƪǌŜƘƪȇ ƭƻƳ 

CuAlO W 76 970 ƪǌŜƘƪȇ ƭƻƳ 

CuTilO W 78 1565  

Al-Mg-Si Fe 39 1350  

AI-Mg Fe 35 1200 E = 115 GPa 

 

 

 

Fig. 9 Increase in strength of copper with various contents of tungsten fibers 
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 Summary and conclusion of the section:  
 

At present, the attention is paid to strengthening processes. By calculations, the courses 

of strengthening curves have been determined. These are closely similar to 

experimentally obtained curves. 

 

 
Questions 

 
1. Which strengthening methods are used in metal systems? 

 

2. Describe the process of strengthening during plastic deformation and 

precipitation. 

 

 

 

 

Recommended literature:  
[1] ASKELAND, D.R. et al. The Science and Engineering of Materials (Sixth 

Edition). Global Engineering,2010, pp. 923. 

[2] ASM HANBOOK ï Metalworking: Bulk Forming (Vol. 14A). Materials Park, 

Ohio, 2005, pp. 888. 

[3]  MONNET, G. et al. Orowan strengthening at low temperatures in bcc 

materials studied by dislocation dynamics simulations. Acta Materialia, 2011, 

Vol. 59, pp.  451ï461.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Advanced forming technologies 
 

22 
 

3. HYDRO-MECHANICAL DEEP DRAWING   

 
Time to study:  90 min. 

 

 

Aim:     After study of this chapter students will be able to: 

¶ describe selected technologies of forming by liquid, determine their 

pros and cons, application in industrial practice and will be acquired 

with formed products assortment. 

  

 

 

 
Lecture  

        

3.1. Introduction  

Sheet or bulk forming can generally be categorized in two large groups, conventional and 

non-conventional forming methods. Conventional methods are known methods widely used in 

production. Machines for these methods are often economically more available than machines 

for non-conventional methods. Non-conventional methods are new methods developed via 

modifications of conventional methods, or by applications of new technologies. These 

methods bring about many advantages comparing to conventional methods. 

Forming by liquids belong to non-conventional forming methods, for which liquid is used as 

non-solid forming devices serving as forming surroundings. The liquid replaces punch or 

plunger, possibly another tool, the production of which is often costly. Equipment for forming 

by liquid can either be individual machines, or it can be additional equipment of hydraulic 

presses. Purchase cost of such equipment is high, thus these methods are used for forming in 

serial productions. These methods are used to produce complicated and precise components. 

Liquids have their application also during forming and bending of tubes, during which they 

are advantageously used to stabilize the bent. 

 

3.2. Technology of Hydro-mechanical deep drawing (HMDD)  

Hydro-mechanical deep drawing can be categorized as a progressive sheet forming 

technology. Contrary to the conventional deep drawing technology, HMDD uses, instead of a 
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conventional blank holder, a die (draw ring), which is usually filled with a water-based 

emulsion. A groove with sealing is located in the vicinity of the drawing edge. The pressure 

liquid represents the blank holder including the drawing edge. A cut-piece of sheet (hold-

down cylinder) is placed on the pressure plate, while its lower side is in contact with the level 

of the liquid in the die cavity. After the blank holder fixed on the outer ram of the press 

touches down, closing and sealing of the cylinder-die cavity system happens. By pushing of 

the punch on the sheet and by its entering into the liquid, a steep increase in pressure occurs in 

the die cavity, which results in shaping of the sheet by collaring around the entire punch 

surface till the final shape of a hollow cylinder component is achieved. Overflowing liquid is 

drained out from the die cavity through control and regulation systems of the machine. The 

value of pressure changes during drawing. The pressure is required to be regulated especially 

during drawing of thin sheets with wall thicknesses around 1 mm. 

Hydro-mechanical deep drawing (HMDD) represents a technically and economically 

progressive technology of deep drawing by a working liquid and belongs to non-conventional 

technologies of sheet forming. The mentioned technology can be applied to produce deeper 

hollow vessels, of rotary and non-rotary shapes, as well as drawings with flanges. 

 

Fig. 1 HMDD technology 

 

At present, there are various technologies derived from the basic HMDD method. From the 

constructional point of view, these are especially the following: double acting drawing, 

drawing with rotary punch, drawing with movable chamber bottom/walls, drawing with 

pushing ring, reverse drawing, drawing with a second draw, drawing into a chamber with 

transducer, and finally drawing with the first and second draws. For example, during double 

acting drawing, a single cylinder punch is replaced by a cylinder punch with a shoulder. This 

enables production of more complex product shapes.  

http://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwiW-_zE8Z_OAhUNkRQKHUDDD0MQjRwIBw&url=http://www.intechopen.com/books/metal-forming-process-tools-design/developments-in-sheet-hydroforming-for-complex-industrial-parts&psig=AFQjCNG02aBjGp1WZzEk0OoNKjEUkvBI1w&ust=1470129563417779
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Fig. 2 Double acting drawing                                      Fig. 3 Drawing with rotary punch 

 

3.2.1 Advantages of HMDD 

 Decrease in number of processing steps, lower number of inter-pass annealings, high-quality 

surfaces and shape accuracy of drawn products, minimum thinning of the products in the 

bottom bends (only 2-3%), possibility to drawn surface-treated sheets (with no damage).  

 

3.2.2 Disadvantages of HMDD 

 The necessity to use specialized devices and presses, only drawn products with flanges can 

be produced when the basic method is applied, high holding pressure. 

 

3.2.3 Materi als applicable for HDMM forming  

o carbon steels grade 11 (Rm 280 to 500 MPa): ĻSN 11 300, 11301, 11 302, 11 304, 11 

305, 11 320, 11 321, 11 342 and 11 402. 

o stainless steels grade 17 (Rm 500 to 700 MPa): 17 240, 17 241, 17 242 and 17 246. 

o copper and its alloys (Rm 206 to 390 MPa): ĻSN 42 3003.11, 42 3004.11, 42 3005.11, 

42 3016.11, 42 3201.11, 42 3202.11, 42 3210.12 and 42 3215.13. 

o aluminum (Rm 70 to 100 MPa) and its alloys: ĻSN 42 4003.11, 42 4004.11, 42 4005.11.  

 

 Summary of the section:  
During forming of complex components by the HMDD method, the mass of the products 

can be decreased while maintaining their stiffness. Formed components are often used 

in automotive industry 

 
 

 

 

 

Tasks:  Describe applied technologies of hydro mechanical deep drawing. 
 



Advanced forming technologies 
 

25 
 

4. EXPLOSIVE FORMING  

 
Time to study:  90 min. 

 

 
Aim:  After study of this chapter students will be able to: 

¶ describe selected technologies of forming by liquid, determine their 

pros and cons, application in industrial practice and will be acquired 

with formed products assortment. 

  

 

  Lecture  

 

4.1. Introduction  

Metallic materials are formed by a shock wave invoked by:  combustion of gaseous mixtures, 

explosion of a propellant, explosion of an explosive.  Contact of the formed material with 

energy source can be direct (approximating), or transmitted by a carrying medium, water, 

sand, possibly air, or by a solid instrument. Graphical depiction of the individual possibilities 

is shown in Fig. 1. 

 

4.2. Explosive forming by a gaseous mixture 

Energy sources are usually flammable gasses: hydrogen, methane, propane, butane.  

Subsequently, they are mixed with oxygen and inert gases. The combustion speed of an 

explosive mixture can be regulated by added volume of inert gases (He2, Ar2, N2, CO2). This 

method is used to form thin-walled products of smaller dimensions. It requires a massive die 

of a relatively complex construction. 

4.3. Explosive forming by propellants and explosives 

Propellants and explosives are characterized by the following parameters: heat of explosion 

(expresses the amount of energy chemically bound in 1kg of an explosive), detonation 

velocity (velocity of the chemical reaction), relative working capacity, i.e. relative effective 

energy ï REE (coefficient of energetic efficiency of an explosive compared to the standard 
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Nitroglykol efficiency). Propellants feature relatively low combustion velocity (~ 2000 ms
-1

) 

and explosion pressure (2 GPa). A slower development of heat from propellants can be 

transferred to formed components. Propellants are used to form components of smaller 

dimensions. 

The carrying medium is most often water or sand. Calculation of the charge is based on 

determination of the relation between the deformation energy necessary to invoke forming of 

a product and the energy released by an explosive. For the energy contained within an 

explosive it is necessary to calculate with its loss during transformation from chemical to 

pressure energy and loses in transferring environment. 

Loses describe efficiency of the process: 

–ὧ  –ὧὬϽ –ὴ Ͻ –Ὠ               (4.1) 

where hc, hch, hp, hd  are overall, chemical, transfer and deformation efficiency of the 

process. 

The overall efficiency hc of explosive forming is around 10%. 

 

Explosive forming is a technology suitable for single-part productions of large components, 

for which forming devices cannot be applied due to large dimensions of the components or 

insufficient outputs of presses. It is also suitable for forming of materials with low 

formabilities and for production of prototypes. It features low costs of equipment, usually 

only die. A schematic depiction of individual methods of explosive forming is in Fig. 1. 

 

Fig. 1.  Schematic illustration of the explosive forming process (a), Illustration of the confined 

method of the explosive bulging of tubes 

 

 

 

 

Tasks:  Describe advantages and disadvantages of explosive forming technologies.  
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5. ELECTROHYDRAULIC AND ELECTROMAGNETIC 

FORMING  

 
Time to study:  45 min. 

 

 
Aim:    After study of this chapter students will be able to: 

¶ describe the principle of influence of individual parameters on plastic 

deformation, 

¶ predict application of the mentioned technologies in industry.  

 

  Lecture  

 

5.1. Introduction  

The principle of electrohydraulic forming is creation of a blast wave within a liquid via 

discharge, by releasing of electric energy by condenser discharging. The discharge can be 

released: a) between two electrodes,    b) via exploding wire. 

The principle of electromagnetic forming is based on discharging of electric energy 

accumulated in a condenser battery. The energy is discharged within 10 to 100 milliseconds 

through an induction coil, a strong pulse magnetic field generates, which induces plastic 

deformation in the material. 

 

5.2. Electrohydraulic forming  

5.2.1 Discharge via spark gap 

Amplitude of the pressure in a ball shock wave reaches the value of 105 MPa within the time 

interval of 10
-6

 s. Energy WE accumulated in condenser has to be higher than the deformation 

energy by losses of the process: 

ὡ ὅὟ hϽὡ           (5.1) 

where C is capacity, U is voltage, ɖc is overall efficiency.  

The pressure on the shock front is a function p=f (discharged energy WE, inductivity, working 

spark gap length, geometry of electrodes, their number and locations). 
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The arrangement of electrodes (spark gap) in the technological entity in shown in  Fig. 1. 

                             

Fig. 1 Arrangement of electrodes in technological entity 

1 ï workpiece, 2 ï electrodes, 3 ï insulation, 4 ï instrument, 5 ï water area 

 

For components of large dimensions and complex geometries, the shock wave can be directed 

and concentrated by reflectors (Fig. 2). 

 

Fig. 2 Technological entity with reflectors 

1 ï electrode, 2 ï reflector, 3 ï workpiece, 4 ï instrument, 5 ï liquid 

 

5.2.2 Discharge via exploding wire 

Bridging of the spark gap using a wire can bring about the following advantages: vapors of 

evaporated wire increase expansion pressure, wire can direct shock wave movement, 

efficiency of discharge increases and magnitude of applied voltage decreases. Disadvantage is 

the necessity to input new wires for repetitive discharges. Arrangement of the device is shown 

in Fig. 3. 

 

Fig. 3 Schematic depiction of device for electrohydraulic forming via exploding wire 
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5.3 Electromagnetic forming 

The principle of the method is discharging of electric energy accumulated in a condenser 

battery within 10 to 100 milliseconds through an induction coil, which invokes generation of a 

strong pulse magnetic field. Current is induced in a formed material (magnetic conductor) 

inserted into the magnetic field, which generates its own magnetic field. Forming is 

performed by repulsive forces of both the fields. In the commonly used devices, the pressures 

usually reach up to the orders of 1000 MPa. A basic scheme of the device is shown in Fig. 4. 

 

Fig. 4 Schematic depiction of electromagnetic pulse device 

 

 

 

Section summary:  
 

According to the mutual positioning of the coil and workpiece, forming can be 

categorized as: expansive (coil is within workpiece cavity), compressive (workpiece is 

within coil cavity). 

Magnetic field can be rectified by so called concentrators. Concentrators enable to 

increase technological elasticity (by replacement of concentrators), simplicity (without 

movable components) and consequently ensuing reliability, low noisiness, high and 

uniform pressures, low weight of the device. 

 

 

 

 

 

Recommended literature:  
[1] ASM HANBOOK ς Metalworking: Bulk Forming (Vol. 14A). Materials Park, Ohio, 2005. 

[2] .!2!Σ WΦ .L[NYΣ WΦ bƻƴ-conventional forming methods ς explosive forming 

όbŜƪƻƴǾŜƴőƴŞ ƳŜǘƻŘȅ ǘǾłǊƴŜƴƛŀ - ǘǾłǊŜƴƛŜ ǾȇōǳŎƘƻƳύΣ Trnava, 1991, 25 p. 
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6. HYDROSTATIC EXTRUSION  

 
Time to study:  45 min. 

 

 
Aim:    After study of this chapter students will be able to: 

¶ describe the principle of influence of hydrostatic pressure on plastic 

deformation, 

¶ predict application of the mentioned technologies in industry. 

 

  Lecture  

 

6.1 Introduction  

Hydrostatic extrusion is defined as an extrusion under cold or hot conditions, during which 

direct contact of the punch with material is replaced by application of a high-pressure medium 

surrounding the workpiece from all sides. The principle of the method is shown in Fig. 1. 

 

Fig. 1 Principle of hydrostatic extrusion 

For hydrostatic extrusion, single-purpose hydrostatic extrusion presses or hydraulic presses 

with specialized equipment are used. The mostly extruded materials are carbon and alloyed 

steels, multilayered materials combining ferrous and non-ferrous metals, Al, Mg, Cu alloys, 

composites, materials with low plasticities (Mg, Mo, Be, W) and high-speed steels. 

6.2 Pros and cons 

1) During conventional extrusion, the extrusion force is increased by friction forces 

occurring at container walls. Likewise is the length of the extruded workpiece, which 

limits the workpiece length. During hydrostatic extrusion (HE), contact of the 
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workpiece with container wall does not occur and workpiece length is practically 

unlimited.  

2) During conventional extrusion, short shots (waste) containing up to 15% weight of the 

workpieces occur. 

3) During HE, hydrodynamic lubrication regime can be induced, brittle materials can be 

formed, extruding pressures can be decreased and thus loading of the instruments can 

be decreased and their lifetimes increased. 

4) deformation degree can be increased, as well as extrusion speed and formability of the 

extruded material. 

The main disadvantage ensues from compressibility of the working medium (some liquids 

compress by up to 30% at the pressure of 2500 MPa). 

The consequence is decreased stability of the process accompanied by crumpling of the 

extruded material surface. The effect of force is transferred on the formed material via a 

pressure medium (with a certain compressibility), which results in an unsteady linking of the 

pressure source with workpiece. 

The hydrostatic pressure reaches its maximum value at the beginning. As soon as the material 

begins to move, friction coefficient decreases from the quiescent value to movement value, 

workpiece accelerates and pressure decreases to the value necessary to continue the 

movement. Then the process is repeated. This results in an unstable extrusion velocity, which 

is related to pressure oscillation. 

The pressure media have to meet the following requirements: uniformly transfer pressure load 

and feature low compressibility. Physical and chemical reactions with material, instruments 

and lubrication should be minimal. They should enable application of a wide interval of 

working temperatures, feature low thermal conductivity and thermal capacity. Viscosity and 

lubricating properties have to be stable within the range of working temperatures. At present, 

cold extrusion is almost always performed with liquid media. 

 

 

 

Section summary:  
Hydrostatic extrusion was developed especially to form materials with low formabilities. 

Theoretic principles for formability increase at hydrostatic pressure are mathematically 

described using the Kolmogorov equation. 

 
 

 

 

 

Recommended literature:  
[1] ASM HANBOOK ς Metalworking: Bulk Forming (Vol. 14A). Materials Park, Ohio, 2005 
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7. INFLUENCE OF ULTRASOUND ON PLASTIC 

DEFORMATION  

 

 
Time to study:  45 min. 

 

 
Aim:    After study of this chapter students will be able to: 

¶ analyze physical principles of the influence of ultrasound on plastic 

deformation,  

¶ predict application of ultrasound in industry for selected forming 

technologies. 

 

  Lecture  

 

 

7.1. Introduction  

The influence of ultrasound on plastic deformation was investigated for various metals and 

alloys. During a tensile test, ultrasound was turned on after the yield strength had been 

exceeded and the deformation stress decreased by 40%. After turning off the ultrasound, the 

stress increased again to its original value. For a sample loaded by a constant static stress, its 

decrease by the influence of ultrasound is constant even when strain increases. When 

ultrasound is cyclically turned on and off, the static stress decreases by approximately 10%. 

When ultrasound affects the sample from the beginning of a tensile test, the stress curve has a 

significantly flatter character. 

The flow stress of metal materials changes by the influence of ultrasound. The value of the 

change depends primarily on the intensity of the acting ultrasound energy. Up to a certain 

(limiting) value, decrease in flow stress always occurs. The course of change of the flow 

stress depends on the intensity of the ultrasound energy, type of the material and its physical 

and mechanical properties, type of the ultrasound system and sound distribution scheme, 

temperature, stress-strain conditions of the test, moment of turning the ultrasound on and 

effecting time. 
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The higher is the energy density, the lower is the flow stress, and after exceeding the limiting 

value also the better is the strengthening. Materials with higher initial strengths, strengthening 

more intensively, with higher elasticity moduli, higher acoustic impedances and lower melting 

temperatures decrease the flow stress with ultrasound less intensively. 

 

7.2. Physical principle of the effect of ultrasound on plastic deformation 

The mechanism of the effect of ultrasound on the process of plastic deformation can be 

evaluated from the point of view of metals physics, or from the point of view of mechanics, 

Fig. 1 ï 2.  According to the first point of view, the outer signs of the effect of ultrasound can 

be explained by its contribution to the forming process ï activation of blocked dislocations 

and initiation of new ones.  

 

                                                     

Fig. 1. Double-slotted block horn                            Fig. 2. Schematic of an ultrasonic  

and ultrasonic transducer with attached                  compression test. 

 mounting structure for ultrasonic  

compression tests. 

 

Ultrasound can be a form of energy, by which plastic flow can be continued or renewed in the 

material. The mechanism of plastic deformation with ultrasound differs from the mechanism 

of deformation at a static stress by the fact that activation of dislocations occurs in the entire 

material volume, in grains with different orientations, basically uniformly. Cross-slip occurs 

at significantly lower strains. By development of cross-slip, generation of other dislocation 

sources is supported. The consequence of this is a progressive growth of plastic flow. 
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Ultrasound activates generation of vacancies as well. During plastic deformation, a complex 

interaction of dislocations, point, planar and volume defects occurs. Dislocation slip leads to 

generation of point defects and, on the other hand, dislocations are advantageous locations for 

pinning of vacancies. A presence of a large number of jumps and concentration of vacancies 

together with the effect of outer and inner stresses can lead to climb of dislocations at normal 

temperatures. A high concentration of vacancies can not only be a cause for edge dislocations 

to climb, but can also stimulate cross-slip of screw dislocations. A simultaneous effect of the 

cross-slip and climb of dislocations enables both the dislocation components to overcome 

obstacles in movement. 

 

 

 

Section summary:  
Ultrasound is primarily absorbed by lattice defects. This increases their energy and 

thus the ability to release from pinning and overcome obstacles in movement. 

Migration of dislocations under the effect of ultrasound has been proved by 

numerous studies. However, no unambiguous answer to the question, by which 

mechanism are dislocations activated via ultrasound, has been given so far. 

 

 

 

 

 

Recommended literature:  
[1] DUTTA, R.K., PETROV, R.H. et al. Accommodation of plastic deformation 

by ultrasound-induced grain rotation. Metallurgical and materials transactions A, 

2015, Vol. 46A, pp. 3414-3422 

[2] ASM HANBOOK ς Metalworking: Bulk Forming (Vol. 14A). Materials Park, Ohio, 2005. 

[3]  SALINAS, V., LUND, F.,  MUJICA. N. In situ monitoring of plastic 

deformation using ultrasound. Acta Materialia, 2000, Vol. 48, pp. 517ï524. 

[4] REED-HILL, R. E., ABBASCHIAN, R. Physical Metallurgy Principles, WS 

Publishing Company, Boston, 1991. 
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8. RADIAL FORGING  

 
Time to study:                                                                               90 min.   

 

 
Aim:    After study of this chapter students will be able to: 

¶ describe technologies of forming on radial forging machines, 

determine their pros and cons, 

¶ analyze courses of stress and strain in forged rod. 

  

 

 Lecture  

 

8.1 Introduction  

By forging of longitudinal products on radial forging machines, materials with low 

formabilities can be processed (Ni, Ti alloys, tool steels). Driving of working tools (strikers) 

is mechanic, or hydraulic. When mechanic driving is applied, the housing contains four 

independent symmetrically positioned strikers (Fig. 1).  

 

 

Fig. 1 Schematic depiction of strikers of radial forging machine  

 

Reductions in individual passes can be adjusted using eccentrics for each of the opposite pair 

of strikers individually, or simultaneously. The described system enables the modern types of 

radial forging machines (e.g. SX 90, SX 16) to forge rods of circular, rectangular or 

hexagonal cross-sections. Manipulators controlling infeed speed, reductions and stroke areas 

of the working parts of the strikers are located at both sides of a forging machine. Manipulator 

jaws rotate the forged rod during forging of circular workpieces. During forging of flat, 

rectangular or hexagonal rods, manipulator jaws are fixed in stationary positions. 
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Strikers of various shapes can be used. Universal strikers are used to forge circular and 

rectangular cross-sections (Fig. 2).  

 

Fig. 2 Shapes of strikers for forging of rods of circular and rectangular cross-sections 

 

 

8. 2. Radial forging machines 

The strain rate is comparable to strain rates achievable during forging on hydraulic forging 

presses. This advantage is used for forging of highly-alloyed materials, for which the flow 

stress increases significantly and formability decreases with increasing strain rate. 

By forging on radial forging machines, quality of forged rods can be increased. This applies to 

their surfaces, as well as to their internal structures and their homogeneities. Occurrence of 

surface defects during forging is practically impossible. This is given primarily by elimination 

of tensile stresses on the forged surfaces. The difference between conventional forging on 

presses using two punches and radial forging using four strikers is depicted in Fig. 3. 

 

a)                                             c) 

 

b)                                   d) 

Fig. 3 Forging of solid and hollow rods on a press (a, b) and on a radial forging machine (c, d) 
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The depth to which the plastic strain affects the material, depending on relative stroke area, 

influences the quality of forged rods as well. A schematic depiction of the depth to which the 

plastic strain affects the material during forging on radial forging machines is shown in Fig. 4. 

 

Fig. 4 Depth to which the plastic strain affects the material during forging on radial forging 

machines 

 

Requirements of customers for microstructures are already quite common. Usually, fine-

grained structure is required. The development of structure for C45 steel after deformation is 

demonstrated in Figs. 5 and 6.  

 

a)       b) 

Fig. 5 Development of C45 steel microstructure: a) initial structure, b) after forging on radial 

forging machine 

 

a) b) 

Fig. 6 C45 steel macrostructure: a) initial structure, b) after forging on radial forging machine 


