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1. INTRODUCTION 

Everlasting development in technologies and still increasing demands on materials has led 

to an expansion in research of materials with enhanced properties. Properties of materials can 

be improved by two main ways: addition of alloying elements or grain size refinement. The 

latter can advantageously be introduced via intensive plastic forming and severe plastic 

deformation (SPD) processes, while both can favourably be combined via powder metallurgy.  

SPD technologies are a favourable instrument for processing of e.g. light-weight 

constructional materials, which are among the primary focus of up-to-date research and 

industrial development [1–3]. Another significant advantage of SPD methods is that they can 

introduce changes in biological behaviour and corrosion properties into alloys intended to be 

used for bio-applications, which is another significant issue to which researchers worldwide 

pay a lot of attention. Due to the favourable pressure conditions during SPD such methods are 

suitable also for processing of materials with low formability, such as metals with HCP lattice 

or brittle materials [4]. This is another advantage since many materials finding application in 

the above mentioned research/industrial fields have hexagonal close packed lattice (HCP) and 

therefore possess only a limited number of active slip systems imparting their low formability. 

The last but not least possibility of SPD application can also be consolidation of machining 

chips and powders [5,6]. 

Materials fabricated from powders are counterparts to the conventional cast alloys. Powder 

metallurgy (PM) enables production of metals and alloys conventional fabrication of which 

would hardly be possible [6]. Such materials then advantageously combine favourable 

properties of the individual metals mixed together. An indisputable advantage is also the 

possibility of achievement of fine final grain size. 

The main focus of the dissertation work is to investigate possibilities of consolidation of 

powders using intensive plastic deformation processes. The theoretical part generally outlines 

the history, deformation principles and main intensive plastic deformation processes including 

the mostly applied SPD technologies. Subsequently, powder metallurgy together with its main 

consolidation processes is briefly introduced. After the theoretical part, the main aims of the 

dissertation work are pointed out followed by the experimental part. 

The experimental part deals with investigations of the influences of intensive plastic 

deformation technologies on the structures of materials pre-sintered from powders. This part 

is divided into two main subsections, the first one of which focuses on constructional and the 

second one on bio-applicable materials. The first experiment dealing with Al powder was also 
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aimed at examination of suitable conditions for compaction, sintering and consolidation of the 

used powder materials. Compressing and sintering conditions determined as suitable for Al 

were also subsequently applied for other Al-based constructional powder mixtures. The bio-

applicable materials subsection consists of investigations of various Ti-based powder 

mixtures. The studies of the consolidated materials were focused mostly on microstructural 

investigations and investigations of properties, such as density and microhardness. 

2. POWDER MATERIALS 

Powder metallurgy (PM) enables fabrications of metals and alloys from various 

combinations of original elements, of which fabrication via melting and casting would hardly 

be possible due to their different requirements on processing conditions [6]. This enables to 

create unusual combinations of properties in a single material. PM is a versatile technology 

suitable to process materials with high melting points, such as tungsten and molybdenum, as 

well as to produce components of brittle materials, such as ceramics. It can also 

advantageously be used to manufacture components, which could not be produced using 

conventional casting methods, such as porous bearings and filters. Moreover, machining of 

powder workpieces is minimised and consequently the efficiency of material use is high. The 

final products also have very good surface quality and their dimensions can be variable 

depending on the shape of the mould. The overall PM production is efficient since high 

quality products of simple as well as complex shapes can be produced at high rates. 

 Historical background 2.1

The very beginnings of PM go back to the ancient ages, when iron ore was reduced with 

charcoal to produce sponge iron powders [6]. During the 18
th

 century, several successful 

attempts to produce platinum powders were made. However, the modern era of application of 

PM as a manufacturing process begun in the 19
th

 century, when tungsten powders 

strengthened with thorium started to be produced for electric lamp filaments. At the beginning 

of the 20
th

 century, tungsten carbide tools were developed. Later on, PM started to expand 

which led to an increase in production of new ferrous as well as non-ferrous components 

manufactured from powder metals. Expansion of PM went also hand in hand with expansion 

of composites and dispersion strengthened alloys. 

Another field of research, initiated already in 1968 and later developed in the 1980s was 

production and processing of nanopowders. However, the first studies usually resulted in 

undesirable structure coarsening during processing or poor inter-particles bonding. 
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Nevertheless, recent researches have already eliminated most of the unwanted features of 

nanopowders consolidation.  

PM manufacturing in general has experienced its most significant development during the 

last quarter of the 20
th

 century. This has been not only due to the increasing development in 

specialized industrial branches such as aerospace and nuclear industry, but also thanks to the 

design of new material processing technologies, several of which will be introduced in the 

below mentioned chapters.  

 PM procedure 2.2

There are four main steps in powder metallurgy which eventually lead to fabrication of a 

powder metal product: production of a powder, compaction, sintering and secondary and 

finishing operations [6]. Powders are mostly produced by atomisation process, but can also be 

fabricated using chemical reduction or electrolysis [7]. 

Compaction can be performed under cold and hot conditions and various processing 

parameters according to the requirements to the final product. Application of pressure during 

compaction is not necessary. Compaction methods without application of pressure include 

vibratory compaction, slip or slurry casting, injection moulding and loose powder (gravity) 

sintering. The latter is the simplest and least demanding one and can be used for fabrication of 

very large ingots (up to 2 tons) used for a subsequent forming. Slip and slurry casting are 

suitable for production of complex shapes and also for handling with very fine powder 

particles. Vibratory compaction is favourable for powders with non-uniform particle size. 

Pressure is applied during methods such as unidirectional and isostatic pressing, powder 

rolling and powder extrusion.  

After compaction, sintering of the green compacts follows. This is usually performed by 

heating of the pre-compacted sample in a furnace under a protective atmosphere (H2, N2, Ar, 

vacuum etc.). The temperature is usually approximately 70-80% of the melting temperature of 

the metal, so that diffusion is highly supported. Almost 100% percent density can be obtained 

by repeated compaction and sintering.  

Eventually, a powder workpiece is given the final shape, which is usually performed by 

pushing of the sintered part into a die of the required dimensions under a nominal pressure. 

Finishing operations include improving surface quality and corrosion resistance via 

repressing, grinding and plating. Nevertheless, more favourable methods, for which the final 

shaping of the workpiece is not necessary any more, have already been developed. Such 

methods include e.g. isostatic pressing under hot conditions (hot isostatic pressing – HIP) and 
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isostatic pressing under cold conditions (cold isostatic pressing – CIP). Isostatic pressing 

technologies, together with some other widely applied compacting methods including 

selective laser melting (SLM) and various die compressions will be briefly described in the 

following sub-section [3,5]. Besides the conventional compacting methods, the powders can 

also advantageously be consolidated using methods of severe plastic deformation (SPD). 

These methods, including a description of their application for consolidation of powders, will 

be introduced in the following sections.  

Among the indisputable advantages of PM is that the original powder particles can have a 

very fine size. This enables fabrication of very fine structured materials, which enhances the 

properties of the final material even more. However, the smaller the initial size of the original 

powder, the more difficult and complex the consolidation method. One of the main trends of 

contemporary research is compaction of nanocrystalline powders [9]. Such materials have 

exceptional structural, physical, chemical, electronic and magnetic properties. However, 

nanopowders cannot be synthesized under hot conditions by sintering or HIP, since it supports 

grain growth which would result in loosening of the favourable properties. Methods for 

processing of such powders include gas condensation, electrodeposition, ball milling, plasma 

processing and more. Technologies, during which only a short heating is applied and 

therefore grain growth is limited, have been developed as well. Among these are e.g sinter 

forging and plasma activated sintering. 

 Nanopowders 2.3

One of the up-to-date methods of fabrication of UFG and nano-grained materials is 

consolidation of powder particles of nanometre sizes [10]. The first experiments with 

nanopowders were mainly connected with the intention to achieve superplasticity, which is 

also enabled by small structural units size. However, compaction of nano-sized powders is 

difficult. They have a high surface-volume ratio and the tendency to cluster together and 

agglomerate. Agglomerated particles then form clusters with high interparticle friction 

increasing the stress required for a successful compaction. The required stress can be 

decreased by increasing temperature, which can also support interparticle bonding and reduce 

porosity. On the other hand, increase in temperature can lead to unwanted grain coarsening.  

Recent researches showed that successful nanopowders sintering can be achieved at lower 

temperatures than sintering of micro-sized powders, already under temperatures of 0.2-0.4 Tm. 

This can be explained by thermodynamic instability of nano-sized particles and their tendency 

to reduce their surface-volume ratio by clustering and thus decreasing their surfaces. The 
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particles are also more reactive than micrometre-sized particles, which contributes to shorter 

sintering times. This feature is especially significant for reactive metals such as Al, Ti. 

The sintering mechanisms for nano-sized powders are similar to powders with larger-sized 

particles, although much more rapid. The explanation could be extremely high surface 

diffusion and rapid dislocation motion in the early stages of sintering, possibly viscous flow 

in materials with difficult movement of dislocations. The success of a sintering process of 

nano-powders is significantly influenced by possible impurities. Presence of nitrides or oxides 

can reduce or even eliminate the ability of nano-particles to consolidate. However, processing 

under high pressures or using severe plastic deformation technologies decrease the sensitivity 

of the consolidation process to impurities. For nanopowders, consolidation by hot isostatic 

pressing, ultrahigh pressure sintering and SPD technologies are especially favourable.  

 Compaction methods 2.4

2.4.1 Compaction in a rigid die 

The simplest and most widespread method is compaction in a rigid die [6]. This can be 

carried out under cold or hot conditions. The powder is poured into a die cavity of the 

required shape and compressed with mechanical or hydraulic press. The application of load 

can be unidirectional, double acting, or multidirectional. These methods have good results 

especially for particles with irregular shapes. During compaction, powder particles rearrange 

and interact with each other and with the walls of the die. With increasing pressure, the 

particles start to deform with elastic as well as plastic deformation by which cold welding of 

the particles is supported. Plastic deformation also induces work hardening of the work piece. 

Eventually, the particles fracture. The whole process results in overall densification and 

decrease in porosity. However, the densification is not uniform throughout the entire sample. 

This gradient can lead to anisotropy of properties of compacted work-pieces. Double ended 

die compaction has the ability to slightly reduce the gradient since the pressure is more 

uniform. The powder is pressed using top and bottom punches. The punches have the same 

shape fitting into the die. Nevertheless, this modification is suitable only for certain shapes of 

compacted pieces. All such pre-compacts are fragile and have to be further processed. 

2.4.2 Compaction in a floating die 

The advantage of floating die compaction of metal powders when compared to classic 

compaction in a single or double ended die is that this method reduces differences in densities 
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between the peripheral and central areas of the compacted sample [6]. The die is usually 

mounted on springs in air. During the compaction process, the die moves downwards over a 

stationary lower punch as a reaction on the loading of the upper punch. Due to the action of 

frictional force between the powder and the die walls, the die movement velocity is lower 

than the velocity of the upper punch. For this method, withdrawal of the compressed sample 

from the die is easy since it is supported by the moving bottom die. 

2.4.3 Compaction in a plastic die 

For the compaction in a plastic die method, a capsule into which the investigated powder is 

filled has to be fabricated at first. This capsule is then degassed and hermetically sealed and 

further poured into another material with a higher plasticity than the material of the capsule 

and arranged into a mould. The whole assembly is subsequently heated to the demanded 

temperature and isothermally deformed with extrusion. During this process the plastic 

material surrounding the capsule flows into the free area under the punch. At the same time, 

the enclosed capsule is loaded and the powder inside is compacted. The deformed die is then 

kept heated on the elevated temperature for a certain time. After this dwell, the outer material 

of the deformed die is mechanically removed together with the capsule. This method is 

suitable especially for pre-compaction of tough materials, such as Ti6Al4V powder, before 

sintering. Gronostajski et al. [11] practically performed an experiment with a steel capsule 

filled with Ti6Al4V powder. The capsule was poured into a brass plastic die. The die was 

deformed at the temperatures of 900°C and 800°C with the final dwell of 30 minutes. The 

problematic issue of the floating die compaction method lies in inhomogeneous distribution of 

density (porosity) within the final compacted material. The pressure on the plunger has to be 

conformant to the plastic properties of the material of the deformable die. 

2.4.4 Cold isostatic pressing (CIP) 

CIP is an economical and effective method for fabrication of high-density compacts. When 

compared to the conventional compaction methods in rigid dies, the advantages of the CIP 

process are above all controlled and uniform densification of the powder resulting in uniform 

density of the compacted work pieces, higher green strength and flexibility of shapes of the 

compacted products [6]. Short production times and low cost of the tools ensuring high 

productivity of the whole process should be mentioned as well. 

For this process, the powder is carefully filled into a flexible rubber or plastic mould. The 

mould has to be filled uniformly, since the initial distribution of the powder influences the 



10 

 

density of the final product and so do the shape and size of the powder particles. Particles 

with irregular shapes tend to densify better than spherical ones. The compaction is carried out 

using high pressures under low temperatures. The pressure is applied equally in all directions 

and is usually between 100 and 400MPa, occasionally up to 800MPa. Dwell time is variable 

according to the compacted material. Water or oil is usually used as the pressurizing medium.  

During compaction, the first material characteristic which improves already at low 

pressures is density. Subsequently, the strength of the compacted work piece increases. The 

changes in material are induced by hydrostatic pressure, which turns into shear stress between 

powder particles. Using this process, work pieces of various shapes can be fabricated. The 

shape of the final product depends on the shape of the flexible rubber or plastic mould in 

which the compression is performed. The final density of the compressed sample can be up to 

97% theoretical. Further density increase can be achieved with hot isostatic pressing (HIP). 

2.4.4.1 CIP in practice 

At present, several companies and factories within the materials industry work with metal 

powders and produce various products originally made from consolidated powders. One of 

such companies is also the institution for nuclear fuels in Prague, UJP Praha, a.s., 

(http://www.ujp.cz). This institution focuses on research in the field of compaction of powder 

materials and also deals with small scale commercial production of products compacted and 

sintered from powders. Their specializations are compacted, sintered and eventually swaged 

small rods from titanium and tungsten based alloys. 

The manufacturing process at the institution consists of sorting and mixing of the powders 

under a protective atmosphere and their subsequent compaction in a deformable die using 

cold isostatic pressing (CIP). Their CIP press is huge and is able to produce compacted 

samples as high as approximately 50 cm and 30 cm wide. This press is documented in Figures 

1a and 1b. For mixing of such a substantial volume of powders the company uses a rotational 

mixing device with the capacity of 200 kg of a high density powder (such as tungsten). This 

mixing device is shown in Figure 1c. The compressed samples can be further sintered in a 

furnace to achieve higher density. However, in some cases the products of the CIP process 

can proceed to subsequent processing without sintering. Figure 1d shows several components 

of various shapes manufactured using the CIP process. Figure 1e shows a detail of a 

compacted geared wheel right after CIP processing. The Figure clearly shows the shrinkage of 

the product when compared to the original size of the mould. This shrinkage has to be taken 

into consideration already during the process of designing the mould so that the dimensions of 
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the final product match the required dimensions. This is important especially for components 

which are not intended to be further deformation processed or machined. The rods pre-

compacted and further consolidated by rotary swaging are shown in Figure 1f. 

a)   b)  

c)  d)  

e)   f)   

Figure 1: CIP press at UJP Praha, a.s. (a), (b); powders mixing device (c); sintered semi-

products (d), (e); swaged pre-sintered rods (f). 
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2.4.5 Hot isostatic pressing 

Isostatic pressing under hot conditions (HIP) is one of the mostly used methods for 

consolidation of powders [12]. During the process, the material is exposed to high pressures 

and high temperatures. Pressure range is generally in the order of hundreds of MPa and is 

variable according to the type of the compacted material. The temperature usually ranges 

from 300°C for soft materials such as aluminum-based alloys to approximately 2000°C for 

hard materials such as metal carbides.  

The initial material for the HIP process is a powder that is either loose and enclosed in a 

mould or pre-sintered. During HIP processing the material changes (reduces) its dimensions, 

while its shape and proportions remain the same. The greatest advantage of this process is 

elimination of macro and micro porosity. The density of a final work piece is close to 100% 

of the theoretical density, which results in an increase in mechanical properties of the 

compacted work piece. However, surface pores can turn up to be problematic. These pores 

behave as a part of the original surface of the sample. They shrink with shrinkage of the 

sample but do not entirely close. Nevertheless, closing of the surface pores can be supported 

by deposition of a protective coating on the surface of the pre-sintered sample. The covered 

surface pores further behave as internal pores and can likely be closed during processing. 

The effect of temperature can be favourable, as well as unfavourable. Due to the elevated 

temperatures, diffusion is the mechanism which primarily applies during HIP compaction 

[12]. The diffusion across grain boundaries increases with increasing temperature, while 

lattice diffusion prevails at high temperatures. It is also necessary to prevent grain boundary 

migration, which is provided primarily by secondary phases and inclusion particles pinning 

grain boundaries. The smaller these particles are the greater is their effect. However, too high 

temperatures support dissolution or, on the contrary, coarsening of these particles. Both the 

effects decrease their ability of grain boundary pinning. Particles of some specific materials, 

such as aluminum, can also create oxide layers on their surfaces (Al-Al2O3). Such layers make 

joining of the particles and their compaction more difficult. Nevertheless, high pressures and 

temperatures can help these layers to brake and particles to bond more easily. Dadbakhsh et 

al. [13] performed an experiment in which they manufactured Al composite from CP Al with 

the addition of 5-15% Fe2O3 at the temperatures around 500°C. Although the high 

temperature contributed to a successful production of the composite, they also pointed out the 

unfavourable effect of HIP on coarsening of powder particles and formation of intermetallics. 



13 

 

The HIP process can generally be used for specific applications. Powders of various 

compositions and morphologies, from which fabrication of ultra-fine-grained structures would 

be difficult using conventional technologies, can be compacted [14]. Unconventional 

materials, such as powder copper-based composite reinforced with tungsten fibres and dense 

high performance ceramics have been processed as well [9,12]. It is also suitable for 

fabrication of products from brittle materials and to remove casting porosity. Tam et al. [16] 

produced Cr-Si targets using HIP, since both the elements are brittle, have low castability and 

tend to oxidize. The results of the experiment carried out at three different temperatures 

showed the temperature of 1373K to be suitable for an effective decrease in porosity of the 

50Cr50Si mixture. However, in order to predict suitability of application of HIP in particular 

cases, the behaviour of particles can be simulated using computer software. There are two 

different prediction approaches: microscopic and macroscopic [12]. 

According to the microscopic approach, the material consists of particles that are in mutual 

contacts with each other. Pressure loading at an elevated temperature results in inter-particle 

bonding, during which enclosed pores remain between the bonded necks. Subsequently, the 

contacting areas between the individual particles grow, the pores get smaller and the gas from 

the pores continuously diffuses into the surrounding material while the pores are closing. The 

smaller the initial size of the particles, the smaller pressure is needed for their bonding and 

closure of the pores. This approach describes the whole process with a set of equations. 

The macroscopic approach considers the sample to be a solid material. Therefore, 

rearrangement of the particles, as well as their slip, is not considered. Due to this significant 

simplification the process can further be modelled using the finite element method (FEM). 

Nevertheless, careful determination of all the conditions is very important during modelling 

since different conditions develop during different combinations of pressures and 

temperatures. For example, at low temperatures and high pressures creep mechanism 

develops, whereas at high temperatures and low pressures diffusion mechanism is prevalent. 

2.4.6 Selective laser melting 

SLM is an additive manufacturing process, by which work pieces of various (including 

complex) shapes are made directly from 3D CAD data by layer-by-layer melting and 

subsequent solidification of a powder material [17,18]. This process creates a small molten 

pool with high gradients of temperature. It reduces porosity and fabricates products of nearly 

100% density [18]. The microstructure of the final product depends on material properties, 

scanning strategy, processing parameters and the geometry of the product. However, the 
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microstructures of the products are specific and therefore specific heat treatments need to be 

applied. Various kinds of metal powders from titanium, through aluminum, to stainless steels 

are suitable for SLM, although optimization of processing parameters is essential for a 

successive SLM of individual materials. A complex study was performed e.g. for the 

AlSi10Mg alloy [8]. The influence of processing temperature on Ti6Al4V biomedical alloy 

produced by SLM was investigated by Yadroitsev et al. [17]. Loh et al. [19] designed a FEM 

model and conducted a parametric study with the aim to determine the relation of the 

processing parameters and heat transfer for SLM of the AA6061 alloy. Numerical simulations 

were also carried out for SLM of stainless steels [20]. 

3. DEFORMATION PROCESSES 

The primary aim of all the deformation processes is to impart required shapes to formed 

materials. Their significant advantage is also that they can impart specific properties to the 

final products. Many processes have been developed during the past centuries and millennia, 

the contemporary categorisation of which is to conventional and unconventional processes. 

 Conventional forming methods 3.1

The conventional forming processes are the well-known and widely applied technologies, 

such as rolling, forging, drawing and extrusion. Rolling can be applied to produce long flat 

and also shaped products with a wide range of properties and final surface qualities. Forging 

is a versatile technology applied to produce a wide range of forged pieces from huge products 

such as crank shafts to tiny components such as piston rods. Drawing is a process especially 

applied to increase surface quality, dimensions accuracy and mechanical properties of drawn 

wires and rods, while extrusion is a very favourable technology for fabrication of a wide 

range of products from a broad range of materials primarily due to its favourable stress state. 

However, the influence on the final properties imparted by the conventional technologies is 

limited for each of the process due to their individual geometrical conditions, stress states and 

the maximum possible reduction during one pass [21]. To overcome these limitations and to 

be able to further improve properties of the final materials, researchers worldwide have been 

inventing various modifications of the processes, which resulted in development of many 

unconventional forming technologies. The methods are still under research and development, 

although some have already been implemented into practice and industrial use. The main aim 

of the modifications and new inventions is to be able to introduce higher strains into formed 

materials to provide higher grain refinement resulting in improvement of final properties. 
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 Unconventional methods of intensive plastic deformation 3.2

Intensive plastic deformation can be introduced into materials by (relatively) newly 

invented technologies based on conventional forming processes. They create an inter-grade 

between the conventional processes, and the most recently developed SPD methods, which 

are introduced in the following section. They are able to impose significant amounts of strain 

into materials and generate ultra-fine grained final structures. However, they are generally not 

as efficient as SPD technologies. 

Most of the technologies imposing significant amounts of strain are based on the 

conventional process of forging. One of them is e.g. multiaxial forging (MF). It is a versatile 

technology which can easily be adapted according to the size and shape requirements of the 

final product [22]. MF can also be performed at high strain rates, which provides a high 

effectivity of a production process [23]. Other such technologies are for example radial 

forging (RF) or rotary swaging (RS). RF is a process during which four radially positioned 

hammers introduce high strains into radial work pieces to produce high-quality fine-grained 

products [24,25]. RS is a technology applied also as one of the deformation methods within 

the experimental part of this thesis and so that it is described below more in detail. 

3.2.1 Rotary swaging 

Rotary swaging is a special type of radial forging, which can favourably be applied for 

reducing diameters of rods and bars, as well as for more complex and complicated operations, 

such as forging of shafts [26]. It is an incremental forming process applying deformation into 

a material using four swaging dies moving simultaneously in radial direction while applying 

short strokes [27]. The stress state during deformation is compressive and therefore 

favourable also for forming of more brittle materials. Among the main advantages of the 

process are high-quality surface of the final products and perfect dimensional accuracy of the 

swaged pieces, which eliminate the necessity of subsequent machining. 

Swaging can generally be applied for forming of materials under hot, as well as cold 

conditions. It can also be applied in a combination with other forming processes imposing 

intensive strains, such as extrusion and SPD technologies, to achieve more intense grain 

refinement and consequential improvement in mechanical properties [28]. A favourable 

application can also be for fabrication of multi-layered clad composites [29]. An 

unconventional usage of swaging has been investigated by Zhang et al. [26] who applied the 

technology to join (weld) copper tubes. 
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 Severe plastic deformation processes 3.3

SPD processes have been developed in accordance to the contemporary trend of increasing 

the mechanical and physical properties of materials while maintaining relatively low costs of 

their production. Various elsewhere conducted studies proved these technologies to have 

significant influences especially on improving strength and hardness of materials [30,31]. The 

methods are based on imposing large plastic strains into materials. Contrary to many common 

processes as well as methods of intensive plastic deformation based on conventional methods, 

during SPD technologies grains deform, but the shape of the work piece remains almost 

unchanged after deformation [4,32]. Due to this fact, many SPD processes can be performed 

repetitively, which provides the ability to adjust the intensity of the particular process. This 

enables to control and possibly accumulate the imposed strain via subsequent passes and to 

refine the grains even to the ultra-fine scale. Primarily due to the pressure conditions close to 

a hydrostatic pressure, SPD technologies are favourable for processing of virtually any 

material and alloy including brittle materials possessing low formability and discontinuous 

materials such as machining chips and powders [4,5,33]. However, the limitations are the 

plasticity of the deformed material and toughness of the loading machine. 

3.3.1 Historical background 

The very beginnings of SPD processes are dated thousands years ago, when the Damascus 

Sword was manufactured for the first time [32]. This can be considered as the first ancestor of 

the products that are nowadays fabricated using the accumulative roll bonding (ARB) process. 

P.W. Bridgman at Harvard University was the first one to introduce aspects of materials 

processing using SPD in the 1940s [14,15,16]. He performed a comprehensive study of the 

application of high pressures to bulk solid materials. In his paper called “On Torsion 

Combined with Compression” published in 1943 he at first presented the basics of the 

method, which is today known as high pressure torsion (HPT) [36].  

The first successful attempts to perform SPD processes as they are known at present go 

back to the 1970s and 1980s. In 1974, V.M. Segal and his colleagues first developed the 

process nowadays known as equal-channel angular pressing (ECAP) [32,35]. This process has 

later become the basic one and probably the most widely used SPD technology. Later in 

1980s, HPT process in its nowadays form was designed. All the basic SPD technologies are 

further described within the theoretical part of this thesis, including ECAP and its 

modifications and the HPT process. 
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In the 1980s, the scientific group of R. Z. Valiev developed an approach for microstructure 

evaluations for SPD processed materials [34]. Microstructural observations using newly 

developed technologies proved remarkable grain refinement and average grain sizes in 

micrometre and nanometre scales. In 1988, Valiev and his scientific group published a 

landmark report describing the potential to achieve even smaller grain sizes via application of 

SPD technologies to originally bulk solid materials with relatively coarse grain sizes [37,38]. 

This publication led to the initiation and subsequent expansion in research and development 

focused on processing and investigation of fine-grained materials. Within the following 2 

decades, till the end of the 20
th

 century, SPD technologies expanded all over the world and 

many works dealing with SPD were published [35]. This trend is documented in Figure 2 in 

which the annual rate of publications about SPD at their beginnings – till the end of the 20
th

 

century – is depicted. 

 

Figure 2: Number of publications (cross-hatch) and patents (solid black) on SPD [35]. 

Most of the publications were focused on the contemporary trend of microstructure 

observations (144 studies). Mechanical properties were the second most widely observed 

parameter (78 publications). The other publications concerned processing methods and their 

application, but also modelling of these processes, which was becoming to be on the increase. 

Dozens of methods for application of severe deformations have been developed so far 

[2,4,39–45]. Some of them are limited to small samples, while others are designed for 

processing of larger and also hollow samples. Several SPD methods are designed even for 

continuous processing. Despite the fact that new methods and modifications are still being 

designed, high pressure torsion still remains the only one using which nanometre sized grains 

can be achieved [46]. Its disadvantage is though the limited dimension of a sample. 
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3.3.2 Mechanisms of structure development 

Material flow is always limited by the construction of the particular die used for the 

particular SPD process, which results in a compressive pressure imparting certain deformation 

and structural changes into the deformed material. This primarily results to generation of 

dislocation, the movement of which results in (further) plastic deformation. Nevertheless, the 

dislocations start to accumulate on lattice defects, grain boundaries, solid-solution atoms, 

other dislocations etc., which causes work hardening of the material and makes further 

deformation more difficult (greater stress has to be applied) [7]. To achieve and maintain high 

dislocation densities, the deformation temperatures generally should not exceed 

recrystallization temperature (although there are specific cases, in which recrystallization is 

desirable for structural refinement). After reaching a certain accumulated energy level, the 

dislocations also tend to cluster together and form dislocation cells and subsequently new 

subgrains, which eventually turn into regular grains and contribute to grain refinement [47]. 

For materials with lower formability (HCP lattice metals, metals with low stacking fault 

energy etc.), twinning is also typically induced by SPD processes. 

The main factor influencing the microstructure during severe plastic deformation and 

therefore introducing enhancement in properties is shear strain, the effect of which results in 

significant fragmentation and refinement of grains. This is applicable also for particles within 

materials consolidated from powders. Grain boundaries have different properties than the 

inside volumes of the grains and act as obstacles for movement of dislocations, as described 

above [7,47]. With decreasing grain size, other deformation mechanisms become active as 

well. One of the most important is grain boundary sliding (GBS). GBS occurs in a material 

after achievement of a certain critical grain size. This mechanism contributes to a partial 

renewal of plasticity, since the grains are from this stage able to slide along each other. A 

refined grain size also enables quicker achievement of higher strain rates, which provides 

better possibility to achieve a superplastic forming capability [35].  

Grain refinement within a material results primarily in an increase in strength properties in 

accordance with the Hall-Petch relation (Equation 1). 

 𝜎𝐷 = 𝜎0 + 𝑘𝑑−0.5 [MPa] (1) 

where 𝜎0 … lattice friction stress [MPa] 

k … constant for the selected material [-] 

  d … grain size [mm] 
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Researches showed applicability of this relation to materials with structural units larger 

than approximately 100 nm [4,7]. However, an inverse Hall-Petch relation applies more 

accurately to nanocrystalline materials with smaller structural units since strength starts to 

decrease with further grain refinement (this effect was most significantly demonstrated with 

nanocrystalline Cu) [7]. This is caused by an increasing effect of GBS with an increasing 

grain boundaries to inner grain volumes ratio. Dislocation pile-up and generation mechanisms 

(accumulation on grain boundaries, generation of Frank-Read sources) diminish in such fine-

grained materials as well. 

3.3.3 Selected SPD methods 

As has been already mentioned, numerous SPD technologies and their modifications have 

so far been invented. This section of the dissertation work is focused on introduction of the 

most widely used ones, which are also mostly applied for consolidation of powders. This is 

then the content of the following section. 

3.3.3.1 High pressure torsion 

High pressure torsion (HPT) is one of the firstly developed SPD processes [4,36]. It is a 

discontinuous technology, the principle of which is in imposing high shear strain into a small 

plate disc sample using a pair of rigid anvils while one of the anvils is fixed and the other one 

rotates. Which anvil is fixed and which rotational depends on the construction of the 

individual device and does not have any significant influence on the imposed strain. The 

entire process is performed under high pressures, typically between 3-6 GPa although it can 

be more depending on the construction of the particular machine [4,45,48]. The high pressure 

is applied to prevent the processed sample from sliding. 

There are three basic types of HPT processes categorized primarily according to the 

material flow during processing [34]. For unconstrained HPT, the anvils are flat so that the 

flow of the deformed material is unconstrained. For constrained HPT, the lower anvil has a 

cavity into which the to be deformed sample is placed and then it is deformed using a plunger 

located on the upper anvil. Lateral material flow during deformation is thus restricted. The 

third and in practice mostly used type is quasi-constrained HPT. For this type both the anvils 

have cavities and the sample has slightly larger volume than the volume of the cavities, so 

that a flash develops during deformation as a consequence of the limited outward flow. In an 

ideal case, the stress state in the sample is hydrostatical pressure and the material is deformed 

with pure shear. 
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Due to the favourable stress state during processing, HPT is especially favourable for 

processing of materials with low formabilities. One of the mostly studied materials is 

magnesium and its alloys. For example, Kai et al. [49] subjected Mg-9Al alloy to HPT at 

various temperatures with the aim to investigate superplastic behaviour of the processed 

samples. They reported elongation of 810% for a sample processed at 150°C, whereas the 

sample processed at room temperature exhibited fine grain size. A more significant grain size 

refinement during HPT processing at room temperature than at elevated temperatures was 

also reported for AZ31 alloy by Huang et al. [50], who focused their investigations on 

differences between textures of the samples processed at 23°C, 100°C and 200°C. Textures in 

the processed samples can be modified not only by the processing temperature, but also by the 

processing pressure as stated by Bonarski et al. [51]. The study showed substructures of the 

processed samples and concluded that also recrystallization occurred and eventually 

contributed to grain refinement within their pure Mg samples subjected to SPD. The final 

microstructure and properties are however influenced not only by the processing conditions 

(pressure, temperature, imposed strain), but also by the original microstructure. This is a 

substantial factor especially for dual phase alloys. Wang et al. [52] subjected samples of Ti-

6Al-4V with the phase compositions of 85% α-phase + 15% β-phase and 48% α-phase + 52% 

β-phase to HPT. Homogenization of microhardness values throughout the cross-sections of 

the samples was reported after 10 revolutions for both, although the second sample exhibited 

higher absolute values and a finer microstructure. The influence of severe plastic deformation 

on the type and morphology structural phases was also reported by Xu et al. [53]. The 

originally β-phase Ti-20Mo alloy exhibited formation of equiaxed α-phase precipitates after 

sufficient HPT processing. 

HPT is at present the only successfully applied SPD technology by which nano-sized 

grains can be achieved. Nano-sized grains after processing were reported e.g. by Edalati et al. 

[54] for hafnium processed by up to 10 revolutions under 4 GPa and room temperature. 

Pinheiro et al. [55] achieved sub-grain size of approximately 100 nm in Ti-6Al-7Nb alloy 

after processing by 3 revolutions at 5 GPa and room temperature, while achievement of grain 

size of approximately 100 nm was reported by Podolskiy et al. [56] for high-purity Ti 

processed by 5 revolutions at 2 GPa and cryogenic temperatures. 

HPT is generally favourable for alloys typically applicable for the modern light-weight 

constructional and bio-applicable materials. Grain refinement imparting homogenisation of 

structure within HPT processed alloys contributes to homogenisation of properties, which is 

very favourable within both the mentioned branches. 
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3.3.3.2 Equal channel angular pressing 

The principle of the equal channel angular pressing (ECAP) process is in pressing 

(extrusion) of a billet with circular or square cross-section by a plunger through a channel 

machined inside a rigid die [4,34]. The billets are mostly solid, but with a certain modification 

of the die they can also be hollow. The channel is bent under a certain angle depending on the 

individual processing conditions applied for the particular material. The cross-section and 

shape of the channel are constant throughout its entire length. 

The shear strain modifying the inner structure is imposed into the extruded material in the 

main deformation zone, which is located in the channel bending. Since the shape of a 

processed billet does not significantly change after a single pass (except its ends), the process 

can be performed repetitively. Multiple pass ECAP can be carried out via four main 

processing routes denoted as A, BA, BC and C, for each one of which the direction of 

processing in each pass and possible rotation of the billet between the individual passes are 

different. The selected route and also the overall number of passes then significantly influence 

the imposed strain and consequent microstructural development within the processed billet. 

Among the processing route, the most important variable processing conditions influencing 

the microstructure of the processed material even after a single pass are the bending angle, 

temperature, friction and extrusion speed. 

The most widely used range of the bending angle is 90-120°, although it can also be larger 

or smaller. Studies have been conducted for high angles up to 150° [4], but also for angles as 

low as 30°C [57]. The bending angle has to be selected primarily with regard to the 

formability of the extruded material since it significantly influences the imposed shear strain 

and its homogeneity throughout the cross-section of the extruded billet. For example, angles 

slightly larger than 90° are favourable for materials with low formabilities such as Mg alloys. 

As reported by Kocich et al. [57], extrusion of AZ91 alloy through a die with the bending 

angle of 110° resulted in a more homogenous plastic flow when compared to extrusions with 

lower bending angles, although the overall imposed strain was lower. This was confirmed 

also by a similar study conducted for copper [58]. On the other hand, well-formable materials 

such as copper and aluminum can be successfully extruded also through dies with the bending 

angle of 90°. Texture development within a copper sample extruded through a die with the 

90° bending angle by 8 passes was investigated by Higuera-Cobo et al. [59], while Zhilyaev 

et al. [60] analysed the high-angle to low-angle grain boundaries ratio together with texture 

for a single pass extruded CP aluminum. 
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Temperature is very important during the extrusion process since it can influence not only 

the microstructure of the final product, but also the entire extrusion process by influencing 

friction. The particular processing temperature always depends on the particular extruded 

material. Generally, the temperature should not be too high to prevent recrystallization during 

processing (excluding specific cases in which recrystallization is desired and can contribute to 

grain refinement, as mentioned above). A lower temperature usually results in a more 

significant grain refinement. However, materials with low formabilities usually require 

elevated temperatures to be extruded successfully. Nevertheless, a successful ECAP 

processing at room temperature has already been reported also for pure Mg [61], although the 

mentioned experiment was carried out by 8 passes, only the last one of which was performed 

at room temperature. Recovery processes during SPD processing at elevated temperatures can 

also be suppressed by additions of alloying elements or heat treatments imparting formation 

of precipitates, which subsequently act as obstacles for grain boundary movement during 

extrusion [62]. A specific type of ECAP is the cryo-ECAP process, during which a billet is 

extruded at cryogenic temperatures. Such low temperatures supress recovery processes and 

thus support accumulation of dislocations and grain refinement resulting in substantial 

increases in hardness and strength of the processed material [63]. 

Friction and extrusion speed are important parameters since they especially influence 

successful processing of the billet. They can both effect the extruded material positively 

(when selected suitably) but also negatively (improper selection). Friction is probably the 

most important factor influencing homogeneity of the imposed strain [4]. It also influences 

successful filling of the channel with the processed material and the occurrence and size of the 

dead zone, the creation of which is given primarily by the differences between velocities of 

the material peripheral layers in the vicinities of the inner and outer radii within the channel 

bending [58]. Literally, friction acts as a back pressure inside the outlet part of the channel. 

Back pressure is a separate additional feature of an ECAP die and has been designed with 

the aim to homogenize the imposed strain throughout the cross-section of the processed billet. 

This feature is especially favourable for processing of brittle materials and powders. For 

example, Ribbe et al. [64] used 4 BC passes of ECAP with the back pressure of 200 MPa to 

eliminate percolation porosity in copper at room temperature, while Xia et al. [65] achieved a 

full consolidation of pure Al powder particles by ECAP with the back pressure of 50 MPa at 

100°C, which is a much lower temperature than necessary for conventional sintering. 

All the above described influences of processing conditions on the ECAP process also 

generally apply to its modifications. 
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3.3.3.3 Selected methods based on equal channel angular pressing 

One of the ECAP process modifications, the character or which is similar to the ECAP-BP 

(ECAP with back pressure) technology, is the ECAP-PBP method (ECAP with partial back 

pressure). This modification includes a slight necking inside the outlet part of the channel, 

which provides the partial back pressure. A favourable influence of the necking on 

formability of the processed materials and strain distribution homogenisation has been proven 

e.g. by numerical simulations [41]. 

Another ECAP-based technology – twist-equal channel angular pressing (TCAP) – 

invented by Kocich [66] features a combination of twist extrusion (another SPD technology) 

with ECAP. Comparing to ECAP it enables to impose higher strains during a single pass, 

moreover with its high uniformity throughout the cross-section. An advanced modification of 

this technology, enabling to impose even higher strains than TCAP during a single pass, is 

twist-equal channel multi-angular pressing (TCMAP). This method was also invented by 

Kocich with the intention to design a technology featuring the highest possible imposed strain 

during a single pass while maintaining its best possible homogeneity throughout the cross-

section of a processed billet. The performed numerical simulations investigated in detail 

several modifications of this technology including their pros and cons [67]. 

A modification of the ECAP process suitable for continuous processing of long billets is 

the ECAP-Conform technology. This process features extrusion of a rod through a channel 

located inside an assembly consisting of an inner cylinder acting as a mandrel and an outer 

ring covering the channel and providing sufficient friction for the process to proceed [4]. At 

the end of a pass through the assembly, the processed billet is extruded through an outlet 

channel bending similarly to conventional ECAP. This process is in practice mostly used to 

produce ultra-fine grained magnesium alloys and titanium for biomedical applications [68]. 

 Modelling of intensive plastic deformation processes 3.4

Efforts in research and development of methods of intensive plastic deformation have also 

resulted in an advantageous use of modelling, especially via numerical simulations, within 

this field. Modelling can be used to examine various processing parameters and conditions, as 

well as to investigate material behaviour during processing. Among the typically predicted 

parameters are for example occurrence of lateral and corner gaps for ECAP-based 

technologies [39,41], material flow and its homogeneity [40,69], distribution and uniformity 

of strain throughout the cross-section of a sample [39,66], and stress distribution [67,70]. 
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The finite element method (FEM) is also a favourable instrument for examination and 

evaluation of the ever occurring new technologies and their modifications. For example, the 

TCAP process was investigated in detail by Kocich et al. [39]. The results of their numerical 

simulations provided an insight into the influence of various modifications of the die, such as 

parameters of the twist extrusion helix and the distance between the helix and the channel 

bending, and processing parameters – various frictions, temperatures and extrusion speeds – 

on the distribution and value of the imposed strain. Similar detailed studies predicting 

uniformity of the imposed strain in dependence with processing conditions and geometrical 

parameters of the die were performed for the TCMAP method [40,67]. The stress and strain 

distribution throughout the extruded billet was numerically predicted for the new spiral 

extrusion-based VLAFSE [71] method, while the presence and distribution of shear strain for 

its predecessor, the axi-symmetric forward spiral extrusion (AFSE) technology, was modelled 

mathematically [72]. Mathematical approach is usually used to model more complex material 

characteristics, a typical example of which is deformation texture and its development during 

processing. Gu et al. [73] applied mathematical modelling via the flow line model to predict 

development of deformation texture in a non-equal channel angular pressed aluminum and to 

compare it to the texture simulated for Al after ECAP processing. Mathematical modelling 

can also be combined with numerical predictions. This was reported for example by Tóth et 

al. [74], who used simulations via the viscoplastic Taylor and the viscoplastic self-consistent 

polycrystal plasticity models to validate application of the flow field mathematical model for 

ECAP extruded copper. 

Probably the largest challenge in this field is to simulate the HPT process. HPT combines 

extreme pressures with a severe deformation, the numerical simulation of which requires 

significant simplifications and remeshing, which usually results in strong deviations between 

the predicted results and real state. Although studies dealing with simulation of HPT have 

been performed, they mostly deal only with a small number of revolutions (usually up to 1). 

To provide useful results, “simple” simulations are usually supplemented with 

implementations of more complex model or prediction instruments. For example, Yoon et al. 

[75] investigated plastic deformation behaviour of copper subjected to one and two HPT 

revolutions using the DEFORM software rigid-plastic finite element code in combination 

with a dislocation cell evolution constitutive model. The simulations can also be focused on 

general material behaviour during processing or on comparison of similar HPT-based 

methods, likewise to the aforementioned ECAP method and its modifications. A dead corner 

zone during HPT was numerically predicted by Lee et al. [76], while the comparison of HPT 
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with HPDT (High Pressure Double Torsion) from the point of view of stress and strain 

distributions were performed by Jahedi et al. [77]. 

All the data acquired with the help of numerical simulations are only approximate 

estimations of real processing. The final results depend on the style and method of definition 

of the input parameters and on their selection. The most important input parameters 

influencing the results are friction and temperature (heat transfer conditions). Processing of 

the entire assembly, selected mesh parameters and calculation of increments are essential as 

well. Especially construction of mesh and remeshing conditions can make an assembly 

possible or impossible to be calculated and thus influence reliability of the results and the 

degree of their conformity with reality. This is also the reason why most of the researchers 

only perform simulations of lower deformation degrees for HPT. Probably by the same 

reason, due to the high complexity of simulations of SPD and HPT in particular, no 

substantial successful research has also been conducted on powder-based materials. 

4. POWDER CONSOLIDATION USING SPD 

Materials consolidated from powder particles feature favourable mechanical properties due 

to their ability to achieve smaller final grain sizes. Nevertheless, their structures depend 

primarily on the quality of particles bonding and degree of consolidation. Due to the 

favourable stress conditions of SPD methods, inter-particle bonding occurs directly after 

passing of the material through the deformation zone, while during sintering the material 

needs sufficient time for the diffusion to proceed.  

During SPD processing of powders, shear deformation supports consolidation and 

therefore also reduces the needs for high temperatures when compared to conventional 

compaction and sintering methods. For example, CP Al powder was consolidated using 

ECAP-BP into a compacted work piece at the temperature of 100°C, while 600°C had to be 

applied for compaction using conventional sintering [65]. Changes in temperature can also 

intentionally be used to enable or support desirable structural changes. Although phase 

transformations can be induced solely by the influence of shear together with a high pressure 

as was reported by Edalati et al. [78] for HPT processed Ti powders,  Edalati et al. [79] also 

applied HPT at cryogenic temperatures to influence the presence and particular character of 

the individual structural phases in Ti-based powder mixtures. Lowering the processing 

temperature can also move limits – there is a specific grain size limit value down to which the 

structure of a material can be refined. Bachmaier et al. [80] pointed out that nanocrystalline 

nickel saturates at the grain size of approximately 200 nm for HPT deformation at room 



26 

 

temperature, while after lowering the temperature to -196°C, the saturation size of a 

microstructural element was around 100 nm. 

The degree and quality of bonding of the individual particles imparting the overall 

homogeneity of the final product are dependent on the selection of processing parameters, as 

well as on the mechanical and physical properties of the individual powders. For example 

during extrusion of a powder mixture based on CP titanium, compacted extruded pieces were 

achieved, whereas during extrusion of a powder mixture based on titanium hydride under the 

same conditions (400°C, back pressure of 210 MPa), the extruded pieces had apparent voids 

and cracks [81]. A similar experience was described e.g. by Balog et al. [82], who observed 

increasing amount of residual porosity with increasing amount of nitridation of Al powder 

subsequently consolidated using ECAP-BP at 430°C. Powder particles of pure metals such as 

Al and Ti also tend to develop surface oxide layers at elevated temperatures. This layer 

subsequently inhibits inter-particle bonding. Nevertheless, due to a significant imposed shear 

strains and hydrostatic pressures, methods such as ECAP-BP support breaking of the surface 

oxide layers and therefore support consolidation [83].  

Powder consolidation using methods of intensive plastic deformation is possible either 

from pre-sintered work pieces, or directly from powder mixtures, which can advantageously 

be sealed in metal cans or foils. One of the most variable SPD methods for processing of 

metal powders is the ECAP technology and its modifications. Using this method, the material 

can either be extruded sealed in a can or a foil [84], or directly in the powder form when back 

pressure is used [81]. However, pre-sintered samples have probably the widest applicability 

for various deformation methods.  

 Consolidation of pre-sintered powders 4.3

Samples pre-compacted using methods such as hot and cold isostatic pressing (HIP and 

CIP) and sintering can subsequently be processed with various SPD methods. It can be said 

that pre-compacted/sintered samples can generally be subsequently processed via any plastic 

deformation technology. For example, the bio-applicable Ti-6Al-4V alloy was subjected to 

ECAP in a pre-sintered state by Ng et al. [83]. They are however favourable especially for 

methods which work with small samples such as HPT [85].  

HPT is probably the most suitable method for powder consolidation due to the favourable 

position of the axis of the dies and the axis of the processed sample. Combination of high 

shear and high pressure even enables achievement of nanocrystalline materials from initial 

micro-sized powder particles. For example, Stolyarov et al. [5] applied HPT to produce a Ti-
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TiO2 composite with the final grain size of approximately 75 µm, while nanostructured Al-Fe-

Nd samples were produce via HPT of powders by Yavari et al [86]. Bachmaier et al. [80] 

studied nickel powder after HPT processing including the effect of oxides present from 

initially oxidized Ni powder particles and their distribution. They reported a very favourable 

influence of HPT on structure refinement and homogenization resulting in a significant 

increase in the final mechanical properties. They also pointed out the advantageous 

production of nanocrystalline metals from micrometre-sized powders since nano-sized 

powders are very difficult to handle and process. The possibility of fabrication of composites 

was also reported by Sabirov et al. [87] for the W-25Cu mixture. After imposing sufficiently 

large strains, they achieved strong fragmentation and homogenisation of W particles, the final 

average size of which then was between 10 and 20 nm.  

 Consolidation of powders in cans 4.4

Consolidation of powder materials directly without any pre-compacting treatment can be 

carried out in cans or foils into which the powder is poured and then sealed. The primary 

advantage of such processing methods is the possibility to produce materials (mixture of 

powders) from elements, which would only hardly be possible to mix using conventional  

casting or sintering due to their different properties, such as melting temperatures (e.g. the 

mixture of Cu with % In [88]). It is an especially favourable method for compacting of 

mixtures of metal powders with rare earth elements powders [89]. 

The prepared metal powder is sealed into a metal can on which a deformation process is 

applied. The recent studies dealing with powders sealed in cans applied usually rolling and 

SPD processes. Especially during SPD processing, the imposed strain and deformation route, 

as well as the temperature and initial conditions have to be selected carefully. Processing 

parameters have a substantial effect on homogeneity and degree of compaction of the 

resulting material. 

One of the SPD methods most favourable for consolidation of powders sealed in cans in 

ECAP and its modifications, since they enable to process relatively large samples with 

favourably large strains. Moreover, they enable to be carried out in multiple passes. Bera et al. 

[90] applied ECAP at 200°C to consolidate Al powder with reinforcing TiO2 particles. The 

powder mixture was sealed into a copper can. Their measurements showed a high degree of 

consolidation and homogenization of the structure featuring high values of mechanical 

properties after up to 4 ECAP passes. Consolidation in a Cu tube by ECAP at 200°C was also 

used by Derakhshandeh et al. [84] to produce a composite from Al powder and Al2O3 nano-
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sized powder. They pointed out the possibility of consolidation by ECAP at lower 

temperatures than are necessary for conventional methods, such as forward extrusion. A 

combination of ECAP and forward extrusion in a single die, the FE-ECAP technology, was 

applied by Paydar et al. [91] to consolidate aluminum powder wrapped in aluminum foil. This 

combination enabled to impose extreme plastic deformations into the material during the 

ECAP pass and production of longer work pieces due to the supply of the extruded material at 

the same time. In the above mentioned study, the researchers reported overall consolidation of 

the extruded powder after a single pass through the combined die at the temperature of 200°C. 

Al powder wrapped in an Al foil was also consolidated by ECAP-BP by Xia et al. [65]. This 

was performed successfully at the temperature of 100° in one single pass. The researchers 

pointed out the advantageous processing conditions during ECAP, since the temperature was 

significantly lower than for conventional sintering. Another advantage was for the BP, since 

the temperature was even lower comparing to other experiments performed with ECAP with 

no back pressure at higher temperatures. 

 Consolidation of nanopowders 4.5

Consolidation of nanopowders has to be performed with minimal particle or grain 

coarsening and with no undesired phase transformations during the process [10]. Grain 

growth can be favourably suppressed by an application of pressure. Application of hydrostatic 

pressure induces new sintering mechanisms driven by plasticity and stress-assisted diffusion. 

Shear strain component again significantly contributes to sintering via rearrangement of 

particles into pores in their vicinities and also to mechanical disintegration of surface oxide 

layers resulting in better inter-particle bonding. SPD methods are therefore very favourable 

for nanopowders consolidation. Moreover, the applied pressure has to exceed the level of the 

intrinsic curvature-driven sintering stress, which can advantageously be provided by SPD 

(especially HPT and ECAP). 
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5. AIMS OF THE DISSERTATION WORK 

All the following main aims of the dissertation work have been set with the focus on 

evaluation of the influence of intensive plastic deformation on consolidations of powders. 

- Consolidation of Al powder with the aim to try to prepare Al-Al2O3 composite without 

the need of any addition of alumina powder. 

- Comparison of the influence of different intensive plastic deformation technologies on 

structures and the degree of consolidation of Al powder samples. 

- Consolidation of pre-sintered powder samples of the binary Al-Cu system using 

intensive plastic deformation including a combination of methods. 

- Evaluation of microstructures of the consolidated Al-Cu samples. 

- Preparation of two individual powder mixture samples of the Al-Cu-Mg system and 

their consolidation using methods of intensive plastic deformation. 

- Analyses of the Al-Cu-Mg samples with the main focus on structural features and 

hardness of the materials, evaluation of the influence of deformation processing on 

distribution of phases within the samples. 

- Design of powder mixtures suitable for bio-applications. 

- Preparation of Ti-Ta powder mixture samples and their consolidation using intensive 

plastic deformation. 

- Evaluation of structures of the processed Ti-Ta sample and investigation of selected 

properties including Young’s modulus. 

- Processing of Ti-Nb-Zr samples by intensive plastic deformation technologies and a 

brief description of their structural features. 
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6. EXPERIMENTAL 

The experimental section is divided into sub-sections according to the processed materials. 

The first sub-section deals with consolidation of Al powder. This experiment also included 

investigation of the influence of various compaction and sintering conditions on preparation 

of powder specimens in general. After suitable conditions were generally determined, selected 

intensive plastic deformation technologies were applied, the influence of which on structure 

development was subsequently evaluated. The main evaluation methods included microscopic 

observations followed by various evaluations of the obtained scans, analyses of porosity and 

microhardness measurements. In order to investigate oxygen content in this material, some 

other analyses including X-ray examinations were applied. 

The subsequent sub-section is devoted to the examination of microstructural characteristics 

and properties of severely deformed Al-Cu binary system samples. Since this system is based 

on the material thoroughly examined in the previous experiment (aluminum), the processing 

conditions for preparation of these samples were similar as in the Al powder study, as well as 

for the preparation of samples of the other investigated group of materials, which were 

structural materials of the Al-Cu-Mg ternary system.  

Contrary to the foregoing subsections dealing with materials suitable especially for 

constructional purposes, the last subsection is devoted to Ti-based bio-applicable materials. 

This part includes investigations of Ti-Ta system samples, as well as a brief introduction of 

the Ti-Nb-Zr bio-applicable powder composition. 

 Introduction of the investigated materials 6.1

6.1.1 Structural materials 

Structural materials can be found virtually anywhere, whether it is in constructional 

elements in buildings, components of transportation vehicles, equipment of houses and 

apartments, or assistant constructions providing more comfortable living, such as wiring and 

pipelines. The requirements on all these materials are getting more demanding with increasing 

demands on living and on reducing the impact on the environment in general. Therefore, the 

basic focuses are to make the materials lighter and to increase their lifetime. As was already 

mentioned, both the discussed fields – SPD processes and powder metallurgy – significantly 

contribute to filling of both the basic requirements. Both the technological fields can also be 

applied to fabricate nanostructured materials. Nevertheless, although small and even nano-
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sized structural units generally contribute to increase properties of materials, specific 

applications still demand specific properties and features. The specific properties can be 

introduced via chemical composition of the initial alloy/powder mixture. Within this thesis, 

several different structural Al-based powder materials, each one with slightly different main 

specific properties, are examined. 

6.1.1.1 Al 

Aluminum is the basic material for most modern light weight structures. Although 

plasticity of commercial purity Al is quite high, its strength properties are rather low. 

However, the properties can be improved by additions of alloying elements or by additions of 

second phase particles, which can subsequently create metal matrix composites (MMC). Such 

materials then combine favourable properties of all the components [7,92].  

The most widely studied MMC system is Discontinuous Reinforced Aluminum (DRA), 

which contains reinforcing particles or short fibres. The popularity of DRA is especially 

because aluminum is among the most inexpensive lightweight matrix metals. Al-based MMCs 

have already been used e.g. in aerospace and automobile industries [93]. One of the most 

favourable DRA MMCs types is the combination of Al matrix with ceramics reinforcing 

elements (e.g. metal oxides such as Al2O3 - alumina). The Al matrix has sufficient plasticity 

and ductility, while the particles are strong and hard to be able to carry the load. Alumina 

particles are especially advantageous for improvement of specific strength and stiffness and 

also provide high chemical and thermal stability and excellent wear resistance [94]. However, 

they are non-conductive and reduce the electrical and thermal conductivities of MMCs.  

DRA composites are preferably fabricated using powder metallurgy. Advantageously, Al 

particles already contain protective oxide layers and processing of Al powder would probably 

result in a creation of Al matrix with remnants of oxides, which can provide strengthening 

effect of the matrix without any need to add other elements. A possible fabrication of 

aluminum/alumina composite by processing of Al powder was examined within this thesis. 

6.1.1.2 Al-Cu 

Due to its excellent conductivity, copper is mostly used for electrotechnical applications. 

However, the cost of Cu is relatively high and therefore such an extensive usage of Cu is 

relatively expensive. Research of Al-Cu composites has recently been on the increase due to 

the possibility of replacing copper wires and components with a more favourable and cheaper 

variant. There have already been efforts to replace copper wires with aluminum. However, the 
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properties of Al do not reach the necessary level to be able to fully replace the use of Cu. One 

of the possible solutions is to design Cu-Al/Al-Cu composites. Such materials combinations 

are economically favourable, since the price of aluminium is lower than the price of copper. 

Moreover, the density of copper is almost doubled when compared to aluminium. Therefore, 

weight of Cu components can be significantly reduced by Al additions, which can also result 

in substantial cost savings [95]. 

Suffice to say, the Al-Cu composite system features high thermal and electrical 

conductivities and low density, as well as the advantage of competitive price in comparison 

with single Cu materials [29,96]. All these properties are among the reasons for applicability 

of these composites also in air-cooling fans, armored cables or bus-bar conductor joints. 

Cu/Al composites seem to possibly substitute pure copper in automotive and aerospace 

industry and electrotechnics as well. Among the trends of up-to-date research are also Al/Cu 

layered clad composites, which have already also been investigated subjected to several 

intensive plastic deformation methods, such as swaging [29], FSP [97] and ARB [98]. 

The properties of the mixtures can even more be enhanced by their processing via intensive 

plastic deformation, which also outlines the possibility to further lower the Cu content in the 

mixture. For composites consisting of particles, complete mixing of small structural units of 

both the elements can favourably be supported by a combination of intensive plastic 

deformation and powder metallurgy. 

6.1.1.3 Al-Cu-Mg 

Magnesium is a preferred element of up-to-date research primarily due to its light weight. 

While the Al-Cu composite system can be used in electronics in order to reduce weight and 

cost of the materials, Al-Cu-Mg is a popular constructional material especially in 

transportation. Lowering the overall weight of the entire construction can subsequently lead to 

reduced fuel consumption when used for components within transportation industry. The 

mechanical properties of Mg are not comparable to other constructional, e.g.  Al-based, 

materials. Nevertheless, small additions of Mg into the Al-Cu based system led to the 

development of high-strength light-weight constructional materials [99]. For example the 

AlCu2Mg alloy is used for various constructional components for airplanes and the 

conventionally cast Al4Cu1Mg alloy, sometimes denoted as Superdural, is advantageously 

used for constructional applications [100]. 

Such alloys have favourable properties for such demanding applications, since they are 

able to harden via formation of GP zones and strengthening precipitates. An addition of Mg 



33 

 

into Al-Cu system also supports ageing and a subsequent increase in mechanical properties. 

The rate of precipitation and subsequent strengthening depend not only on the processing 

conditions, but also on the exact chemical composition, especially on the Cu:Mg ratio. 

Mechanical properties and strength can be increased even more via refinement of structural 

units, which can favourably be supported by SPD technologies, especially in combination 

with PM fabrication. 

6.1.2 Biomaterials 

In recent years, biocompatible alloys have spawned a broad interest. Such alloys can be 

applied as bio-implants within the human body. However, for implants to be connected to 

human bones conformity of the properties of the alloy with the properties of human bones is 

essential. Among the important parameters influencing the lifetime of an implant are e.g. 

strength, wear, fatigue and corrosion resistance [101–103]. One of the main problems of bone 

and joint implants is also different elasticity moduli of the metal implant and bone. The 

elasticity module of bones ranges between 10 and 30 GPa [104], whereas the moduli of metal 

materials are usually many times higher [105]. A great difference between the moduli 

supports loosening of the implant from the bone. 

Materials fabricated from powders have generally lower elasticity moduli than the same 

materials produced by casting. On the other hand, porosity lowers the strength of the material. 

However, this feature can be favourable for metals with far higher strengths than the strength 

of a bone, such as Ti-based and Co-based materials [106]. In specific cases, porosity can even 

be supported by adding a reagent, such as NH4HCO3, into a mixture of powders [107]. 

Porosity matching the porosity of a bone in the specific application then supports regeneration 

of the bone through the process of osseointegration. During this process, growing bone tissue 

integrates with the porous surface of an implanted material. Porosity also supports 

transportation of body fluids [108].  

However, in this thesis I examine pre-sintered powder-based materials eventually 

consolidated using SPD technologies. As has been mentioned in the theoretical part, 

processing using SPD methods results in grain refinement, which consequently imparts an 

increase in mechanical and physical properties. Especially HPT is favourable for development 

of very fine structure or even nanostructure within bio-applicable materials, such as Mg and 

MgO [109], and Ti and Ti-TiO2 [5]. Fine-structured consolidated materials generally feature 

higher values of mechanical properties and decreases in residual porosity. 
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6.1.2.1 Ti-based biomaterials 

Among the most popular materials for biological implants are materials based on titanium, 

which are already widely applied as joint and dental implants [110]. Ti and its alloys are used 

in biomedicine especially due to their high biocompatibility, specific strength and corrosion 

resistance. Most of the Ti-based bio-alloys structurally belong to α/β-Ti and β-Ti alloys, the 

latter of which usually have low elasticity moduli. A low elasticity module supports 

symphysis of the damaged bone tissues and faster and better healing of a wound [110]. 

The mostly in practice applied alloy is Ti6Al4V, belonging to the α/β-Ti group. Although 

this alloy features good biocompatibility, it possesses significantly higher mechanical 

properties (elasticity modulus and strength) than human bones [111]. Therefore production of 

this alloy by PM and modifications of its structure with the help of SPD processes are among 

the contemporary trends. Since this alloy belongs to the α/β group, processing by SPD 

technologies also influences the ratio between the structural phases [52,112].  

The Ti6Al4V alloy is however not the most suitable for application within a human body, 

primarily due to the cytotoxicity and carcinogenity of vanadium [113]. One of the possibilities 

how to eliminate this harmful influence is to replace vanadium with more favourable 

elements, which should advantageously be β-stabilizers since β-type alloys possess properties 

more conformant to properties of human bones, especially relatively low elastic moduli [111]. 

Among the most promising alloying elements are niobium, zirconium and tantalum. For a 

highly biocompatible Nb no harmful effect on a living organism has been observed so far. Nb 

replaced V in the Ti6Al7Nb alloy, the influence of SPD processing on which has already been 

reported (HPT [55] and ECAP [114]). Zr has excellent biocompatibility and also features the 

ability to refine grains, which consequently contributes to increased mechanical properties. 

Nb and Zr have both been combined for example in Ti-13Nb-13Zr alloy subjected to ECAP 

and examined by Suresh et al. [115,116]. One of the recently mostly studied alloys combining 

the above mentioned elements is the TNTZ alloy – Ti29Nb13Ta4.6Zr. HPT processing of this 

alloy has resulted in a decrease in the elasticity module to the value of 60MPa after 60 

revolutions [104,117]. 

The Ti-Ta binary system is also promising despite the high price of tantalum. These alloys 

are widely investigated especially due to their outstanding biocompatibility and excellent 

corrosion resistance. Notable is also the influence of tantalum on elastic modulus, since it is 

variable according to Ta content [118]. This influence is significant especially for binary Ti-

Ta alloys, since their structures vary from α to β type according to the content of Ta and 
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treatment of the alloy [119]. For example Ti-Ta alloys with Ta contents ranging between 10 

and 30 wt.% have significantly lower elastic moduli when compared to CP Ti or Ti6Al4V. 

Probably the lowest modulus within these alloys has so far been achieved for a rolled and 

solution treated Ti25Ta sample (64 GPa) [120]. Ti-Ta alloys also do not exhibit any 

cytotoxicity, contrary to pure Ti and have higher wear resistance when compared to Ti6Al4V 

[121]. Their degradation rate is also lower and decreases with a higher content of Ta. Due to 

its favourable properties and excellent biocompatibility, this system was chosen for a below 

described experiment within this dissertation, together with Ti-based materials alloyed with β-

stabilizing niobium and zirconium. 

 Aluminum 6.2

6.2.1 Pre-compaction of Al powder 

One of the aims of the investigations within the Al powder experiment was to find out the 

optimal conditions for compaction of metal powder materials in general. The purpose of 

powders processing using intensive plastic deformation is to increase their density, 

theoretically to 100%. A pre-compaction process should have the highest possible effectivity 

so that the samples already have the lowest possible porosity before they are subjected to 

deformation processing. By this reason, analyses within this experiment were focused to 

examination of parameters connected with pre-compaction and sintering. The evaluated 

factors were the influence of particles size, compressing pressure, sintering time and sintering 

temperature.  

As was already mentioned in the theoretical part, there is a wide selection of pre-

compaction technologies. Nevertheless, one of the mostly used methods is CIP followed with 

sintering in a furnace. This process was chosen and evaluated within this study. Although HIP 

would probably be more effective from the point of view of densification and elimination of 

porosity, this process is ineffective from the point of view of high energy and protective gas 

consumption. On the other hand, manual compression on a manual hand press is the less 

costly. However, densification and porosity elimination for such a device have rather low 

effectivities. By these reasons, CIP was chosen as the best available alternative. 

This experiment deals with consolidation of only one single element – aluminum. Since the 

original Al powder particles are covered with protective oxide layers, the presence of oxides 

was also evaluated. Moreover, the other experiments described in the following subsections 
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deal with binary materials and Al with remaining Al2O3 particles can already provide a notion 

of the behaviour of subsequently evaluated binary compounds. 

6.2.1.1 Preparation of samples 

All the powders mixing and compressing was performed at VŠB - Technical University of 

Ostrava (VŠB-TUO), while sintering was performed in a Zwick Z50 vacuum creep testing 

furnace at ASCR, Brno. All the samples for this experiment were cut into slices using water 

jet cutter operated by prof. Libor Hlaváč at VŠB-TUO. Microscopic observations and EDX 

analyses for this experiment were carried out at VŠB-TUO, while X-ray analyses were 

provided by Colorado School of Mines (CSM), CO, USA. Analyses of density were 

performed at AccuPyc II 1340 V1.06 Micromeritics device at VŠB-TUO. Microhardness 

analyses were performed in cooperation of VŠB-TUO and CSM. 

The chemical composition of the powder, determined by an EDX analysis, was as follows: 

96.1 wt% Al and 3.9 wt% O (93.5 at% Al and 6.5 at% O). The powder was sieved to assort 

different particle size fractions. The selected particle sizes were the following – particles 

smaller than 45 μm, particles range of 65-125 μm and a 50:50 mixture of the afore mentioned. 

Figures 3a and 3b show examples of SEM images of the initial particles smaller than 45 μm. 

a)  b)  

Figure 3: SEM image of initial Al particles (a); individual particles (b). 

From each one of these three particle size ranges, three different powder specimens 

intended to be subsequently subjected to different compression procedures were prepared. 

The selected procedures were the three following technologies. The first technology consisted 

of inserting a compressive die with loose powder into the CIP chamber filled with cold water, 

pressurizing on the pressure of 200 MPa, 30 seconds dwell on this pressure and continuous 

depressurization. The second technology was similar to the first one, except that the applied 

pressure was 300 MPa, instead of 200 MPa. The third technology was a double-step one. It 
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consisted of inserting the die with loose powder into the chamber filled with cold water, 

pressurizing on the pressure of 200 MPa, 30 seconds dwell on this pressure, then increasing 

the pressure to 300 MPa, 30 seconds dwell on this pressure and continuous depressurization. 

All the specimens for this experiment were compressed in a die with the inner diameter of 

20 mm. The height of the loose powder filled in the die was 30 mm for all the specimens. 

During compression, the dimensions of the specimens got slightly smaller, as the powder 

particles were pressed closely to each other. Examples of the compressed specimens of the 

individual fine and coarse fractions are shown in Figure 4. 

 

Figure 4: Selected compressed Al specimens processed by different CIP treatments. 

All the compressed specimens were then cut using a water jet cutter. Electro wire cutting 

could not be applied for these samples, since the protective oxide surface layers on the 

individual powder particles made the samples non-conductive. Each of the specimens was 

sliced into 4 thin samples. Three of the sliced samples were subsequently processed with three 

different sintering heat treatments. The fourth sliced sample from each of the compressed 

specimens was maintained in the compressed state as a reference sample. 

Vacuum sintering was preferred to sintering in a protective atmosphere in order to select 

the most economic procedure. Although to achieve and maintain vacuum in a furnace during 

the entire sintering process demands a quite high amount of energy, application of a 

protective atmosphere (Ar) is more costly since the used protective atmosphere has to have 

high purity due to the high reactivity of Al, which significantly increases the price. As for the 

sintering temperatures, two different temperatures of 500°C and 550°C were selected. These 

values were selected according to study of available relevant literature, such as works by 

Sweet et al. [122], Liu et al. [123] and Dadbakhsh et al. [13]. The selected sintering times 

were 30 minutes and 60 minutes. One group of samples was subjected to sintering at the 
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temperature of 500°C for 30 minutes, the second group of samples was subjected to sintering 

at the temperature of 500°C for 60 minutes, and the third group of samples was sintered at the 

temperature of 550°C for 30 minutes. The 30 minutes sintering time was also chosen based on 

study of literature [88]. The sintering procedure with the longer time and lower temperature 

was designed in order to evaluate possible differences between the properties of samples after 

the lower temperature + longer time and higher temperature + shorter time sintering 

procedures. The entire process of preparation of the samples and their compaction and 

sintering procedures are schematically depicted in Figure 5. 

 

Figure 5: Schematic depiction of the process of selection/compression/sintering of Al powder. 

After having performed all the compression and sintering procedures, the samples were 

subjected to microscopic and X-ray analyses, as well as to microhardness measurements, in 

order to evaluate the influence of the performed procedures on their properties. 

6.2.1.2 Density 

At first, all the 36 samples were subjected to measurements of density. All the 

measurements were performed ten times for each of the samples and an average value from 

all the measurements was used as the final resulting one. 

From the particle size point of view, the results of density measurements showed that the 

best compression was achieved for the samples consisting of the finest grain size fraction 

(smaller than 45 μm). For a final consolidated material is generally more favourable when the 
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original powder particle size is small, although variations within a defined range are more 

favourable than when all the particles have the same size. When a portion of particles is 

smaller than another, the smaller particles can easily fit into free spaces between the larger 

particles. Nevertheless, loose arrangement of particles does not provide complete filling of the 

spaces. Although this is generally applicable for all scales, smaller particle size ranges align 

more efficiently and therefore final density of these samples can be presupposed to be higher 

than of coarser particle size ranges. This was confirmed by the measurements, since the 

densities of these samples were the highest among all the investigated samples for each one of 

the individual compression procedures.  

From the point of view of compacting pressure, the best results were achieved for the 

samples compressed by the double-step compaction technology (200+300 MPa). This 

conclusion applies for all the sintering temperatures and times. The final influences of the 

sintering temperatures and times were evaluated using microhardness measurements (further 

described) and SEM-BSE (back-scattered-electron) analyses only for the samples considered 

as the most favourable in the above mentioned text – fine particles (smaller than 45 μm) and 

double-step CIP compaction (200 + 300 MPa). Results of density measurements for the 

selected samples are summarized in Table 1.  

As can be seen in the table, all the measured densities were slightly higher than the 

theoretical density of pure aluminum (2.70 g·cm
3
). This is most probably a consequence of 

the presence of oxygen and therefore aluminum oxides. Aluminum oxides have higher 

theoretical density than pure aluminium. The most common aluminum oxide (Al2O3) has the 

average density of 3.95 g·cm
3
. Due to the applied compression technology (CIP), during 

which the powder specimens were exposed to high pressures in a water environment, 

hydroxides could also form on the surfaces of the specimens. However, presence of 

aluminium hydroxide was unlikely in the sintered specimens since its vaporizing temperature 

is lower than the applied sintering temperature (300°C). Moreover, the theoretical density of 

the most common aluminum hydroxide (Al(OH)3) is only 2.4 g·cm
3
 and it would not increase 

density of the samples. Oxygen content and the form of its presence for selected high-density 

samples were evaluated as the following step. 

6.2.1.3 Oxygen content 

As was already mentioned, remaining Al2O3 particles in the structure of sintered samples 

can be favourable from the point of view of strengthening the final material via creation of a 

MMC. Therefore, the samples with the highest densities were further subject to SEM-EDX 
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oxygen content analyses. These were performed the same way as the analysis of chemical 

composition of the initial powder. The oxygen contents were measured five times for each 

sample and mean average values were subsequently calculated.  

Results of the analyses are summarized in Table 1. The results show a presence of oxygen 

varying from 4 to 6 wt.% for all the selected high-density samples. The source of oxygen is 

most probably the protective aluminum oxide layer on the surface of the particles. From the 

particles size point of view this supposition is supported by the fact that the content of oxygen 

is the highest for the samples prepared from the finest particles, for which the surface to 

volume ratio is higher than for coarser particles. During the compression itself, the oxides 

already present at the surfaces of the particles crack [89]. However, the compression 

procedure does not seem to have any significant influence on the content of oxygen in the 

structures. From the point of view of sintering procedure, the oxygen content is lower for 

samples sintered at the time of 60 minutes. Nevertheless, the evaporation/dissolution 

temperatures for Al oxides are very high (over 2000°C) and therefore they cannot be 

eliminated by the used treatments. 

Table 1: Densities and oxygen contents for selected samples. 

sample 

number 

particles 

fraction 

[μm] 

CIP 

 

[MPa] 

sintering 

temperature 

[°C] 

sintering 

time 

[min] 

measured 

density 

[g·cm
3
] 

oxygen content 

 

[wt. %] 

1 fine 200+300 500 30 2.828 5.7 ± 0.0 

2 fine 200+300 500 60 2.807 5.0 ± 0.2 

3 fine 200+300 550 30 2.828 5.7 ± 0.2 

4 coarse 300 500 60 2.810 4.3 + 0.1 

5 coarse 200+300 500 60 2.805 4.3 + 0.1 

6 mixture 200+300 500 60 2.823 4.5 ± 0.1 

 

To support the supposition that the increased density is caused by the presence of 

aluminum oxide, the following calculations of theoretical densities were performed (a 

demonstrative calculation for sample 1 from Table 1 is further described). The results of all 

the checking computations are summarized in Table 2. 

For the following calculations, the presence of oxygen in the form of the most common 

aluminum oxide was considered (Al2O3). According to the chemical composition and 
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structure of the oxide, the content of the individual elements in the chemical compound is 

52.9 wt% Al and 47.1 wt% O. Since the oxygen content in the first sample was determined to 

be 5.7 wt%, the supposed content of Al2O3 in the sample was 12.1 wt%. Therefore, the 

theoretical density of a sample consisting of 87.9 wt.% Al and 12.1 wt% Al2O3 was 

approximately 2.851 g·cm
3
 (0.879x2.70 +0.121x3.95). This can be considered to be similar to 

the value depicted in Table 1, although the values are not identical. This is probably due to 

only an approximate estimation of the exact content of all the chemical compounds present in 

the samples. The considered density of the oxide was also an average value, which is not 

necessarily the precise value. Measurement of oxygen content by EDX-SEM analysis is not 

exactly precise either. Nevertheless, these calculations showed that the measured increased 

densities of the samples were caused by the presence of alumina.  

Table 2: Measured and calculated densities for analysed samples. 

sample 

number 

average oxygen 

content 

[wt. %] 

calculated Al2O3 

content 

[wt. %] 

measured density 

 

[g·cm3] 

calculated density 

with Al2O3 

[g·cm3] 

1 5.7 12.1 2.828 2.851 

2 5.0 10.6 2.807 2.833 

3 5.7 12.1 2.828 2.851 

4 4.3 9.1 2.810 2.814 

5 4.3 9.1 2.805 2.814 

6 4.5 9.6 2.823 2.801 

 

The final supplementary investigation examining the presence of alumina consisted in 

subjecting the three fine-particle samples to X-ray analyses of chemical and phase 

compositions. Such analyses helped to identify the phases present in the structures of the 

samples. The X-ray analyses were performed using the Philips X’Pert system. Copper with 

Kα1 wavelength of 1.54054 Angstrom and Kα2 wavelength of 1.54439 Angstrom was used as 

the X-ray source. The results of the X-ray analyses were comparable for all the three 

investigated samples. By this reason, only the results for sample 2, which was proven to be 

processed in the most favourable way, were further examined more in detail. All the results of 

the measurements are summarized in Figure 6a, while a more detailed X-ray data plot for 

sample 2 is depicted in Figure 6b. 
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a)  

b)  

Figure 6: X-ray plots comparison for all the examined samples (a); plot for sample 2 (b). 

The most distinctive peaks in the plot are peaks corresponding to pure Al phase. 

Nevertheless, noticeable is the beginning of the plotted dependence, the detail of which is 

depicted in the corner of Figure 6b. In a reference plot of X-ray data for pure Al2O3, a set of 

distinctive peaks starts to rise at the angles of 28° (not shown here). Although the low 

intensities in the plot of sample 2 are burdened with noise, a slight increase forming a little 

local peak can be distinguished between the angle of 28° and 29°. This is most probably due 
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to the presence of Al2O3. In the detail in Figure 6b can also be seen that the plotted data 

exhibited a slight increase towards lower angles. Such a course of X-ray data indicates a 

presence of amorphous phase. Since the above described observations of distinctive peaks are 

valid only for crystalline structures, it is probable that Al2O3 will also be present in the 

structure in an amorphous state. This is also in accordance with the conclusions of Debdas 

[10], who described alumina oxide coating on very fine Al powder particles to have specific 

thermodynamically advantageous amorphous state. Bringing together all the results from the 

above described measurements, analyses and calculations, the amorphous phase is most 

probably Al2O3 [124]. 

6.2.1.4 Microhardness 

As the final part of this experiment, microhardness measurements were performed. The 

above mentioned analyses have already proven the fine particles fraction to be the most 

suitable, as well as the 200+300 MPa double step compression procedure. According to the 

results of density examinations, the most suitable sintering procedure seems to be the 

500°C/60 minutes. However, in order to prove this conclusion, Vickers microhardness 

measurements were performed for the three fine-particles highly-compacted samples. The 

samples were loaded with the load of 500 g for 10 seconds. For all the samples, the 

measurements were performed 5 times and average values were calculated. The results 

summarized in Table 3 confirm the above mentioned conclusions and complete a 

comprehensive idea about a suitable pre-compaction procedure. The values were comparable, 

even slightly higher, than the microhardness values achieved for cast CP Al samples e.g. by 

Orlov et al. [125]. Although our powder samples exhibited residual porosity, they also 

contained oxides which are generally harder than a pure Al matrix. The presence of oxides 

could have most probably caused the slight increase in microhardness when compared to the 

values measured by Orlov et al. for the cast Al sample. 

Eventually, line measurement analyses along its width were randomly performed 5 times 

for each sample in order to investigate possible inhomogeneities throughout the samples 

originating from the compression procedure. These measurements were performed at VŠB-

TUO. The diameters of the samples were 18 mm. The measurements were performed with 1 

mm spacing starting 0.5 mm from the edge of a sample. The results of the line measurements 

are demonstrated in Figure 7, in which they are comparatively scaled to the average value of 

each of the measurements set as 1. The curves depicted as 1 to 6 are conformant to the six 

samples depicted in Table 1. As can be seen from the Figure, no increasing/decreasing trends 
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in microhardness towards the central parts of the samples have been observed. Therefore, the 

samples can be considered to be homogenously compacted. 

Table 3: Microhardness measurements results. 

sample number 1 2 3 

microhardness [HV] 26.4 + 1.2 29.6 + 2.1 27.4 + 2.0 

 

 

Figure 7: Results of random line microhardness measurements. 

6.2.1.5 Partial conclusions 

This experiment consisted of selecting the most suitable particle size range and compaction 

technology, including compression pressure and sintering time and temperature, for pre-

compaction of powders prior to consolidation using methods of intensive plastic deformation. 

The fact that the most suitable particle fraction size was shown to be the finest one (smaller 

than 45 μm) can be considered as one of the general conclusions applicable to all the 

following experiments. The double step CIP procedure with consequently applied pressures of 

200 + 300 MPa was also evaluated to be suitable for further application. Sintering time and 

temperature are variables, since they always depend on the chemical composition of the 

sintered material. Therefore, the inspiration for sintering conditions for the subsequent 

experiments is always firstly taken from background research of available literature. 

Regarding sintering time, it was shown that the longer dwell time was more suitable than the 
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shorter one. Regarding sintering temperature, from background research of available literature 

ensues that sintering temperature is usually approximately 70-80% of melting temperature 

(Tm) of the main element [11,108,126–128]. This presupposition was proven by the fact that 

the temperature of 500°C was shown to be suitable for sintering of CP Al. Therefore the 

optimum sintering temperatures for subsequent experiments will be primarily searched within 

the range of approximately 70-80% Tm. 

6.2.2 Consolidation of Al powder via intensive plastic deformation 

After having evaluated the basic general conditions for preparation of samples, the 

subsequent step – processing with intensive plastic deformation – could be performed. One of 

the purposes was to compare different processing technologies – the influences of various 

numbers of HPT revolutions were compared to rotary swaging. Comparisons of various SPD 

methods have already been performed, e.g. [44,77,129,130]. Nevertheless, the intention was 

to examine a method, which has not been deeply investigated so far (swaging) and compare it 

to a well-known SPD process (HPT).While HPT is a technology which has been developed 

exclusively for research purposes, rotary swaging is an industrially applicable process.  

This experiment was deeply focused on structural features of all the processed samples via 

investigations of porosity, formation and refinement of grains and their shapes, including 

observations of texture and its changes. Swaging was performed in four passes, while two 

different amounts of the imposed strain were selected for HPT. The samples were processed 

with 1 and 10 revolutions. The previous experimental step already provided information about 

the presence of oxides in the structures of pre-sintered Al powder samples. On the basis of the 

results, this material can be considered as a composite of aluminum with alumina. 

Nevertheless, the oxides were present on the surfaces of the original particles. Therefore, the 

influence of the processing technologies on redistribution of oxides was evaluated as well. 

6.2.2.1 Preparation of samples 

All the preparation works described within this experiment including OM observations 

were performed at VŠB-TUO. The preparation section is finalized with the evaluation of 

advanced mechanical properties of the initial sintered material performed by Dr. Joris Bracke 

using a RFDA measuring system at the IMCE n.v. company in Belgium 

(http://www.imce.eu/). Deformation steps were performed at VŠB-TUO. Microhardness of 

the deformed samples was analysed at VŠB-TUO. Microstructural analyses and observations 

were performed at VŠB-TUO and CSM, while the advanced grain orientations and texture 

http://www.imce.eu/
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observations were carried out at CSM. Analyses of grain size and particles size distribution 

using the ImageJ software were performed by Casey F. Davis at CSM. 

The powder size range smaller than 45 μm was prepared for the 200 + 300 MPa double-

step CIP procedure. Necessary for HPT processing and advantageous for swaging was 

preparation of samples with the diameter of 20 mm. By these reasons, we designed and 

fabricated our own CIP mould. We machined a die consisting of two parts assembled together 

using four screws from stainless steel. Inside the die was a cavity with a removable pin, into 

which we casted polyurethane resin. The cover was prepared in the same way, using a 

machined two-part die with a hollow cavity inside. The die for preparation of the rubber CIP 

mould is shown in Figure 8. The mould cavity had a slightly larger diameter than necessary 

since additional shrinkage of samples was expected to occur during sintering. 

 

Figure 8: Our own designed CIP mould. 

Using the designed mould, initial samples in the forms of small rods with the diameters 

slightly above 20 mm were compacted. Two compressed small rods an example of which is 

shown in Figure 9a were subsequently sintered in vacuum for 60 minutes at 500°C. 

The first compressed and vacuum pre-sintered sample was sliced using water jet cutter into 

samples subsequently deformed by HPT. For HPT, 0.5 RPM rotational speed, 5 GPa pressure 

and 1 and 10 revolutions were selected. The samples for HPT processing were intentionally 

sliced higher than necessary. The overflowing material was planned to create a flash 

protecting the sliding dies from wear and a possible development of cracks. The flash was 

especially important for the sample deformed with a higher number of revolutions, since 

under such conditions the dies were in a longer contact and therefore the risk of their damage 

was higher. The two samples after HPT processing are shown in Figures 9b and 9c, 
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respectively. As can be seen from the Figures, both the samples exhibited behaviour as solid 

state bulk materials. They also produced a flash, especially the more deformed sample. 

The second compressed and vacuum pre-sintered sample was subjected to intensive 

deformation via swaging as a whole. The swaging process was performed in four steps, in 

which the rod was deformed down to the diameter of 10 mm. A photograph of a sample cut 

from the rod with the smallest swaged diameter of 10 mm is shown in Figure 9d. 

a)  b)  

c)  d)  

Figure 9: Sample after double-step CIP (a); samples after HPT processing – 1 revolution 

(b); 10 revolutions (c); sample cut from rod swaged to 10 mm (d). 

6.2.2.2 Mechanical properties of pre-sintered material 

As a supplementary analysis for this experiment, the material before HPT processing was 

subjected to analyses of other mechanical properties, such as Young and shear moduli. These 

measurements were performed at the IMCE n.v. company in Belgium using a RFDA 

measuring system (http://www.imce.eu/) in accordance with the ASTM E 1876 standard. All 

the measurements were performed ten times and average values were subsequently calculated. 

The results of the measurements are summarized in Table 4. 

As can be seen from the table, both the moduli were lower than the theoretical values for 

aluminum (70 GPa). Considering the elastic modulus, this value was approximately 77% of 

the theoretical one. This was most probably caused by residual porosity, since porosity has the 

http://www.imce.eu/
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ability to decrease the moduli [131]. The measured Poisson’s ratio indicated homogenous 

isotropic behaviour during loading [132]. 

Table 4: Results of measurements of mechanical properties for sintered Al. 

Property 
Elasticity modulus 

[GPa] 

Shear modulus 

[GPa] 

Poisson ratio 

[-] 

sintered Al powder 53.98 19.94 0.353 

6.2.2.3 Imposed strain 

The first step during the evaluation procedure of the processed samples was calculation of 

the imposed strain, which was performed for swaging according to Eq. (1), as well as for HPT 

according to Eq. (2) [4,29,48]. 

𝜑 = 𝑙𝑛
𝑆0

𝑆𝑛
 (1) 

𝜑 =
2𝜋𝑟𝑁

𝑡
 (2) 

where S0 and Sn are the cross-sectional areas of the swaged sample before and after a 

swaging step [mm
2
], respectively, r is radius of the sample deformed using HPT (in the 

measured location) [mm], N is number of revolutions and t is thickness of the sample [mm]. 

According to these calculations, the average strain imposed into the material during 

swaging was 0.27 after the first pass, 0.58 after the second pass, 0.94 after the third pass and 

eventually 1.39 after the fourth pass. For the HPT processed samples, the imposed strains 

were significantly different at the observed mid-radius location of both the samples. Whereas 

the calculated strain was 5.24 for the sample after one revolution, it was 52.36 for the sample 

after ten revolutions. 

6.2.2.4 Microhardness 

Microhardness for all the deformed samples was measured in individual points along a 

horizontal line passing through the axis of a sample on its transverse cross-sectional cut. The 

measurements started at the distance of 0.5 mm from the edge of a sample and had the 

spacing of 1 mm. For the samples deformed with HPT the analyses were performed along 

bottom, top and central horizontal lines. Results of all the HPT measurements are depicted in 

Figure 10. The values measured along the diameter of the swaged sample did not exhibit any 

decreasing/increasing trend towards the axis of the sample. Therefore, only the average 

microhardness value was calculated for this sample. 
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Figure 10: Microhardness values for HPT processed specimens. 

The results of measurements for the samples processed with HPT exhibited trends typical 

for this type of processing [77]. Along the horizontal direction, the lowest microhardness 

values were generally observed in the central area of a sample in the vicinity of its rotational 

axis. This is caused by the character of HPT, during which a die rotates along the central axis, 

which is identical to the axis of the deformed sample. Therefore, the distribution of the 

imposed strain from the axis towards the surfaces of the dies is not uniform. The smallest 

amount of shear strain is imposed into the central area of the sample, while towards the 

vertical walls of the dies the strain increases and eventually decreases again in the areas close 

to the die walls. Numerical simulations performed by Lee et al. [76] showed that even a dead 

zone with an unprocessed material can occur in the corners of the dies. This is most probably 

the reason why all the microhardness curves for top and bottom areas of the deformed 

samples in Figure 10 exhibited drops at the corners of the samples. However, with an 

increasing number of revolutions the imposed strain also influences more the corner regions. 

The imposed strains along horizontal lines in the vicinities of the surfaces of the sample 

that are in contact with the top and bottom horizontal die surfaces are inhomogeneous as well. 

As mentioned above, the imposed strain in the area close to the sample axis as well as in the 

corners of the dies is low. However, between these two areas the imposed strain increases due 

to the influence of friction of the sample with the dies. Increasing friction supports shearing of 

the grains, which subsequently leads to their refinement and eventual increase in hardness. 
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This conclusion is consistent with the work of Jahedi et al. [77]. When the overall imposed 

strain is lower (the sample is deformed with lower number of revolutions), the differences in 

the imposed strains in different areas of a deformed sample are significant. Nevertheless, a 

progressively larger deformation homogenizes the strain throughout the sample, including the 

peripheral corner areas. Therefore the distribution of microhardness is more uniform in the 10 

revolutions sample, than in the one after 1 revolution for all the measured horizontal traces. 

Notable is also the occurrence of several local deviations from the above mentioned trends. 

Whereas the total strain is a substantial factor influencing mechanical properties of a 

deformed material, differences between the imposed strains throughout the cross-section of a 

sample are not so significant to be able to substantially influence microhardness values [133]. 

A more significant factor influencing local mechanical properties and therefore hardness is 

the structural nature of the measured location. Considering the fact that the deformed samples 

were originally pre-sintered and consolidated from powders, the deviations in microhardness 

values were most probably caused by remaining porosity. This conclusion is also supported 

by the fact that the local deviations were mostly observed in the sample after 1 revolution. 

A comparison of the average microhardness values for all the states is in accordance with 

the calculations of average strains. Higher microhardness values were obtained for samples 

with higher average imposed strains. Whereas the microhardness of the pre-sintered sample 

was 29.6 HV, after swaging it increased to 50.1. For the samples processed with HPT, the 

average microhardness values were even higher, namely 60.7 HV after 1 revolution and 72.8 

HV after 10 revolutions. The microhardness values increased due to the imposed shear strain, 

which imparted deformation strengthening, as well as due to a more complete consolidation 

of the pre-sintered samples. The observed changes in microhardness values were also related 

to the size and distribution of alumina particles in the structures of the deformed samples. 

6.2.2.5 Observations of structures and grains and porosity 

An image of the structure of the CIP pre-compacted sample is shown in Figure 11a. As can 

be seen in the image, the structure consisted of cracked but mostly un-cracked initial powder 

particles and many pores of various sizes. Figure 11b then shows the structure of the sample 

after sintering at 550°C for 60 minutes. The average porosity for the compressed sample 

before sintering was 20.8%. After sintering, the porosity decreased to the average value of 

7.7%. ImageJ analysis of distribution of the original Al powder particles within the pre-

sintered sample was performed using the image shown in Figure 11b and the histogram of 
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particles sizes volume fractions is shown in Figure 12. The histogram shows that most of the 

structural units in the pre-sintered material had the diameter smaller than 10 µm. 

a)  b)  

Figure 11: Microstructure of sample after double-step CIP (a); after sintering (b). 

 

Figure 12: Volume fractions of particles in pre-sintered sample according to their diameters. 

Shear strain is very efficient for rearrangement of powder particles within a sample, since 

by its influence smaller particles can fill free volumes between larger particles [134]. The 

microstructures of the samples deformed by swaging, 1 HPT revolution and 10 HPT 

revolutions are shown in Figures 13a to 13d, respectively. As can be seen in the Figures, the 

most substantial influence on consolidation of the pre-sintered powder material had 10 HPT 

revolutions (Figure 13d). The microstructure of this sample did not exhibit any residual 

porosity. Nevertheless, sporadic isolated pores were still evident in the sample deformed with 

1 revolution (Figure 13c). The amount of pores remaining in the structure of this sample was 

0.8%. These results proved positive influence of the imposed strain on consolidation of fine 

Al particles. Similar conclusion was also achieved e.g. by Senkov et al. [89] with an Al-based 

fine powder compound and are also in accordance with the above mentioned microhardness 

measurements. The remaining isolated pores in the structure of the sample after 1 revolution 

probably caused the above described local deviations in the microhardness measurements, 

while the homogenous structure of the sample after 10 revolutions resulted in relatively 
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homogenous microhardness values. The swaged sample exhibited the largest residual porosity 

among the deformed samples, namely 5.7%.  Microstructure of this sample is shown in Figure 

13a, more in detail in Figure 13b. The pores in this sample were homogenously distributed. 

Therefore the measured microhardness values did not exhibit any remarkable trends, only 

variations from the average value. 

a)  b)  

c)  d)  

Figure 13: Microstructures of samples; swaged (a), (b); 1 revolutions (c); 10 revolutions (d). 

Initiation of a deformation process results in straining of the structure and subsequent 

development and movement of dislocations. Due to its high melting temperature, alumina 

cannot melt or evaporate during the sintering process and remains in the structure. At 

relatively low strains, brittle structural components (alumina) are largely fractured or 

experience no deformation, while the more ductile structural matrix (aluminum) is readily 

deformed [89]. The smallest alumina particles and also their cracked fragments act as 

obstacles for dislocations movement [135]. At higher strains, dislocations developed inside 

the grains/particles accumulate on these obstacles. The accumulated energy consequently 

results in a formation of subgrains, which eventually results in a formation of new grains and 

therefore grain refinement [47]. When comparing the HPT process to the swaging process 
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from the point of view of the amount of the imposed shear strain, this is more significant for 

HPT. During swaging the axis of the sample is perpendicular to the axis of the imposed strain, 

while during HPT the axis of the deformation process is identical to the axis of the sample 

and also to the axis of the acting force [36]. This combination enables to impose the highest 

possible amount of shear strain into the deformed material. Therefore, the particles within the 

volume of the sample deformed with 10 revolutions experienced the most significant 

rearrangement during processing and pores in its structure were eliminated. 

All the conditions of the individual processes also influence the final grain shape and size. 

The structure of the swaged sample experienced the lowest imposed strain. As can be seen in 

Figures 13a and 13b, the strain was sufficient for nucleation of new grains within the ductile 

Al phase. However, the brittle and hard alumina particles did not experience full 

consolidation and voids surrounded with oxides still remained evident on some grain 

boundaries. ImageJ analysis results, calculated based on four longitudinal and four transversal 

observations, showed the average grain diameter of 2.75 μm. Although grain refinement 

occurred when compared to the pre-sintered state, this value was the largest among the 

deformed structures. 

Significant grain refinement and also redistribution of structure components can both be 

observed in the samples deformed by HPT [84]. As can be seen in all the deformed structures 

in Figure 13, some grains had boundaries surrounded with Al2O3 (white particles), whereas 

some grains had boundaries without any presence of oxides. These were grains formed during 

deformation processing. Different orientations of these newly nucleated grains can be 

distinguished according to their different shades of grey in the SEM images. The structure of 

the sample after 1 revolution still exhibited clusters of coarse oxides, although redistribution 

of oxide layers into smaller individual particles were already evident in certain locations. 

Besides formation of new grains, the average grain diameter of which was 0.47 μm, this 

structure also exhibited light grey areas with higher amounts of Al2O3. These were most 

probably remnants of original particles and grain boundaries located slightly below the 

observed surface, which were also scanned by the electron probe.  

The final grain refinement was the most significant in the sample deformed by 10 

revolutions. The structure was highly homogenized, with alumina redistributed into a more 

homogenous pattern. The high strain also influenced the arrangement of grains and oxide 

particles into bands, the spacing of which was usually 1 to 2 microns. The average grain 

diameter, calculated from four different locations likewise for the sample after 1 revolution, 
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was only 0.22 μm. Several bands of newly formed sub-micron grains could therefore be 

observed between the bands of oxides originating from the powder particles surfaces. 

a)  b)  

c)  d)  

 

Figure 14: Orientation imaging map; pre-sintered state (a); after swaging (b); after 1 HPT 

revolution (c); after 10 HPT revolutions (d). 

Orientation imaging maps (OIMs) for the deformed as well as of the pre-sintered sample 

are depicted in Figures 14a to 14d. As can be seen in Figure 14a, the orientations of the 

structural units in the undeformed sample were random. The structure also contained a high 

amount of pores. The grain orientations for the samples processed with HPT were more or 

less random (Figures 14c and 14d), while the situation for the swaged sample was entirely 
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different (Figure 14b). The structural units within the swaged sample were mostly oriented in 

the <111> direction with occasional approximately 45° inclination to the <001> direction. 

This fibre structure was imparted by the above mentioned geometrical conditions during 

swaging, when axial material flow is encouraged by the constraints provided by the 

surrounding swaging dies. 

Inverse pole figure (IPF) analyses were performed to evaluate more in detail the 

differences between the orientations of grains. [001] IPFs for all the states are shown in 

Figures 15a to 15d. In the unprocessed pre-sintered sample, a slight notion of <111> fiber 

formation can be seen (Figure 15a). However, the texture was more or less random – 

considering the texture intensity scale, the minimum value was slightly less than 1x random, 

while the maximum value was slightly higher than 1.3x random. This makes the difference 

between the minimum and maximum value smaller than 0.5.  

a) b)  

c) d)  

Figure 15: [001] inverse pole figures; pre-sintered state (a); after swaging (b); after 1 HPT 

revolution (c); after 10 HPT revolutions (d). 

The most significant texture was found in the swaged sample, in which the strong <111> 

fiber developed (Figure 15b). The maximum intensity value was as high as almost 9x random. 
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During the swaging process, the pre-sintered material was consolidated and at the same time 

the newly formed grains oriented in their preferred orientations along the unconstrained axial 

direction. We previously observed such texture development for another type of swaged Al 

sample [29], although the material investigated in the mentioned study was cast. 

The IPFs for the samples processed with HPT confirmed the conclusions made on the basis 

of OIMs. The grains did not exhibit any strong texture formation. Although both the samples 

were inclined to form a <011> C fiber texture component, the maximum intensities were only 

1.51x random for the sample after 1 revolution and 1.85x random for the sample after 10 

revolutions. Similar texture development was also observed by Orlov et al. [136] for a HPT 

processed CP Al sample, although the intensity observed in the mentioned study after a 

similar amount of the imposed strain was slightly higher. This was most probably caused by 

consumption of some portion of the imposed strain on consolidation of the individual 

particles and densification of the pre-sintered structure of our material. Notable was also the 

only slight difference between the textures for both the HPT samples. This was most probably 

caused by a saturation of texture occurring after a certain amount of imposed shear strain [48]. 

After its reaching, grain orientations do not exhibit further rearrangement with further strain. 

6.2.2.6 Partial conclusions 

Powder samples were prepared using the knowledge acquired during the first part of this 

experiment and subsequently deformed by 4 swaging passes and 1 and 10 HPT revolutions. 

Both the methods resulted in a high degree of consolidation of the pre-sintered structure and 

increase in microhardness, of which both were more significant with a higher imposed strain. 

Remaining porosity was the highest in the swaged sample, for which also the microhardness 

increase was the lowest. The sample after 1 HPT revolution exhibited only a small porosity 

(less than 1%) and a more significant microhardness increase. Microhardness increased the 

most for the sample deformed with 10 HPT revolutions, for which no remaining porosity was 

observed. The grain size was also the smallest in this sample. Grain orientations were more or 

less random for the samples deformed by HPT, while strong tendency to form <111> fibre 

orientation was observed in the swaged sample. The imposed strain caused nucleation and 

growth of new grains. 
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 Al-Cu system 6.3

This experiment dealt with the Al-25wt%Cu mixture. This composition had been chosen 

according to the main trends introduced in section 6.3.1.2. The material should possess 

sufficient mechanical properties since, considering binary diagrams for cast materials, the 

addition of 25% Cu leads to formation of Guinier-Preston (GP) strengthening zones [100]. On 

the other hand, such composition is prone to form the θ CuAl2 intermetallic phase. Therefore, 

among structural and microhardness characteristics, the focus of the investigations was on the 

observation of structural phases including a presence of the intermetallic phase. 

The pre-sintered samples were intended to be swaged and deformed by 0.5 HPT 

revolutions. Strain introduced into a sample during HPT is inhomogeneous throughout the 

sample at first and homogenizes with continuing deformation  [76,133]. The above described 

experiment showed that 1 HPT revolution already resulted in a high degree of structure 

homogenisation for Al. A sample processed with 0.5 HPT revolutions should show evident 

structural inhomogeneities according to strains imposed in the individual locations. 

6.3.1 Preparation of samples 

The powders mixing and compressing procedures were performed at VŠB-TUO. Two 

different sintering technologies were applied, one of which was performed at VŠB-TUO and 

the other one was carried out by Radek Mazáč at the Mabave company, Horka nad Moravou, 

CZ. All the pre-sintered samples were sliced using water jet cutter by prof. Libor Hlaváč at 

VŠB-TUO. Deformation processing by swaging and HPT were performed at VŠB-TUO. 

Density and microhardness measurements were done at VŠB-TUO. OM and SEM powder 

particles observations were carried out at VŠB-TUO, while SEM phase and grain structure 

analyses were performed with the help of Dr. Petr Král at ASCR, Brno. 

The first two steps of preparation of the samples for this experiment were the same as in 

the above described experiment. Powder fractions of particles smaller than 45 μm were 

selected and sieved for both the elements. The chemical compositions of the initial powders, 

determined by EDX analysis were as follows: Al - 96.1 wt% Al and 3.9 wt% O, Cu - 94.1 

wt% Cu and 5.9 wt% O. Figures 16a and 16b show SEM images of the initial Cu powder 

particles smaller than 45 μm. The powders were mixed in the ratio of 75 wt.% Al and 25 wt.% 

Cu using a TURBULA powder mixing/stirring device. Such a mixture was subsequently pre-

compacted using the double-step CIP procedure at 200 + 300 MPa into the form of little rods 

with diameters slightly larger than 20 mm, similarly to the first experiment. 
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a)  b)  

Figure 16: SEM image of initial Cu particles. 

The compressed samples were subjected to sintering. For this composite, we selected two 

different sintering procedures in order to find out the influence of different sintering 

conditions. Instead of sintering in a vacuum furnace, the first sample was vacuum sealed into 

a silica tube and then sintered in a furnace without any special atmosphere. Sintering was 

performed similarly to the aluminum powder, at 500°C for 60 minutes. Heating to the 

temperature was performed in the furnace for 20 minutes. Cooling was also performed freely 

in the furnace. A photograph of the specimen sealed in the silica tube is shown in Figure 17. 

 

Figure 17: Pre-compacted Al-25wt%Cu sample vacuum sealed in silica tube. 

After sintering, the small rod was sliced using water jet cutter to prepare samples for 

subsequent deformation processing. One sample was maintained in the original pre-sintered 

condition, while the other cut pre-sintered composite samples were intended to be deformed. 

The first performed deformation technology was swaging. However, the sample prepared 

by sintering in the silica tube was problematic during processing. After two performed 

reductions, down to 20 mm and further to 17.5 mm, it disintegrated and broke into 

agglomerates, which can be seen in Figure 18a. The possible cause could have been oxides or 

intermetallic phases segregated on grain boundaries. However, after considerations of 

possible causes of the destruction of the sample we came to the conclusion that the 

temperature maybe had not sufficiently penetrated the silica tube. Therefore, a sample was 

prepared once again and sintered under different sintering conditions. 
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The powder mixing and compression procedures for the second sample were the same as 

for the first Al-Cu sample. However, the sample was this time sintered in a furnace under a 

protective Ar2 atmosphere with the help of Radek Mazáč at Mabave co. Moreover, the 

sintering temperature was increased to 550°C, while the sintering time was kept at 60 

minutes. Heating was performed at the rate of 10°C/min, cooling was performed in the 

furnace down to the temperature of 100°C and further on air. After sintering, samples for 

subsequent evaluation and processing were again cut using water jet cutter. 

For this sample, the first swaging pass to 20 mm was successful, while it disintegrated 

again during the second swaging pass to 17.5 mm (Figure 18b). The sample was this time 

sintered directly in a furnace under a protective atmosphere. Therefore, the influence of 

possible insufficient temperature can be excluded. By this reason, microstructural 

observations and analyses of chemical compositions of individual structural phases were 

scheduled before another deformation step (HPT). 

a)  b)  

Figure 18: Al-Cu samples disintegrated after 2 swaging reductions; sintered in silica tube (a); 

sintered in furnace (b). 

6.3.2 Structural observations and phases 

Figure 18 clearly shows a macro-scale difference between the two sintered structures. 

Although the photos were taken at similar conditions, the second sample was brighter and 

shinier that the first grey one. The second sample was sintered at 550°C, which is 

approximately 100°C under the eutectic temperature for this alloy. According to the Al-Cu 

binary phase diagram, the sample containing 75 wt.% Al and 25 wt.% Cu should contain Al 

and CuAl2 intermetallic phase [100]. Considering the presupposition that the temperature was 

(substantially) lower for the first sample, the brittle element in this structure could be oxides, 

while brittle intermetallics were probably formed in the second sample. To find out the actual 

state, structures and chemical compositions were examined using OM and SEM. 
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An OM photo showing the structure of the Al-25Cu sample after compression and 

sintering at 500°C in the silica tube is shown in Figure 19. The dominant grey material was 

most probably aluminum, while the red material was most probably copper particles. 

Nevertheless, there also was another phase, shown as white particles in this microstructural 

image. This phase could be the brittle component, which caused the material to disintegrate 

during deformation. A more detailed SEM analysis showed the structure of the sample more 

clearly and proved the supposition of non-sufficient sintering of the sample inside the tube. 

Figure 19b shows apparent Al and Cu powder particles and a significant amount of original 

oxides and pores between them. ImageJ analysis performed on five random pre-sintered 

structures showed the average porosity of 1.8%. However, the content of pores together with 

inter-particle oxides was significantly higher – 25.7% in average. 

a)  b)  

Figure 19: Optical image of the first pre-sintered Al-25Cu sample microstructure. 

Figure 20a shows a detailed image of microstructure taken during the SEM analysis of the 

second sample sintered under Ar2 atmosphere at 550°C. This structure exhibited a better 

degree of sintering with no substantial presence of oxides on the boundaries of the particles. 

On the other hand, the Figure clearly shows another substance filling the pores between the 

aluminum and copper particles, which contributed to a significant decrease in porosity. 

ImageJ analysis showed the average porosity for this sample to be as low as 0.5%. Decreasing 

porosity with increasing content of Cu in the composite structure was already reported also by 

Wolla et al. [137]. The substance generated during sintering was most probably the brittle 

intermetallic phase or low-melting eutectics, which then caused difficulties during swaging. 

In order to find out the chemical composition of the compounds, point analyses of chemical 

compositions in several selected locations within the sample were performed. The analysed 

locations are depicted in Figure 20b, while the results are summarized in Table 5. The darker 

locations consisted of almost pure aluminum – the contents of Cu for the two locations were 

negligible and could have also been caused by influences of surrounding or below located 
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particles. Chemical compositions of the lighter locations corresponded to the composition of 

the CuAl2 intermetallic phase. This phase consumed the majority of the original Cu content. 

a)  b)   

Figure 20: SEM image of the second pre-sintered Al-25Cu sample microstructure (a); 

locations of chemical composition analyses within the sample (b). 

In order to find out microstructural changes within the sample during swaging, fragments 

of the swaged second sample were also subjected to phase composition analysis. Figure 21a 

shows an image taken from a fragment of the swaged and disintegrated sample, including the 

locations selected for chemical composition analyses. Results of the analyses in the 

investigated locations are also summarized in Table 5. 

Table 5: Phases in the second Al-25Cu samples. 

sample 
pre-

sinter 

pre-

sinter 

pre-

sinter 

pre-

sinter 

pre-

sinter 
swage swage swage swage 

location 1 2 3 4 5 1 2 3 4 

content 

Al 45.8 96.8 45.3 45.1 98.0 95.1 45.5 44.2 45.4 

Cu 54.2 3.2 54.7 54.9 2.0 4.9 54.5 54.5 54.6 

O2        
1.3 

 
phase CuAl2 Al CuAl2 CuAl2 Al Al CuAl2 CuAl2 Al 

 

Comparison of the structures before and after swaging showed a certain influence of 

deformation on fragmentation of the brittle phase, which is depicted in Figure 21b. After 

sintering, the intermetallic phase was located as fillings between the original Al (Cu) particles 

and clustered in locations most probably originally rich in Cu particles. Swaging, however 

only partial, caused fragmentation of the brittle particles and their mixing with the 

surrounding areas rich in Al. The structure started to exhibit a tendency towards better 

homogenisation. Nevertheless, the content of brittle CuAl2 was too high for the sample to 

withstand plastic deformation at room temperature. According to ImageJ analysis of the 
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swaged sample microstructure, the portion of the lighter phase consisting mostly of CuAl2 

was approximately 40%. The analysis was performed on five different microstructural 

images, from which the average value was calculated. Moreover, in one of the EDX analysed 

locations, the presence of approximately 1% of oxygen was measured. Presence of oxides 

could also have contributed to such a brittleness of the sample. 

a)  b)   

Figure 21: Locations of chemical composition analyses within the swaged Al-25Cu sample 

fragment (a); detail of the brittle phase (b). 

Since no significant presence of brittle intermetallics was found in the first sample sintered 

in the silica tube, this pre-sintered sample was selected for a subsequent HPT experiment at 

room temperature. Due to the significant presence of intermetallics, the second pre-sintered 

sample would most probably also disintegrate at room temperature. However, the first sample 

could be deformable, since the room temperature HPT Al/Al2O3 experiment was successful. 

6.3.3 Structural observations and imposed strain after HPT 

A sample taken from the first Al-25Cu pre-sintered material (in silica tube) was subjected 

to the planned 0.5 HPT revolutions at room temperature, 0.5 RPM and 5 GPa. This sample 

was deformed successfully. Therefore it was possible to subject its microstructure to 

microscopic observations, the aim of which was to examine structure changes caused by 

various imposed strains in specific locations within the sample. 

The HPT sample already exhibited grain structure. Porosity was significantly lower than 

for the pre-sintered structure. The average content of pores for this structure according to 

ImageJ analyses was 0.3%. Oxides could be seen especially on the boundaries of the newly 

forming grains. A randomly selected location was subjected to chemical composition point 

analyses. The examined location is shown in Figure 22, while the results of this analysis are 

summarized in Table 6. The results proved a substantial presence of oxides on the grain 
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boundaries. The white region (location 1) exhibited a prevailing presence of Cu signifying a 

limited formation of intermetallics contrary to the white areas in the 550°C sintered sample. 

 

Figure 22: Analyses of chemical composition within the Al-25Cu sample after HPT. 

Table 6: Phases in the Al-25Cu sample after HPT. 

Sample HPT HPT HPT HPT 

Location 1 2 3 4 

content 

Al 0.8 90.8 52.6 70.4 

Cu 99.2 0.1 43.8 0.2 

O2  
9.1 3.6 29.4 

Phase Cu Al + Al2O3 CuAl2 Al + Al2O3 

 

The point analysis was supplemented with a map analysis, the results of which are shown 

in Figure 23. The Figure showed a presence of oxygen in the entire structure except several 

locations, which were on the other hand rich in copper. Cu was located practically only in the 

bright regions which at the same time contained minimum of oxygen. Aluminum was present 

in the structure mostly in regions which had minimum content of copper, but quite a high 

occurrence of oxygen. This indicated a presence of aluminum oxides and formation of only a 

negligible amount of intermetallic phases and supported the results of the point analysis. 

 

Figure 23: Maps of chemical composition within the first pre-sintered sample structure. 
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After having performed the analyses of chemical compositions, structural inhomogeneities 

caused by different amounts of the imposed strain in different locations of the HPT sample 

were analysed. The imposed strain in the evaluated locations was again calculated using Eq. 

(2). Strain imposed into the sample in the peripheral areas was approximately 6 (calculated 

radius 9.5 mm), while in the mid-radius location in which formation of multiple shear bands 

was observed, was approximately 3 (average value for calculations for radii 4.5 and 5 mm). 

The SEM and OM analyses were performed on a vertical cross-sectional cut led through 

the axis of the sample. Images scanned during SEM analyses, shown in Figure 24a and 24b, 

depict differences in the structures in its central and peripheral areas (considered along a 

horizontal line in the middle of the sample), respectively, caused by the different amounts of 

imposed strain. While in the centre the aluminum grains were more or less equiaxed, although 

bimodal, the influence of severe shear could be seen on the structure in the peripheral area. 

Localized shear bands could be observed between the central and peripheral areas within 

the sample after 0.5 revolutions. A shear band from approximately the middle distance 

between the centre and vertical edge of the sample is depicted in Figure 24c. This Figure also 

shows the influence of torsion on the structure, especially on the left hand side from the shear 

band, where a tendency of the structure to twist and deform in a circle can be observed. This 

structure development was conformant to simulations performed by others, e.g. [75,138]. 

a)  b)  

c)  d)  
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e)  

Figure 24: Microstructures of HPT sample; centre (a); periphery (b); mid-radius (c); central 

location analysed for grain size (d); histogram depicting grain diameters (e).  

Grain size analysis was performed for a central location of the sample in which grains 

could easily be distinguished. The image, which was processed to be analysed, is the location 

shown in Figure 24d, while histogram depicting the results of the analysis is shown in Figure 

24e. As can be seen from the dependence, the prevailing grain size, depicted via their 

equivalent circle diameters, was between 4 to 6 µm. The average equivalent circle diameter of 

the grains in the central area of the sample was 7.8 µm. 

6.3.4 Density 

The analyses were performed using the Archimedes method for both the pre-sintered as 

well as the deformed samples. For all the samples, six individual measurements and 

calculations were performed, the average value of which was taken as the final one. 

Nevertheless, the results are only estimative since a presence of oxygen in the form of oxides 

was neglected for the measurements.  

The density of the sample sintered in the silica tube was 65% of the theoretical density 

(neglecting oxides), while the density of the sample sintered in Ar2 atmosphere was 72%. The 

higher sintering temperature influenced positively the final density of the pre-sintered sample. 

Moreover, the temperature and/or the time dwell on the temperature inside the silica tube 

were not sufficient for the first sample to sinter sufficiently. Therefore the theoretical density 

for this sample calculating with these oxides would be higher, which would eventually also 

influence the calculation of the actual density after sintering.  

Densities of the deformed samples were calculated as average values from five individual 

measurements. The measurements for the sample after HPT were performed on a half of the 

sample, while five random fragments were measured for the swaged and disintegrated sample. 
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The theoretical density of the swaged sample was 83%, while for the sample deformed with 

0.5 HPT revolutions it was 90%. The results prove the very positive influence of HPT on 

reduction of porosity. Even after only half revolution, the density increased from 65% to 90%. 

The most apparent influence of favourable HPT processing conditions was however a 

successfully completed deformation procedure, contrary to swaging. 

6.3.5 Microhardness 

Microhardness was evaluated to find out the influences of the individual processing steps 

on microstructural changes. Moreover, the results could be compared to the first Al powder 

experiment since the preparation conditions were comparable. The tests were performed with 

the load of 100kg and dwell time of 15s except for the first sample, which was measured 

similarly to the Al powder samples, with the load of 500g for 10s. Microhardnesses of the Ar2 

pre-sintered and swaged samples were measured in 16 and 12 matrix-pattern locations, 

respectively, while 20 individual points (starting 0.5 mm from the edge) along the horizontal 

axis of the sample on its transverse cross-sectional cut were examined for the HPT sample. 

The average microhardness for the sample pre-sintered in the silica tube was 25.2 HV. This 

was similar to the values of the pre-sintered Al powder samples. Microhardness increased to 

the average value of 70.6 HV01 after 0.5 HPT revolutions, which was comparable to the 

microhardness of the Al powder sample processed with 1 HPT revolution. However, it was 

lower than for a cast Al-Cu compound processed with 0.5 HPT revolutions, as reported by 

Mohamed et al. [139] The distribution of strain throughout the sample is depicted in Figure 

25. The results did not show any clear tendency of increasing/decreasing HV values 

throughout the cross-section and were mostly corresponding to the local microstructures in 

the observed locations. This was caused by the low imposed strain insufficient for a complete 

consolidation and transformation of structure. 

 

Figure 25: Distribution of microhardness throughout the HPT processed sample. 
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The average microhardness for the second pre-sintered sample featuring a significant 

amount of intermetallics was 91.4 HV01 with the standard deviation of 17.8. The formation 

of hard intermetallics evidently caused a significant increase in microhardness. After two 

swaging reductions the microhardness increased to 98.8 HV01 and the standard deviation 

decreased to 5. Although swaging was not successful, the process influenced the distribution 

of intermetallics – the standard deviation decreased by three times when compared to the pre-

sintered state. 

6.3.6 Al-Cu, combination of deformation methods 

An additional experiment for this powder mixture consisted of a combination of 

deformation by swaging and HPT. 

6.3.6.1 Preparation of samples 

The sample was prepared similarly to the second sample in the foregoing part of this 

experiment. The powders were mixed and compressed at VŠB-TUO and sintered by Radek 

Mazáč at the Mabave company, Horka nad Moravou, CZ. All the deformation steps and 

slicing were performed at VŠB-TUO. Density and microhardness measurements were carried 

out at VŠB-TUO. Microscopy observations were carried out at VŠB-TUO and at ASCR, Brno 

with the help of Dr. Petr Král. 

Powder fractions of particles smaller than 45 μm were sieved and selected for both the 

powders, which were subsequently mixed in the ratio of 75 wt.% Al and 25 wt.% Cu using a 

TURBULA powder mixing/stirring device and compacted by the double-step CIP procedure 

at 200 + 300 MPa into the form of a rod with the diameter of approximately 30 mm. A 

photograph of the pre-compacted sample is shown in Figure 26. The sample was subsequently 

sintered in a furnace under a protective Ar2 atmosphere with the help of Radek Mazáč at 

Mabave co. The sintering conditions for this sample were temperature of 500°C and 60 

minutes time dwell. 

 

Figure 26: Pre-compacted Al-Cu sample to be subjected to sintering, swaging and HPT. 
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The sintering temperature was lower comparing to the previous experiment in order to 

decrease the content of brittle intermetallic phases. The presence of oxides was proven to be 

less harmful than the presence of intermetallics during deformation. Heating was performed at 

the rate of 10°C/min, cooling was performed in the furnace down to 100°C and further on air.  

After sintering, the sample was subjected to deformation by two swaging reductions to the 

diameter of 20 mm. Swaging was performed at the elevated temperature of 150°C, on which 

the sample was held for 3 minutes directly before processing. This temperature was chosen 

according to Al-Cu binary diagram and the knowledge about precipitation and formation of 

GP zones in Al-Cu materials. Formation of a significant amount of such structural elements 

would on one hand increase strength, but on the other hand it would most probably lead to a 

significant decrease in plasticity during swaging. This elevated temperature was subsequently 

applied also for HPT processing, which was performed on samples cut from the swaged little 

rod. The samples subjected to HPT processing were inserted to the heated die, kept on 150°C 

for 2 minutes only due to a smaller volume of a sample and then deformed at 3 GPa. The 

processing pressure was lowered due to the elevated temperature, which should increase 

formability of the processed samples and therefore lower the possibility of slipping of the 

sample inside the dies. As regards the number of revolutions, one sample was deformed by 

0.5 revolutions in order to compare the microstructure with the previous sample processed by 

HPT without previous swaging. A second sample was processed with 1.5 revolutions. This 

technology was chosen in order to investigate possible residual porosity considering that a 

sample consolidated from Al powder processed only with 1 revolution exhibited residual 

porosity lower than 1%. However, Al-Cu samples contain more strengthening phases and 

exhibit lower plasticity than pre-sintered Al powder samples. 

6.3.6.2 Observations of deformed structures 

Although both the samples were deformed by swaging and HPT at elevated temperatures, 

porosity was not completely eliminated in any of the structures. Structure of both the samples 

exhibited occasional pores, which occurred more frequently in the sample deformed with 0.5 

revolutions than within the sample deformed with 1.5 revolutions. The reason for that was 

most probably the influence of the brittle intermetallic particles acting as stress concentrators 

[89]. According to ImageJ analyses performed on 5 random structures, the average porosity 

for the 0.5 revolutions sample was 0.23%, while for the 1.5 revolutions sample it was 0.16%. 

The structure of the 0.5 revolutions sample exhibited similar structural features as the 

above described sample processed only with 0.5 HPT revolutions. The structure exhibited 
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regions influenced with significant shear in the peripheral area of the sample (Figure 27a), 

shear bands in the areas of largest deformation (Figure 27b) and more or less equiaxed 

structure in its central area (Figure 27c). The brittle intermetallic phase has the tendency to 

crush and redistribute throughout the entire sample. A detail of such a location is depicted in 

Figure 27d. The white phases were more homogenously distributed in the entire sample 

comparing to the sample processed only with HPT, which was most probably due to the 

influence of additional swaging. 

a)  b)  

c)  d)  

Figure 27: Sample after swaging and 0.5 HPT revolutions; periphery (a); shear band located 

between the periphery and central area (b); centre (c); detail of fragmented intermetallics (d). 

The structure of the 1.5 revolutions sample was more homogenized and the differences 

between individual locations within the sample were not as substantial as within the 0.5 

sample. Although some shear bands and shear influenced areas were still observed within the 

structure of the sample, they were not as numerous as within the 0.5 revolutions one. The 

structure observed in peripheral areas of the sample did not exhibit such a strong “smearing” 

and was already more redistributed and homogenized when compared to the previous sample. 

A typical peripheral area microstructure is depicted in Figure 28a and more in detail in Figure 

28b, in which a strong tendency of the brittle phase to fragment and redistribute can be seen. 
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A microstructure of the central area of the sample is shown in Figure 28c. This image taken 

from the axial region of the sample where the overall imposed strain was the lowest depicts 

the influence of shear strain on the structure in which the grains exhibited the tendency to 

whirl around the rotational axis. 

a)  b)  

c)  

Figure 28: Sample after swaging and 1.5 HPT revolutions; periphery (a); periphery more in 

detail (b); centre (c). 

ImageJ analyses showed the portion of the bright intermetallic phase to be approximately 

40% in average for both the samples deformed by HPT. The difference was however in the 

distribution of the phase, which was imparted by the different imposed strains. While in the 

structure of the 0.5 revolutions sample the intermetallic phase was still mostly clustered in 

aggregates, in the 1.5 revolutions sample these aggregates fragmented and redistributed 

throughout the entire structure. The content of the intermetallic phase within these samples 

was comparable to the sample pre-sintered at 550°C and unsuccessfully swaged in the 

previous experiment. Success in deformation was this time most probably imparted by the 

elevated processing temperature of 150°C increasing formability of the compound [137]. 

Grain size was not evaluated for these samples since due to the substantial presence of 
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strengthening phases, the grain boundaries were not well apparent and the analysis would 

most probably be very inaccurate. 

6.3.6.3 Microhardness 

Microhardness of the Al-25Cu sample pre-sintered at 500°C under Ar2 was measured in 12 

matrix-pattern locations. The average value for the sample was 87.2 HV01 with the standard 

deviation of 15.6. This value was significantly higher comparing to the first Al(+Al2O3) 

sample and was similar to the sample pre-sintered under Ar2 at 550°C. Such a high value was 

again caused by the formation of hard CuAl2 intermetallic phase.  

Microhardnesses of the processed samples were measured in individual points along 

horizontal lines passing through the axes of HPT processed samples on their transverse cross-

sectional cuts. The measurements were performed with the spacings of 1 mm and started at 

the distance of 0.5 mm from the edge of a sample. The analyses were performed along a 

central horizontal line, as well as along a peripheral horizontal line located 0.5 mm under the 

horizontal surface of a sample. Results of all the microhardness measurements for both the 

samples are summarized in Figure 29. 

 

Figure 29: Microhardness for swaged and HPT processed samples. 

Microhardness of the sample processed with swaging and 0.5 HPT revolutions increased to 

the average value of 118.3 HV01 in its peripheral and 118.1 HV01 in its central areas. These 

were higher values when compared to the (unsuccessfully) swaged Al-25Cu sample and also 

to the first sample sintered in the silica tube and subjected only to 0.5 HPT revolutions. The 

microhardness increase for this sample was imparted primarily by swaging. Nevertheless, the 

influence of HPT can be seen on distribution of microhardness depicted in the mentioned 

Figure. While for the peripheral areas the values were more or less uniform, the central line 
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still exhibited extreme values. The deviation from the average microhardness value was 13.7 

for the peripheral line, while it was 26.3 for the central line. In the peripheral areas the 

microstructure was already more homogenized, while the central area still exhibited 

aggregates of the intermetallic phase. The highest microhardness values (around 160 HV) 

were measured in locations in which the brittle aggregates – within the central area of the 

sample. An example of such an indent is depicted in Figure 30. 

 

Figure 30: Example of a typical location with high microhardness. 

As can be seen from the Figure, microhardness values were quite homogenized throughout 

the periphery of the 1.5 revolutions sample. The average microhardness for its peripheral area 

was 104 HV01 with the standard deviation of 6.7. More evident deviations from the average 

microhardness value of 107.2 HV01 could still be seen in the central areas of the sample, 

where the imposed strain was lower and the aggregates did not fragment so intensively. The 

standard deviation in this area was 11, higher than in the peripheral region. The fragmentation 

and homogenization of the structure in general was most probably the reason for a little lower 

average microhardness comparing to the 0.5 revolution sample, since the measurements did 

not exhibit any localized maximum values due to the absence of large aggregates. Lower 

microhardness could have also been caused by dissolution of precipitates and change in their 

morphology by the influence of a more intensive HPT processing. Such behaviour for Al-Cu 

compounds during HPT has already been reported by others [140,141]. 

6.3.6.4 Partial conclusions 

Powder samples of the Al-25Cu composition were prepared in the similar way as in the 

previous experiment – the given composition with the fraction < 45 µm was compacted by the 

double-step CIP procedure and subsequently sintered at 60 minutes either in a silica tube at 

500°C, or in a furnace under Ar2 atmosphere at 550°C.  
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Swaging at room temperature was not successful for both the pre-sintered samples, which 

both disintegrated after the second swaging pass. Microstructural observations showed a 

presence of brittle phases – oxides in the first sample and CuAl2 intermetallic phase in the 

second. Nevertheless, the first pre-sintered sample was then subjected to 0.5 HPT revolutions. 

The structure of the successfully HPT processed sample already consisted of grains and 

exhibited structural features typical for a sample processed via HPT with a lower total strain. 

In its centre the grains were more or less equiaxed with the average equivalent circle diameter 

of 7.8 µm, while grains heavily deformed by shear were observed in the peripheral area. The 

structure also contained shear bands and areas of localized deformation. Microhardness 

measurements again proved a favourable influence of HPT, the average microhardness of the 

sample was almost three times higher comparing to the pre-sintered state 

The second part of the experiment consisted of processing of an Al-25Cu sample via 

swaging combined with 0.5 and 1.5 HPT revolutions. When compared to the sample 

processed only with 0.5 revolutions, the structure of the sample after 0.5 rev. and swaging 

was more homogenized and also its microhardness was almost doubled (this was however 

also influenced by the content of intermetallics generated during sintering). The sample after 

swaging and 1.5 revolutions exhibited even more significant structure homogenisation. It also 

featured more uniform microhardness, although slightly lower in average due to the absence 

of localized maxima. This was imparted by the structural character of the sample. 

 Al-Cu-Mg system 6.4

This subsection dealing with Al-Cu-Mg system includes description of preparation and 

processing of samples of two individual chemical compositions, the first one of which was 

Al-4wt%Cu-1wt%Mg powder mixture. An addition of Cu in the amount of 4 to 4.8 wt% lead 

to a high strengthening via formation of precipitates and GP zones, while an addition of Mg 

typically up to 1.8 wt% supports formation of precipitates and generally accelerates aging 

[100]. However, the Cu:Mg ratio higher than 8:1 supports strengthening via precipitation even 

more. In order to examine structural differences and compare the influences of deformation 

processing, another powder mixture of Al-9wt%Cu-1wt%Mg was investigated. 

For the Al-Cu-Mg system samples, the technologies of swaging and HPT were applied 

again. Based on the experience acquired during the previous Al-Cu experiment, all the 

deformation steps were performed at the elevated temperature of 150°C. This should 

contribute to better consolidation and reduction of porosity. Swaging was performed in 4 

passes comparably to the first Al powder experiment. For HPT processing, 1.5 revolutions 
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were selected in order to be able to compare the influence on the structure with the previously 

described results of swaging in combinations with 1.5 HPT revolutions on the Al-25Cu 

sample. However, the precipitated phases were expected to be different for this powder 

mixture system. 

6.4.1 Preparation of samples 

The mixing and compressing for Al, Cu and Mg powders were performed at VŠB-TUO, 

while sintering was performed again by Radek Mazáč at the Mabave company, Horka nad 

Moravou, CZ. The pre-sintered samples were sliced using water jet cutter by prof. Libor 

Hlaváč at VŠB-TUO. All the swaging and HPT deformation steps were performed at VŠB-

TUO as well as the density and microhardness measurements. OM and SEM powder particles 

observations and analyses of particles and grains sizes were carried out at VŠB-TUO. SEM 

phase and structure analyses were performed with the help of Dr. Petr Král at ASCR, Brno. 

Preparation of the samples was performed in a similar way as in the previous experiments. 

However, this time the magnesium powder was bought from the Alfa Aesar company with the 

predefined fraction of 325 mesh. Mg powder of this fraction was mixed with the other 

powders with ranges smaller than 45 μm. The chemical compositions of the powders analysed 

by an EDX analysis were the following: Al - 96.1 wt% Al and 3.9 wt% O, Cu - 94.1 wt% Cu 

and 5.9 wt% O, Mg – 95.45 wt% Mg and 4.55 wt% O. SEM images of the initial Mg powder 

particles are shown in Figures 31a and 31b. The powders were mixed together in the two 

selected mixtures - 95 wt% Al, 4 wt% Cu, 1 wt% Mg and 90 wt% Al, 9 wt% Cu, 1 wt% Mg  

using a TURBULA powder mixing/stirring device. 

a)   b)  

Figure 31: SEM images of original Mg particles (a); detail of a particle (b). 

Both the mixtures were subsequently pre-compacted using the same double-step CIP 

procedure as in the two previous experiments into the form of little rods with diameters 
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slightly larger than 20 mm. The compressed samples were then sintered at 550°C for 60 

minutes in a furnace under a protective Ar2 atmosphere with the help of Radek Mazáč, 

Mabave co. Heating was again performed at the rate of 10°C/min, cooling proceeded in the 

furnace down to 100°C and further on air. Photographs of the pre-sintered samples are shown 

in Figures 32a and 32b. After sintering, all the samples were cut using water jet cutter. One 

sliced sample from each of the designed compositions was always maintained in the original 

state to perform comparative analyses. One sliced sample was intended to be subjected to 

swaging performed at 150°C in four steps down to the final diameter of 10 mm Another sliced 

sample was subjected to HPT, the selected technology for which consisted of 1.5 revolutions 

at 3 GPa, 0.5 RPM and 150°C. 

a)  b)  

Figure 32: Pre-sintered samples; Al-4Cu-1Mg (a); Al-9Cu-1Mg (b). 

Figure 33 summarizes examples of the samples investigated within this experiment for the 

Al-4Cu-1Mg mixture. From left to right, the first sample is a sample cut from the pre-sintered 

little rod before deformation. Such samples were used as the initial material for both the 

subsequent deformation steps. The second sample is a sample processed by HPT and the third 

sample is the cut pre-sintered sample swaged to the diameter of 10 mm. After having 

performed the deformation steps, subsequent analyses and observations were carried out. 

 

Figure 33: Al4Cu1Mg samples; pre-sintered (a); after HPT (b); after swaging (c). 

6.4.2 Structural observations and phases in pre-sintered structures 

Both the powder mixtures pre-sintered samples were at first subjected to SEM observations 

supplemented with phase analyses. Figures 34a and 34b show typical microstructures of the 
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Al-4Cu-1Mg and Al-9Cu-1Mg samples, respectively. Residual pores and original powder 

particles were apparent in both the samples. On the other hand, both the structures already 

exhibited transformed new grains and formation of phases on the boundaries of the original 

powder particles. These phases were more frequent in the second sample alloyed with 9%Cu. 

Another structural feature observed for both the compositions was formation of fine lamellar 

precipitates inside newly formed grains. A detail of such a phase is shown in Figure 34c (Al-

4Cu-1Mg). These precipitates were more frequent in the structure of the sample alloyed with 

4%Cu. This phenomenon was probably connected with the level of sintering and grain 

transformation of the particular structure imparted by the chemical composition of the 

particular mixture. Additions of Mg support breaking of the Al particles surface oxide layers 

and subsequent diffusion of Al [142]. The detailed Figure 34c also shows more clearly the 

presence of white precipitated phases on the boundaries of newly formed grains. 

The character of all the white phases was the object of subsequent phase chemical 

composition analyses. The analysed locations for the Al-4Cu-1Mg sample are depicted in 

Figure 34d, while Figure 34e shows the analysed locations for the Al-9Cu-1Mg sample. The 

results of all the analyses are summarized in Tables 7 and 8 for both the samples. 

a)  b)   

c)   
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d)  e)  

Figure 34: SEM images of pre-sintered samples; Al-4Cu-1Mg (a); Al-9Cu-1Mg (b); Al-4Cu-

1Mg; detail of fine precipitates (c); analysed locations for Al-4Cu-1Mg (d); Al-9Cu-1Mg (e). 

Table 7: Phases in Al-4Cu-1Mg samples. 

location 1 2 3 4 5 6 7 

content 

Al 96.6 58.4 64.9 47.3 40.6 67.3 80.2 

Cu 1.7 38.5 25.8 45.8 29.5 32.4 19.5 

Mg 0.1 0.9 4.5 2.6 11.6 0.3 0.3 

O 1.1 2.2 4.8 4.3 18.3   

Table 8: Phases in Al-9Cu-1Mg samples. 

location 1 2 3 4 5 6 7 8 

content 

Al 42.6 47.8 46 47.9 97.8 96.5 93.6 79.9 

Cu 48.4 52.1 54 48.8 2.2 3.2 6.4 19.4 

Mg 2.2 0.1  0.9  0.3  0.8 

O 6.8   2.4     

 

As can be seen from the tables, the darkest analysed locations in both the samples 

consisted of prevailing aluminum. They were mostly non-transformed original Al powder 

particles or the basic matrix of the newly formed grains. The contents of Cu and Mg for the 

darkest locations were negligible and were most probably detected due to the influence of the 

surroundings. The sporadic content of oxygen in these areas most probably originated from 

surface oxide layers on the original powder particles.  

The lighter particles consisted of various mixtures of Al, Cu, Mg and also oxygen. 

According to the ternary Al-Cu-Mg diagram and relevant studies, the mostly occurring 

ternary phases in alloys of similar compositions are Al2CuMg and Al6Mg4Cu [143–145], 

although other more complex phases can generate as well. Especially the Al2CuMg phase can 

also have several modifications. The exact type of a precipitated phase (lattice type and 
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stability) depends primarily on the processing conditions of the individual material. Ternary 

phases also usually occur in combination with the Al2Cu binary phase. Due to the protective 

oxide layers covering the original powder particles, oxides were present in the structures too. 

All these facts were the reason for the impossibility to exactly determine the individual phases 

on the basis of SEM analyses. Research conducted with the focus on exact determination of 

structural phases in Al-Cu-Mg alloys sintered and consolidated from powders and the 

influence of processing conditions on their generation is beyond the framework and limits of 

this dissertation work. Therefore, the chemical compositions for the individual structural 

features were determined only approximatively with the focus to estimate distribution of the 

individual elements within the pre-sintered structures. 

Analyses of distribution of the original powder particles and newly formed grains were 

performed for both the pre-sintered samples. The histograms of volume fractions of 

particles/new grains according to their equivalent circle diameters for the Al-4Cu-1Mg and 

Al-9Cu-1Mg samples are shown in Figures 35a and 35b, respectively. The histogram shows 

that most of the structural units in the pre-sintered material had the diameter smaller than 15 

µm. The average structural unit size was comparable for both the samples. It was 11.7 µm for 

the Al-4Cu-1Mg sample and 10.3 µm for the Al-9Cu-1Mg one. However, the distribution of 

the particles was slightly different. For the 4Cu sample the largest volume portion consisted 

of particles with diameters between 10 and 15 µm (50.5%), while the prevailing particle size 

in the 9Cu sample was between 5 and 10 µm (58.9%).  

a)  b)  

Figure 35: Volume fractions of particles in pre-sintered samples according to their diameters; 

Al-4Cu-1Mg (a); Al-9Cu-1Mg (b). 

6.4.3 Observations of deformed structures, imposed strain and porosity 

Samples of both the compositions were at first deformed by swaging. The subsequent step 

was deformation of samples of both the compositions by HPT, for which 1.5 revolutions were 

used. Calculations of the imposed strain were performed using Eq. (1) for swaging and using 
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Eq. (2) for HPT. The results of the calculations showed the imposed strain of the samples 

swaged to 10 mm to be 1.39, similarly to the swaged Al powder sample. The samples 

processed by HPT experienced higher strains. The maximum value of the imposed strain was 

almost 19 in the edge area, while at the observed mid-radius location it was approximately 9.5 

for both the samples.  

Observations of phases chemical compositions summarized in Tables 7 and 8 showed 

complex microstructures with quite a notable presence of oxygen, which was most probably 

bound in Al, Ti and Mg-based oxides. Therefore, analyses of porosity using the ImageJ 

software were selected as a method for determination of the degree of consolidation instead of 

the Archimedes method of density measurements, since the exact theoretical density needed 

for calculations could not be determined. Similarly to the previous experiments, analyses were 

performed randomly five times for each of the samples and the resulting values were 

calculated into the final average value for each sample. 

Porosity was at first determined for the pre-sintered structures, for which it was 1.5% for 

the Al-4Cu-1Mg sample and comparable 1.7% for the Al-9Cu-1Mg sample. Formation of 

phases between the original Al particles contributed to low porosity values of the pre-sintered 

structures similarly to the Al-25Cu composition, although the pre-sintered Al-Cu sample 

exhibited a more significant formation of intermetallics filling the inter-particle spaces and 

therefore even lower porosity [137]. After swaging down to 10 mm porosity decreased to 

0.7% for the 4Cu sample and 0.8% for the 9Cu sample. Both the porosities were substantially 

lower comparing to the porosity of the Al powder sample swaged to 10 mm. This was most 

probably not only due to the formation of additional phases during sintering and therefore 

lower initial porosity before deformation comparing to the Al powder sample, but also due to 

the increased temperature during swaging, which certainly also contributed to a better 

consolidation. The most significant influence on decrease in porosity had again processing by 

HPT. The sample containing 4 wt% Cu processed via HPT exhibited the average residual 

porosity of 0.3%, while for the sample with 9 wt% Cu the porosity decreased to 0.4%.  

The difference in chemical compositions of both the samples did not have any significant 

influence on porosity for all the measured states. As was however already mentioned, the 

structure of the samples was slightly different from the point of view of formation of fine 

precipitates within the newly (to be) formed grains. The most evident influence of addition of 

a higher Cu content is in the amount of formed strengthening phases. The average content of 

the formed phases in the swaged 4Cu sample was 4.8%, while in the swaged 9Cu sample the 

content of the phases was 13.5%. From the point of view of structure changes, both the 
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samples after swaging exhibited similar microstructures. The strengthening phases were for 

both located on grain boundaries, although their distribution was a little different, which was 

imparted by their different contents. Both the samples, although especially the 4Cu sample, 

also exhibited presence of fine precipitates inside newly formed grains. Typical 

microstructures of the Al-4Cu-1Mg and Al-9Cu-1Mg samples are depicted in Figures 36a and 

36b, respectively. 

a)  b)  

Figure 36: Microstructure of swaged samples; Al-4Cu-1Mg (a); Al-9Cu-1Mg (b). 

The samples after swaging were also subjected to analyses of grains size distribution 

according to their equivalent circle diameters. The histograms of volume fractions of grains 

according to their equivalent circle diameters for the swaged Al-4Cu-1Mg and Al-9Cu-1Mg 

samples are depicted in Figures 37a and 37b, respectively. As can be seen, most of the grains 

within the swaged samples had the diameters smaller than 10 µm. The portion of grains with 

diameters less than 10 µm was 85.4% for the 4Cu sample and 76.3% for the 9Cu sample. The 

average grain size was 7.1 µm for the Al-4Cu-1Mg sample and 7.6 µm for the Al-9Cu-1Mg 

sample. The values were again comparable for both the samples. The average structural unit 

size decreased when compared to the pre-sintered states. For the 4Cu sample, the grain 

refinement was approximately by 39%, while for the 9Cu sample it was by 26%. In the pre-

sintered states, larger average structural unit size exhibited the 4Cu sample, while for the 

swaged samples it was the 9Cu one. The process of grain refinement was most probably 

influenced by the compositions of both the mixtures. The sample containing 4 wt% Cu 

featured lower amount of strengthening phases and the structure primarily consisted of Al 

matrix with quite a good plasticity. On the other hand, the sample containing 9 wt% Cu 

formed a larger amount of strengthening phases, which contributed to an increased strength 

and decreased plasticity. The higher amount of strengthening phases most probably eventually 

caused a higher resistance against deformation for this sample. 
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a)   b)  

Figure 37: Volume fractions of grains in swaged samples; Al-4Cu-1Mg (a); Al-9Cu-1Mg (b). 

The most significant influence on structure changes had again HPT processing. 1.5 

revolutions at 150°C caused the strain to be sufficient to influence all the parts of the 

processed sample. Although residual porosity was still apparent especially in the central area 

of the sample, the grains in peripheral as well as central areas exhibited shape changes 

imparted by the effect of shear strain. Typical structures of peripheral and central areas within 

the Al-4Cu-1Mg HPT processed sample are shown in Figures 38a and 38b, respectively. The 

peripheral areas exhibited significant elongation and flattening of original particles and grains. 

The central area still exhibited pores, although the grains were already apparently influenced 

with shear strain. The strengthening phases were observed especially on grain boundaries, 

although there were also the fine precipitated phases inside the newly formed grains. Similar 

structure development was also observed by Ktari et al. for an Al-Cu-Mg cast alloy processed 

via ECAP, for which they reported redistribution of precipitates and their fragmentation, 

which consequently provided pinning of dislocations and final grain refinement resulting in 

formation of new submicron-sized grains after 3 passes [146]. 

a)  b)  

Figure 38: Structure of the Al-4Cu-1Mg HPT processed sample; periphery (a); centre (b). 

Analysis of the average grain size was performed for a central location of the processed 

sample in which grains could clearly be distinguished. The histogram showing the results of 
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the analysis is depicted in Figure 39. As can be seen from the dependence, the grains were not 

substantially refined in this area, although homogenisation of grain size occurred. 53% of the 

grains had diameters smaller than 10 µm. The average equivalent circle diameter of the grains 

in the central area of the sample was 10.4 µm. 

 

Figure 39: Histogram depicting grain diameters for the HPT processed Al-4Cu-1Mg sample. 

The HPT processed structure of the Al-9Cu-1Mg was different when compared to the Al-

4Cu-1Mg sample after HPT. Within the entire sample, the grains were not as apparent as 

within the previous one. The strengthening phases were fragmented and redistributed 

throughout the structure of the entire sample and there were no significant differences 

between the structures in the peripheral and central areas, as shown in Figures 40a and 40b, 

respectively. Nevertheless, slight differences between the two areas were still observed. The 

strengthening phases were already fragmented in the central area of the sample. However, 

they were still mostly clustered in aggregates. On the other hand, the peripheral area of the 

sample already exhibited a more homogenized structure with the strengthening phases 

fragmented and redistributed by the influence of shear. Occasional pores were observed 

especially on the edges of the original strengthening phase aggregates throughout the entire 

sample. 

a)  b)  

Figure 40: Structure of the Al-9Cu-1Mg HPT processed sample; periphery (a); centre (b). 
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In order to reliably map the chemical compositions of the deformed structures, the samples 

after HPT were subjected to SEM map analyses of chemical composition. The results for the 

Al-4Cu-1Mg sample are depicted in Figure 41a, while Figure 41b depicts the map scan for the 

Al-9Cu-1Mg sample. As is evident, oxides were already redistributed in the structures and the 

concentrations of oxygen within the samples were too low to be even detected by the scanner. 

This supports the conclusion reported by Oh et al. [147] regarding the influence of Mg on 

breaking Al oxide layers and increasing the diffusion ability of Al. The precipitates were rich 

in Cu for both the samples, while Mg was mostly present along the boundaries of structural 

units, which can especially be seen in Figure 41b taken with a lower magnification. 

a)  

b)  

Figure 41: Chemical composition map for Al-4Cu-1Mg (a) and Al-9Cu-1Mg (b) samples. 

6.4.4 Microhardness 

The conditions of preparation were comparable to both the above mentioned Al-based 

powder experiments. Therefore the influence of the magnesium and copper additions on 

microhardness could be evaluated as well. The tests were again performed with the load of 

100kg and dwell time of 15s. For the pre-sintered samples, the tests were carried out in 10 

randomly picked locations. The swaged samples, as well as the samples deformed via HPT, 

were measured on their transversal cross-sections using horizontal line analyses starting 0.5 

mm from the edge of a sample with 1 mm span between the individual indentations. 
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The average microhardness values for both the pre-sintered samples were comparable. 

While for the Al-4Cu-1Mg sample the average value was 61.7 HV01 with the standard 

deviation of 9.2, for the Al-9Cu1Mg sample it was 63.1 HV01 with the deviation of 10.6. The 

results were in accordance with the SEM observations, which showed very similar structures 

for both the samples. Although the 9Cu sample contained a larger amount of the 

strengthening phases, their distribution throughout the sample was more or less homogenous 

and the aggregates were small to cause any striking localized maxima of microhardness 

values. The positive influence of presence of Cu and Mg on the generation of hardening 

phases is also demonstrated by the comparison of these values with the values observed for 

the Al powder pre-sintered samples. Microhardness of the Cu and Mg alloyed mixtures were 

more than double comparing to the first Al pre-sintered samples. The Al-25Cu sample 

sintered under the same conditions however exhibited higher microhardness than all the 

herein mentioned samples. The initial microhardness is primarily given by the original 

powder mixture and its chemical composition. The Al-Cu-Mg mixtures did not have 

significant tendencies to form large amounts of brittle intermetallics, due to which the 

microhardness did not increase so much as for the Al-25Cu sample. Also by this reason 

swaging and deformation processing in general were easier for the Al-Cu-Mg samples. 

Swaging imparted slight homogenization of the structures and redistribution of the 

strengthening phases, which also had an influence on a significant increase in microhardness. 

The swaged Al-4Cu-1Mg sample exhibited the average microhardness of 115.8 HV01 with 

the standard deviation as low as 3.3, while the average microhardness of the Al-9Cu-1Mg 

sample was 126.9 HV01 with the deviation of 7.5. These values were comparable, even 

slightly higher, than the ones of the Al-25Cu samples processed by combinations of swaging 

and HPT. Even though the Al-25Cu samples contained a significant amount of strengthening 

phases, the precipitates in the Al-Cu-Mg were evidently more effective for strengthening. 

HPT again caused increases in microhardness for both the samples. Average value for the 

processed Al-4Cu-1Mg sample was 131.4 HV01, while for the Al-9Cu-1Mg one it was 117.1 

HV01. The average value was higher for the 4Cu sample than for the 9Cu one. This was 

connected with the development of microstructures depicted in Figures 38 and 40. These 

Figures clearly show the size and distribution of the precipitated phases. Although the 

structure of the 9Cu sample exhibited a high degree of homogenisation, the precipitates in this 

sample were larger than in the 4Cu sample. It is a known fact that homogenously distributed 

small precipitates contribute to increase in mechanical properties more than larger ones [7]. 

The size of precipitates in the 9Cu sample probably exceeded the maximal size effective for 
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strengthening. It is also possible that the morphology of the precipitates was more favourable 

in the Al-4Cu-1Mg sample than in the Al-9Cu-1Mg one. As reported by Styles et al. [143], 

even the mostly occurring Al2CuMg precipitate has two morphological types the presence of 

which also influences the final properties of a material. The character of the precipitates could 

also have been modified by the imposed strain [141]. However, more detailed TEM 

investigations would have to be performed to prove these suppositions. Such analyses are 

beyond the framework of this thesis. 

6.4.5 Partial conclusions 

Powder samples of the Al-Cu-Mg mixture were again prepared similarly to the previous 

experiments and sintered for 60 minutes in a furnace under Ar2 atmosphere at 550°C. 

Microstructural observations of the pre-sintered Al-4Cu-1Mg and Al-9Cu-1Mg structures 

showed presence of various strengthening phases, the precise determination of which would 

require individual focused analyses. 

Pre-sintered samples were processed by swaging down to the diameter of 10 mm and by 

1.5 HPT revolutions, all at an elevated temperature. Swaging of both the pre-sintered samples 

resulted in homogenisation of the structures, reduction of porosity and grain refinement by 

39% and 26% in average for the 4Cu and 9Cu samples, respectively. It also imparted 

microhardness increase for both the compositions. Strain imposed into the structures during 

HPT caused significant redistribution of the strengthening phases within the structures. 

Characteristic microstructure for the 4Cu sample featured deformed grains with strengthening 

phases along their boundaries, while the 9Cu sample exhibited no apparent grains but a 

significant amount of redistributed strengthening phases within the structure. The character of 

the phases also imparted the average microhardness, which was lower for the 9Cu sample 

than for the 4Cu sample. 

 Ti-Ta system 6.5

The first investigated material from the bio-alloys sub-section is the Ti-25%Ta powder 

mixture. This chemical composition has already been investigated e.g. by Zhou et al. [119–

121]. However, the studies published so far mostly focus on as-cast and/or heat treated alloys. 

As was already mentioned, this composition is very favourable for usage within a human 

organism due to its excellent biocompatibility and corrosion resistance. Moreover, this exact 

composition features very low young modulus [120]. Nevertheless, studies describing 

properties of modern Ti-biomaterials processed with intensive plastic deformation methods 
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are very scarce. By this reason, Ti-based bio-alloys and basic investigations of the influence 

of plastic deformation on their structures were implemented into this thesis. 

This section describes preparation of Ti-25Ta samples and their processing by swaging and 

HPT. Swaging was carried out down to the final diameter of 4 mm. This dimension had been 

chosen based on the practice, in which the mostly used diameters of wires used for human 

bodies implants are 2-4 mm. HPT was performed via 2 revolutions. All the deformation 

processing was performed at elevated temperatures. The evaluation analyses were focused on 

examination of structure changes and redistribution of the original structural features during 

processing. Since this material is biologically applicable and elastic properties are of the 

highest importance, examination of Young’s modulus after swaging was carried out as well. 

6.5.1 Preparation of samples 

The mixing and compressing procedures were performed at VŠB-TUO, while sintering 

was performed with the help of Dr. Jaroslav Málek at UJP PRAHA company, Praha, CZ. The 

pre-sintered samples were sliced using water jet cutter by prof. Libor Hlaváč at VŠB-TUO. 

Before processing at elevated temperatures, the slices were coated with a protective anti-

oxidation layer. All the swaging and HPT deformation procedures were performed at VŠB-

TUO as well as the subsequent microhardness measurements. Observations of powder 

particles by SEM and OM of the initial structures were carried out at VŠB-TUO, while SEM 

analyses of structural phases and observations of the pre-sintered and deformed structures 

were performed with the help of Dr. Petr Král at ASCR, Brno. The evaluation of Young’s 

modulus of a swaged wire cut using an wire cutter at VŠB-TUO was performed by Dr. Joris 

Bracke using a RFDA measuring system at the IMCE n.v. company (http://www.imce.eu/). 

The initial powders for this experiment were both bought from the Alfa Aesar company. 

Both the powders with the predefined fractions of 325 mesh were at first subjected to EDX 

analyses of chemical compositions. According to the analyses, the oxygen contents for the 

powders were the following: Ti – 94.8 wt% Ti and 5.2 wt% O, Ta - 98.2 wt% Ta and 1.8 wt% 

O. A SEM image of the original Ti powder is shown in Figure 42a, while original Ta powder 

particles are shown in Figure 42b. The powders were mixed together in the ratio of 75 wt% Ti 

and 25 wt% Ta using a TURBULA powder mixing/stirring device. From this powder mixture, 

two different samples were pre-compacted using the same double-step CIP procedure as for 

the previous experiments into the form of little rods with diameters approximately 20 mm. 

The compressed samples were subsequently subjected to sintering in vacuum. However, two 

different sintering procedures were selected this time. Both the samples were at first heated to 

http://www.imce.eu/
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800°C and held on this temperature for 1 hour. After this dwell, the temperature for the first 

sample was increased to 1300°C with the time dwell of 20 hours. This procedure was chosen 

according to previous experience of Málek et al. [148]. The second sample was sintered at 

1400°C for 10 hours. This different procedure was implemented in order to find out possible 

differences in structures of the two samples imparted by different processing conditions.  

a)  b)  

Figure 42: SEM image of original Ti (a) and Ta (b) particles. 

After sintering, all the samples were again cut using water jet cutter. From each of the 

samples sintered under different conditions, one sliced sample was maintained in the original 

state while another sliced sample was intended to be subjected to swaging. The last sample 

from both the pre-sintered little rods was intended to be subjected to HPT processing. 

Swaging was performed in ten steps down to the final diameter of 4 mm. The samples were 

swaged above 900°C, based on previous experiences of Málek et al. with similar materials 

[148]. From the swaged samples, specimens for microscopic and microhardness observations, 

as well as specimens for measurement of Young’s modulus, were cut. The samples sliced for 

HPT processing were planned to be deformed by 2 revolutions at 3 GPa, 0.5 RPM and 150°C. 

The initial material was harder comparing to the Al-based samples and therefore the number 

of revolutions was slightly increased. However, the aim was still to maintain and evaluate 

possible structural differences within a processed sample. 

6.5.2 Observations of pre-sintered structures 

Images of the structure sintered at 1300°C/20h are shown in Figures 43a and 43b. These 

images showed a bimodal grain structure with nice quite uniform lamellas and a small amount 

of residual pores. According to the ImageJ analysis performed on 5 random microstructural 

images, the average porosity of the 1300°C pre-sintered sample was 0.26%. This value was 

significantly lower comparing to the so far described Al-based pre-sintered structures, even to 
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the Al-25Cu sample which formed intermetallic phases. A significant contribution to such a 

low porosity had most probably the high sintering temperature and long sintering time.  

SEM-EDX analyses of chemical compositions of the individual structural phases showed a 

major presence of titanium in the grey matrix, the average composition of which was 87 wt% 

Ti and 13 wt% Ta. The white lamellas were rich in Ta. The average chemical composition of 

lamellas was 58.8 wt% Ti and 41.2 wt% Ta. Nevertheless, the lamellas were so thin that the 

results could have been influenced by the close vicinities of the measured locations. All the 

chemical composition measurements were performed similarly to the previous experiments, 

this time in five different points of the same phase. ImageJ analyses performed similarly to 

the porosity analyses showed the average content of the white phase to be 38.6%. 

a)  b)  

Figure 43: Microstructure of the 1300°C/20h sample (a); detail of the lamellas (b). 

A low-magnification microstructural image taken during SEM observations of the sample 

sintered at 1400°C/10h is shown in Figure 44a. The structure of this sample was evidently 

different than the structure of the 1300°C/20h one. The grains were not as developed as within 

the previous sample and the needle-shaped martensitic structure was more random and 

disarranged. On the other hand, the structure of this not-entirely transformed sample exhibited 

features providing an insight into the structural development within these samples. Figure 44b 

shows a location in which not-well sintered powder particles could still be observed, while 

Figure 44c shows transformation of structure during sintering – the lamellas were forming, 

but were not fully developed yet. Figure 44d then eventually shows regular lamellas in a 

location with an already fully transformed structure. However, the lamellas were still not 

arranged so well comparing to the lamellas in the structure of the first sample (Figure 43b). 

The structures of both the pre-sintered samples were similar to structures of Ti-20Ta and 

Ti-30Ta samples prepared from cast materials, as reported by Zhou et al. [121] and de Souza 

et al. [149]. The cast samples investigated in these studies consisted of β-phase Ti-rich matrix 
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and generated α-phase martensitic Ta-rich needles. This comparison proved a favourable 

influence of both the designed sintering technologies on transformation of the original powder 

mixture into a grain-like structure. 

a)  b)  

c)  d)  

Figure 44: Microstructure of 1400°C/10h sample (a); detail of a location not well sintered (b); 

structure being transformed into lamellas (c); transformed structure (d). 

ImageJ analysis of five random structures resulted in the observed white phase having the 

average content of 23.9%. This value was significantly lower comparing to the first Ti-25Ta 

sample and was consistent with the microstructural development observations. A higher 

residual porosity was noticed already during brief observations, analysis of 5 microstructural 

images showed the average porosity of 0.74%. This value was still significantly lower than 

for the Al-based samples, but it was almost three times higher comparing to the first Ti-Ta 

sample. Although the sintering temperature was higher for this sample, the sintering time of 

20 hours was concluded to be more favourable for the overall structure development, 

including development of grains and the highest elimination of porosity. By these reasons and 

considering the structure of the pre-sintered samples, the sample pre-sintered at 1300°C was 

selected to be subsequently subjected to HPT processing. Deformation of the highly-
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developed grain structure within the sample by 2 revolutions should provide an insight into 

the influence of various amounts of imposed strain on the grain structure of the sample. 

6.5.3 Observations of deformed structures, imposed strain and porosity 

Swaging from the initial diameter of 20 mm down to 4 mm at temperatures above 900°C 

had a significant influence on consolidation and rearrangement of the original structures. 

Figures 45a and 45b show typical microstructures of the 1300°C pre-sintered swaged sample 

on its longitudinal and transversal cuts, respectively. The Figures clearly show rearrangement 

of lamellas in the longitudinal direction by the influence of the swaging process. The structure 

was homogenized and pores were almost eliminated. Only occasional occurrence of residual 

pores could be observed. ImageJ analysis showed the residual porosity to be less than 0.1%. 

a)  b)  

Figure 45: Ti-25Ta sample pre-sintered at 1300°C swaged to 4 mm; longitudinal (a) and 

transverse (b) cuts. 

The structure of the 1400°C pre-sintered swaged sample can be seen in Figures 46a and 

46b in the longitudinal and transversal cuts, respectively. Probably the most significant 

difference between the two swaged samples is that the 1400°C sample did not exhibit 

substantial crystallographic anisotropy – there was no arranged lamellar structure and the 

structural differences between the longitudinal and transversal directions were neglectable. 

The structure of the 1400°C sample exhibited several residual pores, although the ImageJ 

analysis showed their content to be less than 0.1% similarly to the first sample. Comparison 

of the swaged structures of both the samples implies a significant influence of the pre-

sintering conditions and therefore the initial microstructure before swaging on the final 

structure. Swaging of the 1300°C pre-sintered sample, the structure of which consisted of 

fully developed grains with inner lamellas, resulted in a highly arranged structure consisting 

of elongated lamellas. On the other hand the 1400°C sample, the initial structure of which 
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exhibited incompletely formed and generally disarranged structure, exhibited a more or less 

homogenous structure without differences in the individual directions after swaging. 

The structural differences influenced the intentions for subsequent analyses of mechanical 

properties, measurement of Young’s modulus in particular. Considering a possible use of the 

material for bio-applications, the material should possess homogenous material properties 

without significant anisotropies (considering general application). By this reason, only the 

swaged sample pre-sintered at 1400°C was subjected to the Young’s modulus measurements. 

a)  b)  

Figure 46: Ti-25Ta sample pre-sintered at 1400°C swaged to 4 mm; longitudinal (a) and 

transverse (b) cuts. 

The samples deformed by swaging featured the average imposed strain of 3.22. 

Combination of such a deformation degree with the high swaging temperature (above 900°C) 

resulted in a high degree of consolidation and structure rearrangements, as could be seen in 

Figures 45 and 46. For the HPT processed sample, several locations with different imposed 

strains were examined. The lowest strain was imposed into the central part of the sample. The 

strain was approximately up to 1.3 within the 0.5 mm perimeter around the vertical axis of the 

sample. The area in the mid-radius of the sample, approximately 5 mm from the axis towards 

the vertical edge of the sample along its horizontal transverse centreline, experienced the 

strain of 12.6, while the peripheral areas on the middle centreline were deformed with the 

strain of up to 25.1. However, the influence of strain in the peripheral areas is limited in 

accordance with simulations published elsewhere and therefore the influence of strain could 

most evidently be seen in the area in the mid-radius of the sample [76,77]. The sample pre-

sintered at 1300°C right after HPT processing is depicted in Figure 47. 

The structure exhibited features typical for a HPT processed sample. Figure 48a shows a 

typical microstructure of the central part of the sample. As can be seen in the Figure, the 

grains in this area still more or less maintained their original shapes and the influence of strain 
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was not significant. However, there was a tendency of the grains to elongate in one direction 

due to the effect of shear straining. Residual pores could still be observed in this area however 

the average porosity within the entire sample analysed using ImageJ was less than 0.05%. 

 

Figure 47: Ti-25Ta sample pre-sintered at 1300°C after HPT processing. 

The most significant influence of shear could be observed along a horizontal centreline in 

the mid-radius of the sample (Figure 48b). This Figure depicts severely deformed original 

grains and a structure transformed so heavily that the grains were not apparent any more. 

Only a homogenized structure consisting of deformed lamellas could be seen. This feature 

was comparable to the swaged structure. However, the substantial difference between the 

structure deformed by HPT and the swaged one was in the arrangement of the lamellas. The 

structure after HPT did not exhibit any preferential orientation of the lamellas. The lamellas 

were in this stage just heavily deformed and oriented in the direction of the original grains. 

Analyses of the peripheral parts of the sample provided important results and were 

conformant to the elsewhere published simulations of strain imposed during HPT [77]. While 

Figure 48c shows an image of the structure taken on a top peripheral area in the mid-radius 

location of the sample, Figure 48d depicts a structure typical for a periphery of the sample 

close to its vertical edge. The peripheral areas close to the top and bottom surfaces of the 

sample experienced high amounts of imposed strain, which corresponded to the observed 

structures. The grains were heavily deformed there. However, the original orientation of the 

initial grains could still be determined from the orientation of the deformed lamellas. The 

structure in Figure 48c is a higher degree of transformation of the structure observed in the 

less deformed peripheral areas of the sample along its vertical edges. Figure 48d depicts a 
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large grain on the very periphery of the sample. Within this grain, a tendency of the lamellas 

to deform due to the effecting strain was clearly seen. However, the strain in this area was not 

sufficient for the grains to significantly deform and for the structure to homogenize.  

a)  b)  

c)  d)  

Figure 48: Ti-25Ta sample pre-sintered at 1300°C processed by HPT; centre (a); mid-radius 

on horizontal centreline (b); periphery, more deformed in mid-radius (c); periphery, less 

deformed close to surface vertical edge towards sample corner (d). 

6.5.4 Microhardness 

Both the samples pre-sintered under different conditions, as well as all the deformed 

samples, were subjected to microhardness measurements carried out with the load of 100 kg 

and the dwell time of 15 s. Microhardness of pre-sintered samples was measured in 9 matrix 

pattern locations, similarly to the samples swaged to 10 mm, while 20 individual points 

(starting 0.5 mm from the edge) along a horizontal line on its transverse cross-sectional cut 

were examined for the HPT processed sample. 

The average microhardness value for the first Ti-25Ta sample sintered at 1300°C was 

377.1 HV01 with the standard deviation of 25.1. No extreme values were recorded throughout 

the sample. The second sample sintered at 1400°C for a shorter time exhibited slightly higher 
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microhardness. The average value for this sample was 402.6 HV01 with the standard 

deviation of 37.4. This sample exhibited local decreases in microhardness with the minimum 

measured value of 331.1 HV01. Titanium and tantalum form solid solutions [150]. However, 

hard martensitic α-phase starts to segregate during cooling of such alloys. This subsequently 

results in an increase in microhardness to very high values. The reason for the higher 

deviation of microhardness within the sample was the slightly larger residual porosity caused 

by the shorter sintering time. However, another and also probably a more significant reason 

was the different arrangement of microstructure and its better uniformity within the first 

sample sintered for a longer time. Even the brief microscopic observations performed during 

microhardness measurements revealed needle-shape phases present in both the structures. The 

fact that the needle-shaped martensitic phase was observed in both the samples is most 

probably the reason for their similar microhardnesses. Examples of typical microhardness 

indentations for the samples sintered at 1300°C and 1400°C are shown in Figures 49a and 

49b, respectively. 

a)  b)  

Figure 49: Example of microhardness measurement indentation for Ti-25Ta samples; 

1300°C/20h (a); 1400°C/10h (b). 

The 1300°C sample after swaging exhibited microhardness comparable to its pre-sintered 

state. The average microhardness was 378.5 HV01 in the longitudinal direction and 389.6 

HV01 in the transversal direction. The standard deviations for the longitudinal and transversal 

cuts were 12.2 and 14.2, respectively. Even though swaging did not result in any significant 

increase in microhardness for this sample, it did cause homogenisation of the structure since 

the deviations were evidently lower than for the pre-sintered state. The increase in 

microhardness after swaging was higher for the 1400°C pre-sintered sample. The average 

value in the longitudinal direction for this sample was 428.5 HV01, while in the transversal 

direction it was 412.6 HV01. Moreover, the standard deviation was lower than 10 for both the 
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measured directions. This was conformant to the microstructure evolution documented in the 

previous section. 

The 1300°C pre-sintered sample after HPT processing exhibited the average 

microhardness of 382.6 HV01, comparably to the swaged sample. However, the deviation 

was higher (21.9) due to the larger inhomogeneity of microstructure, as described in the 

foregoing section. The individual microhardness values measured along the central horizontal 

line throughout the cross-section of the sample are depicted in the dependence in Figure 50. 

This Figure shows quite a uniform oscillation of the individual values around the average 

value. However, the value measured 2.5 mm from the left edge of the sample exhibited a 

significant local decrease caused by the particular microstructure in the measured location. As 

depicted in Figure 51, the indent was located right on the boundary between two deformed 

grains. Moreover, the character of the indent suggests a presence of a residual pore in this 

location. Both these phenomena can generally contribute to a decrease in microhardness [7]. 

The average microhardness excluding the local extreme was then 386.5 HV01, which was 

comparable to the value including the extreme. However, the deviation decreased to 14.4. 

 

Figure 50: Distribution of microhardness throughout the HPT processed sample. 

 

Figure 51: Microhardness indent located 2.5 mm from the edge of the sample. 
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Considering the average microhardness values, they were higher for all the pre-sintered 

and also deformation processed samples when compared to values so far reported for 

conventionally cast alloys. Zhou et al. [121] achieved microhardness values slightly above 

300 HV for samples of Ti-30Ta which had been rolled, solution treated and eventually 

quenched into ice water. De Souza et al. [149] studied the average microhardnesses for cast 

samples of Ti with various contents of Ta. The highest values of approximately 350 HV were 

achieved for the compositions of Ti-20Ta and Ti-40Ta. 

6.5.5 Young’s modulus 

For a possible application of a material within the human body, the more homogenous and 

less anisotropic structure is generally the better. Based on microstructural observations of the 

swaged structures, the swaged sample pre-sintered at 1400°C was selected for Young’s 

modulus measurements. The measurements were performed at the IMCE n.v. company in 

Belgium using a RFDA measuring system (http://www.imce.eu/) in accordance with the 

ASTM E 1876 standard. The measurements were performed ten times and the average value 

was subsequently calculated. 

The Young modulus for the 1400°C pre-sintered Ti-25Ta sample was 79 GPa. This value 

was significantly lower than the values of the commonly used implant biomaterials, such as 

steels, CoCrMo and Ti-based alloys, for which the average values are 200 GPa, 240 GPa and 

100-125 GPa, respectively [105]. Nevertheless, it was slightly higher than the lowest value 

reported so far for Ti-Ta alloys. The value of 69 GPa was measured for the cast Ti-30Ta 

alloy, while for the cast composition of Ti-20Ta the value was slightly higher than 80 GPa 

[119]. Recently even the Ti-25Ta composition was studied. For this alloy the reported 

Young’s modulus value was even lower than for the other compositions, namely 64 GPa 

[119]. Both the cast alloys consisted of β-phase with α-phase lamellas, similarly to the 

structure in our experiment.  

Since HPT has the ability to decrease Young’s modulus after processing via a substantial 

number of revolutions [117], it can be presupposed that HPT straining would also result in a 

significant decrease in Young’s modulus for this powder composition. 

6.5.6 Partial conclusions 

Powder samples of the Ti-25 Ta composition were pre-compacted similarly to the previous 

experiments. Sintering was performed in vacuum at 1300°C for 20 hours and at 1400°C for 

10 hours. Both the pre-sintered structures exhibited formation of Ti-rich α-phase lamellas. 

http://www.imce.eu/
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The first sample already exhibited formation of grains, while the structure within the 1400°C 

sample was not fully developed yet. 

Both the pre-sintered samples were swaged to the diameters of 4 mm at temperatures 

higher than 900°C. The 1300°C pre-sintered sample was also subjected to 2 HPT revolutions 

at 150°C. Swaging resulted in homogenisation of the structures and reduction of porosity for 

both the samples. However, the swaged 1300°C sample exhibited structure featuring fine 

lamellas oriented and elongated in the direction of swaging, while the swaged 1400°C sample 

did not exhibit significant differences in structures in the longitudinal and transversal 

directions.  

Average microhardness values for all the pre-sintered and also subsequently processed 

samples did not exhibit any significant differences. This was most probably caused by the 

high level of structure development occurring already after sintering. However, a local 

decrease was recorded for the HPT processed sample, which exhibited structural 

inhomogeneities caused by different imposed strains in individual locations of the sample. 

Nevertheless, the remaining portion of the sample did not exhibit any other local extremes. 

This imparts the conclusion that processing by larger shear strains would lead to a successful 

homogenization of the structure and properties within this material. HPT processing would 

also most probably lead to a low value of Young’s modulus, even though the value measured 

for the swaged sample pre-sintered at 1400°C was as low as 79 GPa.  

The structure was significantly modified by shear strain especially in the mid-radius of the 

HPT processed sample, which again proved the favourable influence of processing conditions 

during HPT. The advantage of HPT comparing to swaging from the point of view of cost 

efficiency is the lower processing temperature (150°C compared to 900°C). Nevertheless, 

swaging to 4 mm also imparted significant structural changes. Microstructural observations 

showed the possibility of achievement of various types of final structures by combining 

swaging with different sintering treatments. 

 Ti-Nb-Zr system 6.6

The Ti-Nb-Zr system is a very advantageous bio-applicable material featuring excellent 

biocompatibility and corrosion resistance. This composition in combination with tantalum has 

already been investigated in as-cast and heat treated [110] and also powder pre-sintered states 

[151]. Studies reporting the influence of deformation technologies, namely HPT, have been 

published as well ([104,117]), although mostly for cast materials. Nevertheless, there are not 

many studies dealing only with the Ti-Nb-Zr composition without an addition of Ta. For 
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example, the recently published ones deal with cytocompatibility of a Ti-Nb-Zr alloy [152] 

and with fabrication of nano-grained material using spark plasma sintering [153]. A study 

dealing with ECAP processing was published as well [116]. A thorough investigation of the 

influence of severe plastic deformation cannot however be found. Reports on preparation of 

the alloys using powder metallurgy are sporadic as well. 

This sub-section is focused on deformation processing of Ti-Nb-Zr samples using swaging 

and HPT. The samples were swaged down to the final diameter of 4 mm by the same 

processing technology as in the previous Ti-Ta experiment. For HPT, 2 revolutions were 

selected again. All the plastic deformation technologies were performed at the same elevated 

temperatures as for the Ti-25Ta samples. The elastic properties are of the highest importance 

also for this biologically applicable material. Therefore, analysis of Young’s modulus of the 

wire swaged down to 4 mm was performed as well. 

6.6.1 Preparation of samples 

The pre-sintered samples were this time provided by Dr. Jaroslav Málek from UJP 

PRAHA company, Praha, CZ. The pre-sintered samples were sliced using water jet cutter by 

prof. Libor Hlaváč at VŠB-TUO. Before deformation processing at elevated temperatures, the 

slices were coated with a protective anti-oxidation layer. The swaging and HPT deformation 

steps as well as microhardness measurements were performed at VŠB-TUO. SEM structural 

observations were performed with the help of Dr. Petr Král at ASCR, Brno. The evaluation of 

Young’s modulus of the wire was performed by Dr. Joris Bracke with a RFDA measuring 

system at the IMCE n.v. company in Belgium (http://www.imce.eu/). 

Two different powder mixtures were investigated within this experiment. The first sample 

was mixed in the ratio 63 wt% Ti, 35 wt% Nb and 2 wt% Zr, while the second sample 

consisted of 62 wt% Ti, 35 wt% Nb and 3 wt% Zr. The powders for the individual samples 

were mixed using a ball mill for 10 hours at 45 RMP. After mixing, the samples were pre-

compacted using a CIP device at 400 MPa. The pre-compacted samples were subsequently 

subjected to sintering performed similarly to the first sample evaluated within the Ti-25Ta 

experiment. The samples were heated to 800°C and held on this temperature for 1 hour. This 

time dwell was followed by a temperature increase to 1300°C and a dwell of 20 hours at this 

temperature. 

After sintering, all the samples were sliced using water jet cutter. From each pre-sintered 

sample one sliced sample was maintained in the original state for observations of the original 

structures. Processing by swaging was firstly performed in four passes down to the diameter 

http://www.imce.eu/
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of 10 mm and subsequently continued to the final diameter of 4 mm. Swaging was carried out 

above the temperature of 900°C, similarly as for the Ti-25Ta samples. HPT processing was 

performed by 2 revolutions at 3 GPa, 0.5 RPM and the temperature of 150°C. Due to the fact 

that the original material was provided by a commercial subject, only selected results are 

reported within this thesis. 

6.6.2 Observations of pre-sintered structures and porosity 

Figures 52a and 52b show typical microstructures of the pre-sintered Ti-35Nb-3Zr and Ti-

35Nb-2Zr samples, respectively. The most evident difference between these samples and the 

Ti-25Ta samples is that these samples did not exhibit any distinctive structural features in 

non-etched states, comparing to the martensitic needles in the Ti-25Ta samples. However, 

there was a tendency to form secondary phases, which can slightly be seen in the Figures as 

lighter particles and needles. Both the samples exhibited tendencies to form large coarse 

grains, the boundaries of which can also slightly be seen in the Figures. The grains were 

evidently smaller within the Ti-35Nb-3Zr sample, which was most probably caused by the 

influence of a higher content of Zr. It is a known fact that Zr is a strong grain refiner and also 

significantly inhibits grain coarsening during heat treatments [154]. 

a)  b)  

Figure 52: Microstructures of samples; Ti-35Nb-3Zr (a); Ti-35Nb-2Zr (b). 

Both the pre-sintered samples also exhibited residual porosity. ImageJ porosity analysis 

was performed on 5 randomly picked microstructure images. The average porosity was 3.9% 

for the pre-sintered Ti-35Nb-3Zr sample and 2.0% for the pre-sintered Ti-35Nb-2Zr sample. 

The porosity was again low most probably due to high sintering temperatures and times. 

However, it was still not eliminated completely. This observation was consistent with 

previous analyses performed on a Ti-Nb-Ta β-phase alloy pre-sintered from powders by 

Málek et al. [155]. 



100 

 

6.6.3 Observations of deformed structures, imposed strain and porosity 

The sample containing 3 wt% of zirconium was subjected to swaging to 10 mm and further 

down to 4 mm, while the 2 wt% Zr sample was subjected to HPT processing. The results 

presented in this thesis are limited and exclude observations of individual phases. 

The amounts of the total strains imposed to the swaged sample and to the individual areas 

within the sample processed by HPT were similar as for the samples examined within the Ti-

25Ta experiment.  

A typical microstructure of the sample swaged to the diameter of 10 mm is depicted in 

Figure 53a. The structure again exhibited evident grain boundaries and also pores. The basic 

structure of the sample swaged to 4 mm, depicted in Figure 53b was comparable. ImageJ 

porosity analysis performed again on 5 randomly picked microstructure images showed the 

average porosity of 1.3% for the sample swaged to the diameter of 10 mm and 1.1% for the 

sample swaged to 4 mm. The analysis showed that porosity was not completely eliminated by 

swaging. This can be caused by structural character of the samples. As was stated by Málek et 

al. [155], porosity of pre-sintered materials similar to the examined one decreases very slowly 

after it reaches a certain very low level. 

a)  b)  

Figure 53: Microstructure of the swaged Ti-35Nb-3Zr sample; to 10 mm (a); to 4 mm (b). 

The structure of the sample processed with 2 HPT revolutions is only briefly introduced 

within this thesis. Figures 54a and 54b depict typical microstructures of the central area of the 

sample, while Figures 54c and 54d show peripheral areas influenced with higher imposed 

strains. All the structures already showed more evidently precipitated phases located mostly 

along grain boundaries. The shapes of the grains were still similar to the pre-sintered states 

especially for the central area of the sample. However, even the central part of the sample 

already exhibited deformed grain boundaries (Figure 54b). The peripheral areas exhibited 

deformed grain boundaries and their evident serrations caused by the influence of severe 
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shear. This can especially be seen in Figure 54d. The entire sample also still exhibited 

residual porosity. It was however presupposed that some of the pores were caused by a hard 

precipitated phase breaking from the structure during mechanical polishing of the samples. 

a)  b)  

c)  d)  

Figure 54: Ti-35Nb-2Zr sample deformed by 2 HPT revolutions; centre (a); periphery (b), (c). 

6.6.4 Microhardness 

The measurements were again performed with the load of 100 kg and 15 s time dwell. 

Microhardness of pre-sintered as well as the swaged samples was measured in 9 matrix 

pattern locations, while the HPT processed sample was again measured in 20 individual 

points (starting 0.5 mm from the edge) along the horizontal axis on its transverse cross-

sectional cut. Microhardnesses for the swaged samples are not mentioned in this thesis. 

The average microhardness value for the pre-sintered Ti-35Nb-3Zr sample was 288.4 

HV01 with the standard deviation of 14.8. However, one measured point exhibited a 

significantly lower microhardness than the rest of the sample (213.6 HV01). This was caused 

by a pore present in the measured location. The standard deviation including this extreme 

value was then 38.4. The second sample, with the Ti-35Nb-2Zr composition, exhibited 

comparable microhardness. The average value for this sample was 298.6 HV01 with the 
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standard deviation of 14. Although this sample also exhibited local microhardness decreases, 

values for this sample were more uniform with the minimum measured value of 249 HV01. 

The microhardness values measured for this Ti-based bio-applicable powder mixture 

composition were significantly lower than for the Ti-Ta powder mixture samples, even 

though the sintering conditions were comparable. This could be caused by slightly larger 

porosities of these samples, although the primary reason was most probably the different 

structures of Ti-Nb-Zr samples. Samples of Ti-Nb-Zr system have already been investigated 

from the point of view of their biomedical suitability, whether in as-cast state [152] or a state 

processed by SPD [115]. The previously conducted studies all described the structures of such 

alloys to consist of prevalent β-phase with a minority of α-phase particles distributed within 

the matrix. This conforms to the above described observations of the pre-sintered structures, 

in which no apparent α-phase lamellas were evident in contrast to the Ti-Ta samples 

containing a substantial portion of α-phase. These microstructural features imparted the final 

microhardness values for both the powder mixture types. An example of a typical 

microhardness indentation for the Ti-35Nb-3Zr sample is shown in Figure 55. 

 

Figure 55: Example of microhardness measurement indentation for Ti35Nb3Zr sample. 

The average microhardness after HPT processing was 354.4 HV01 with the standard 

deviation of 14.6. The value was increased when compared to the pre-sintered states for both 

the samples, while the standard deviation was comparable for all the states. Microhardness 

throughout the cross-section of the sample is depicted in the dependence in Figure 56. As can 

be seen from the dependence, this sample exhibited microhardness development conformant 

to the simulations of imposed strain performed by Lee et al. [76]. The values can as well be 

compared to the values measured by Yilmazer et al. [104,117] for the recently widely studied 

TNTZ (Ti29Nb13Ta4.6Zr) bio-applicable alloy. Microhardness values of TNTZ after 1 HPT 

revolution did not exceed 300 HV for the surface horizontal line along the sample, while the 
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values measured along a horizontal centreline were slightly higher than 250 HV. The values 

increased after 5 revolutions, however they still did not approach the values achieved for the 

sample studied within our experiment. 

 

Figure 56: Distribution of microhardness throughout the HPT processed sample. 

6.6.5 Young’s modulus 

The sample containing 3 wt% Zr originally exhibiting smaller grain size was subjected to 

analysis of Young’s modulus. The measurements were again performed at the IMCE n.v. 

company in Belgium using a RFDA measuring system (http://www.imce.eu/) in accordance 

with the ASTM E 1876 standard. The value was measured ten times and the average value 

was eventually calculated. 

The Young’s modulus of the Ti-35Nb-3Zr sample swaged to 4 mm was 64.6 GPa. This 

was lower than the modulus measured for the Ti-25Ta swaged sample. It was also a very 

favourable value comparing to the values reported for the other most commonly used bio-

applicable materials [105]. The influence of Nb and Zr on the final Young’s modulus value 

was described in detail by Hao et al. [156]. They pointed out that alloys featuring β-phase and 

α” martensitic phase generally possess lower Young’s moduli than alloys containing ω-phase. 

However, presence of β-phase is generally the most favourable for bio-applicable alloys. 

Their study showed that Ti-Nb-based alloys exhibiting a prevalence of β-phase in their 

microstructures exhibited formation of α”-phase with the addition of 2 wt% Zr, while addition 

of 4 wt% Zr already resulted in suppressing of formation of the martensitic phase. Samples 

with higher additions of Zr (8 wt%) also exhibited formation of ω-phase, while the samples 

containing 2 wt% and 4 wt% Zr exhibited no ω-phase. Microstructural characteristics finally 

influencing the Young’s modulus could also be influenced by the particular mechanisms of 

structure recovery, which certainly proceeded in the sample during swaging at 900°C [151]. 

http://www.imce.eu/
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6.6.6 Partial conclusions 

Pre-sintered samples for this experiment were provided by the ÚJP PRAHA company, CZ. 

The powder samples of compositions Ti-35Nb-2Zr and Ti-35Nb-3Zr were pre-sintered in 

vacuum at 1300°C for 20 hours, similarly to the first Ti-25Ta sample. Both the pre-sintered 

samples exhibited residual porosity and formation of grains, the size of which was smaller for 

the Ti-35Nb-3Zr sample, most probably by the influence of grain-refining Zr. 

Since the samples were provided by a commercial subject, the results presented within this 

thesis were limited. Nevertheless, the favourable influence of HPT was documented on SEM 

structural images, which showed the influence of shear on serration of grain boundaries. HPT 

also imparted increase in microhardness for the processed Ti-35Nb-2Zr sample.  

Structural features within our examined sample given by its chemical composition and 

their changes imparted by suitably designed pre-sintering and swaging resulted in the very 

favourable Young’s modulus value. The Young’s modulus measured for the swaged 4 mm Ti-

35Nb-3Zr wire was as low as 64.6 GPa, which is a value comparable to the lowest values 

reported so far for Ti-based bio-applicable alloys. It was however still higher than the 

modulus of human bones. Nevertheless, the results of the analysis are promising for further 

study of this material. 
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7. PRACTICAL APPLICABILITY OF THE RESULTS 

The results of the experiments performed within this dissertation work are important for 

further practical use since they described the influence of intensive strain on consolidation 

and fabrication of materials from pre-sintered powders. 

The detailed results from the first experiment dealing with Al powder suggesting a 

practically applicable method of consolidation of high-strength composites of aluminum with 

alumina from a single material (Al powder) without the need of addition of Al2O3 powder by 

severe straining have recently been published in technical journals. This facrication possibility 

is promising especially for construction and engineering industry. 

The Al-Cu composites are among the main focuses of electrotechnical industry due to the 

efforts to substitute at least a part of the expensive Cu by Al (however at the condition of 

comparable thermal and physical properties). The results published within this work provide 

insights into the possibilities of processing of such composites in order to increase their 

properties and homogenize their structure. The conclusions also point out the influence of pre-

sintering conditions on the final structure of the composites. Similar applicability have also 

the results mentioned within the Al-Cu-Mg experiment. High imposed strains influence 

homogeneities of the structures and distributions of strengthening precipitates. This is 

important for mechanical properties of these industrially widely applied materials. The results 

also showed tendencies of these materials to experience work hardening, which could only 

hardly be imparted by other technological steps, such as alloying or heat treatments. 

Moreover, these technologies are generally more costly in comparison with SPD processing. 

The results of the Ti-based bio-applicable materials experiments are especially important 

for practical use. The last experiment was conducted in cooperation with a commercial 

subject (ÚJP PRAHA co.). Materials fabricated by this company are already practically used 

for biomedical engineering applications. The research within this thesis was performed 

according to their direct requirements based on practical experience. The results were 

however mentioned only partially, since they are being prepared for a mutual publication. The 

results arisen from this work are also being applied for the research and practical development 

purposes by the company. Especially rotary swaging of these bio-applicable materials brought 

promising results for practical use. 
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8. CONCLUSION 

This thesis is focused on investigation of the influences of intensive plastic deformation on 

consolidation and structural changes in samples pre-sintered from powder particles. The first 

part provides basic information about powder metallurgy, its pros and cons and the mostly 

used compression methods, as well as describes the principles of methods of intensive plastic 

deformation, their aims and focuses and also deals with the basic technologies and their 

possibilities of application on powder-based materials. 

The experimental part deals with several materials representing the constructional and 

biomedical fields. From the constructional field, the investigated materials are Al(-Al2O3), Al-

25Cu, Al-4Cu-1Mg and Al-9Cu-1Mg. The biomedical group is represented by Ti-25Ta and 

Ti-35Nb-xZr samples. The original powders were usually sieved and sorted and then cold-

isostatically compressed and pre-sintered before the final deformation processing. The applied 

methods of intensive plastic deformation were swaging, HPT and a combination of both. 

The results of the first experiment dealing with Al powder are described very thoroughly 

since the aim of this first study was to introduce and describe the basic influences of severe 

plastic deformation processing on a material originally pre-sintered from powder particles. 

The first experiment basically showed the influence of shear strain imposed via HPT, the 

method with probably the highest shear strain efficiency within all the SPD methods. Al 

samples were processed by 4 swaging reductions, 1 and 10 HPT revolutions. Sample after 10 

revolutions did not exhibit any residual porosity and also exhibited the highest average 

microhardness. The Al-25Cu experiment described the influence of HPT on structural 

changes more in detail. A pre-sintered sample was deformed with 0.5 revolutions and 

deformation inhomogeneities and structural changes based on the amount of imposed strain 

were pointed out. The importance of an optimized and well selected sintering process was 

also mentioned within this experiment. The study on Al-25Cu also contained a sub-

experiment dealing with combinations of swaging and HPT. Samples were swaged by two 

reductions and then deformed with 0.5 and 1.5 HPT revolutions. Comparison of the two 

structures showed a favourable influence of higher strain imposed by HPT on homogenisation 

of the microstructure, when shear bands could still be seen in the sample processed with 0.5 

revolutions. The subsequent two construction materials from the Al-Cu-Mg group consisted 

of many structural phases and also possessed the highest initial microhardness among all the 

examined Al-based samples. Especially HPT deformation processing performed via 1.5 

revolutions for both the designed compositions of Al-4Cu-1Mg and Al-9Cu-1Mg initiated the 
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tendency of the phases to fragment and homogenously redistribute throughout the structures. 

The processed samples also exhibited significant consolidation and reduction of porosity.  

The structure of pre-sintered Ti-Ta samples already contained grains with developed 

lamellas. However, the degree of development of the internal structure was significantly 

different for both the samples sintered at different conditions. Rotary swaging caused the 

lamellas within the first sample to align in the direction of the largest deformation, while the 

swaged sample with the less perfectly developed pre-sintered structure was more homogenous 

without any evident structural differences between the longitudinal and transversal directions. 

Strain imposed to the sample processed by HPT again caused structural changes depending on 

its amount. The areas which experienced the highest shear strain exhibited highly elongated 

lamellas, however still oriented according to the arrangement of the original grains. 

Microhardnesses for all the states did not exhibit significant differences, which was most 

probably caused by well developed structures already after sintering. The Young’s modulus 

measured for the swaged sample was 79 GPa. Even lower modulus was measured for a 

swaged sample within the last experimental group of Ti-35Nb-xZr samples. The Ti-35Nb-3Zr 

sample swaged to 4 mm exhibited the value of 64.6 GPa, which was comparable to many of 

the so far reported Ti-based bio-applicable alloys. The Ti-35Nb-2Zr sample also exhibited a 

notable increase in microhardness after HPT processing. 

Concerning the SPD methods, some of them are industrially applicable while some are 

suitable only for research purposes. HPT in particular is a method developed solely for the 

purposes of research and its primary aim is to provide insight into the possibilities and 

limitations of behaviours of materials. On the other hand, the methods of intensive plastic 

deformation based on more common deformation technologies are industrially applicable. 

Generally, HPT has proven a favourable influence on consolidation of powder-based 

samples. However, swaging has also a significant influence on decreasing porosity and 

increasing mechanical properties. Swaging is an industrially implementable method and the 

knowledge about its influence on consolidation of powder-based materials supplemented with 

the findings about behaviour of materials under extreme conditions provided by studies 

featuring HPT have a promising potential for production of high-strength ultra-fine-grained 

materials in industrial scale. The results achieved within this work can be generalized and are 

also promising for scaling up. They can be applied for other SPD technologies such as ECAP, 

although certain restrictions such as different geometrical conditions and deformation modes 

have to be taken into account.  
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