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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.  

The main focus of the dissertation work is to investigate the influences of intensive plastic 

deformation technologies on the behaviours of materials pre-sintered from powders. The 

experimental part is divided into two main subsections, the first one of which focuses on Al-

based constructional materials and the second one on Ti-based bioapplicable materials. The 

consolidated materials were studied from the points of view of their microstructures and 

properties, such as porosity and microhardness. 

2. POWDER MATERIALS 

Powder materials are at present getting more interest primarily due to the almost unlimited 

mixing ability of the individual powders [1], which imparts the possibility to combine 

favourable properties of the individual metals. Powder metallurgy (PM) also enables to 

produce metals and alloys, conventional fabrication of which would only hardly be possible. 

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

depending on the shape of the particular mould. The overall PM production is very efficient. 

 PM procedure 2.1

Four main PM technological steps eventually lead to fabrication of a powder metal 

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

operations [1]. Compaction can be performed with various processing parameters according 

to the requirements to the final product. Sintering of the green compacts, usually performed 

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

Ar, vacuum etc.), follows the compaction. Eventually, a powder workpiece is given the final 

shape, which can be performed by pushing a sintered part into a die of the required 

dimensions under a nominal pressure. Among the advantages of PM is that the original 

powder particles can have very fine sizes. However, the smaller the initial size of the original 

powder, the more difficult and complex the consolidation method. Besides the conventional 

compacting methods, the powders can advantageously be consolidated using SPD methods. 
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 Compaction methods 2.2

There are several technologies, the most important of which will be introduced in the entire 

dissertation. This brief summary only introduces the method applied in the experimental part. 

2.2.1 Cold isostatic pressing (CIP) 

CIP features uniform densification of the powder resulting in uniform density, higher green 

strength, flexibility of shapes of the compacted products and low costs of the tools ensuring 

high productivity [1]. A powder is carefully filled into a flexible rubber or plastic mould. The 

subsequent compaction is carried out using high pressures at ambient temperatures. Water or 

oil is typically used as the pressurizing medium. The pressures usually are between 100 and 

400 MPa, occasionally up to 800 MPa for specific cases. The changes in the compressed 

material are induced by hydrostatic pressure, which invokes shear stresses between powder 

particles. Dwell time is variable according to the compacted material. 

3. DEFORMATION PROCESSES 

Severe plastic deformation (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 [2]. The pressure conditions are close to a 

hydrostatic pressure, which imparts applicability of SPD methods also for materials with low 

formability such as metals with hexagonal lattices and brittle materials. SPD technologies are 

thus favourable for processing of virtually any material and alloy and also for consolidation of 

machining chips [3] and powders [4]. 

Methods of intensive plastic deformation are based on imposing large plastic strains into 

materials. Various experiments have already proven that these technologies have a significant 

influence especially on improving strength and hardness of materials [5,6]. Contrary to many 

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

methods such as forging and rolling, grains deform during SPD technologies but the shape of 

the work piece after deformation remains almost unchanged [2,7]. Due to this fact, many SPD 

processes can be performed repetitively or the intensity of processing can be adjusted and the 

imposed strain can be controlled and/or accumulated. 

 Mechanisms of structure development 3.1

Material flow limited by the construction of a SPD die results in compressive pressure 

imparting structural changes within a deformed material. This primarily results to generation 
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of dislocation and plastic deformation. The dislocations accumulate on lattice defects, grain 

boundaries solid-solution atoms, other dislocations etc., which causes work hardening and 

makes further deformation more difficult [8]. After reaching a certain accumulated energy 

level, the dislocations tend to cluster together and form dislocation cells and new subgrains, 

which subsequently form regular grains and eventually contribute to grain refinement [9].  

Nevertheless, the main factor influencing the microstructure during severe plastic 

deformation is shear strain, the effect of which results in a significant fragmentation and 

refinement of grains and therefore enhancement in properties. Grain boundaries have different 

properties than the inside volume of a grain and act as obstacles for movement of dislocations 

[8,9]. With decreasing grain size, other deformation mechanisms become active as well. One 

of the most important is grain boundary sliding (GBS), which 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 since then able to slide along each other. A refined grain size 

also enables achievement of higher strain rates providing superplastic forming capability [10]. 

 SPD methods 3.2

This summary only introduces the technology applied in the following experimental part. 

3.2.1 HPT 

High pressure torsion (HPT) is one of the firstly developed discontinuous SPD processes 

[2,11]. The principle of this technology lies in imposing high shear strain into a small disc 

sample using a pair of rigid anvils, while one of the anvils is fixed and the other one rotates. 

The entire process is performed under high pressures, typically 3-6 GPa depending on the 

construction of the individual machine  [2,12,13]. There are three basic types of HPT 

processing, which can be distinguished primarily according to the material flow [14]. The in 

practice mostly used type is quasi-constrained HPT. For this type both the anvils have cavities 

and the sample has a volume slightly larger than the volume of the cavities. A flash develops 

during deformation as a consequence of a limited outward flow. In an ideal case, the stress 

state in the sample is hydrostatical pressure and the material is deformed with pure shear. 

 Other methods of intensive plastic deformation 3.3

Although SPD methods are those which are able to impose the most significant amounts of 

strain into a material during processing, there are also other methods of intensive plastic 

deformation. Among these is for example swaging. 



7 

 

3.3.1 Rotary swaging 

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 [15]. It is an incremental forming process applying deformation into a 

material using typically four or two swaging dies moving simultaneously in radial direction 

while applying short strokes [16]. The stress state during deformation is compressive, 

therefore favourable also for forming of materials with lower plasticity. 

In general, swaging can be used for forming of materials under hot, as well as cold 

conditions. To achieve more intense grain refinement and consequential improvement in 

mechanical properties it can also be applied in combinations with other forming processes 

imposing intensive strains, such as extrusion and ECAP [17]. 

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 inter-particles bonding and consolidation. Due to the favourable 

stress conditions during SPD, inter-particle bonding occurs directly after passing of the 

material through the deformation zone, while during sintering the material needs more time 

for the diffusion to proceed. However, degree and quality of bonding of the individual 

particles imparting the overall homogeneity and degree of compaction of the final product is 

dependent on the selection of processing parameters, as well as on the mechanical and 

physical properties of the individual powders. For example, compacted extruded pieces were 

achieved during extrusion of a powder mixture based on CP titanium, whereas the extruded 

pieces had apparent voids and cracks during extrusion of a powder mixture based on titanium 

hydride under the same conditions (400°C, back pressure of 210 MPa) [18].  

Shear deformation supports consolidation during SPD processing of powders which 

reduces the needs for high temperatures and pressures. For example, CP Al powder was 

consolidated using ECAP with back pressure into a compacted work piece at the temperature 

of 100°C, while 600°C had to be applied for compaction using conventional sintering [19]. 

Modifications of temperature can 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. [20] for HPT processed Ti 

powders,  Edalati et al. [21] also applied HPT at cryogenic temperatures to influence the 
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presence and character of 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. [22] pointed out 

that nanocrystalline nickel saturates at the grain size of approximately 200 nm for HPT 

deformation at room temperature, while after lowering the temperature to -196°C, the 

saturation size of a microstructural element was around 100 nm. 

Powders of pure metals, such as Al and Ti, are prone to development of surface oxide layer 

at elevated temperatures. Such layers subsequently inhibit inter-particle bonding. 

Nevertheless, due to a significant imposed shear strain and hydrostatic pressure, methods such 

as ECAP-BP support breaking of the surface oxide layer and therefore support consolidation 

[23].  

Powder consolidation using methods of intensive plastic deformation is possible either 

from pre-sintered work pieces, or directly from powder mixtures sealed in metal cans or foils. 

 

 

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 by SPD 

consolidation without a need of Al2O3 addition, investigation of distribution of oxides. 

- Preparation of binary Al-Cu system bulk composite samples from initial powders using 

intensive plastic deformation and evaluation of their structures. 

- Preparation of Al-Cu-Mg powders samples using intensive plastic deformation 

methods and evaluation of influences of the used technologies on their consolidation. 

- Preparation of Ti-based alloys suitable for bio-applications using intensive plastic 

deformation and evaluation of the influences of individual plastic deformation 

technologies and degrees of deformation on structural changes and properties. 

 

  



9 

 

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 includes 

investigation of the influence of various compression and sintering conditions on pre-

compaction of powder specimens in general. After suitable conditions are generally 

determined, selected intensive plastic deformation technologies are applied, the influence of 

which on structure development is subsequently evaluated. The main evaluation methods 

include microscopic observations followed by various evaluations of the scanned images and 

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

other analyses including X-ray are applied. The next sub-section is devoted to the 

examination of microstructural characteristics and properties of severely deformed Al-Cu 

binary system samples. Since this system, as well as the other investigated group of materials 

– structural materials based on the Al-Cu-Mg ternary system, is based on the material 

thoroughly examined in the previous experiment (aluminum), the processing conditions for 

preparation of these samples are similar except the processing temperature which is elevated. 

Contrary to the foregoing subsections dealing with materials suitable especially for 

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

Due to the limited range of this summary, only selected experimental steps and results are 

mentioned here. More details about the experiments and all the results are described in the 

entire dissertation work. 

 Investigated materials 6.1

6.1.1 Structural materials 

6.1.1.1 Al 

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

mechanical properties of commercial purity Al are rather low. The properties can be improved 

by addition of alloying elements or by additions of second phase particles, which can 

subsequently create metal matrix composites (MMC) combining favourable properties of all 

its components [8,24]. The most widely studied MMC system is Discontinuous Reinforced 

Aluminum (DRA) containing reinforcing particles or short fibres. DRA composites are 

preferably fabricated using powder metallurgy. Advantageously, Al particles already contain 

a protective oxide layer. Processing of such powder will most probably result into a creation 
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of Al matrix with remnants of oxides, which can provide strengthening effect of the matrix 

without any need to add other elements. Fabrication of aluminum/alumina composite can 

therefore most probably be favourably performed by processing of Al powder. 

6.1.1.2 Al-Cu 

The Al-Cu composite system seems to possibly substitute pure copper in automotive and 

aerospace industry and electrotechnics. Cu/Al composites feature high thermal and electrical 

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

with single Cu materials [25,26]. The properties can even more be enhanced by processing by 

intensive plastic deformation, which 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 

Al-Cu-Mg is a popular constructional material, especially in transportation. Adding of a 

small amount of Mg into the Al-Cu system supports ageing and a subsequent increase in 

mechanical properties and led to the development of high-strength light-weight constructional 

materials. For example conventionally cast AlCu2Mg alloy and Al4Cu1Mg alloy, sometimes 

denoted as Superdural, are used for various constructional components for airplanes [27]. 

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

harden via formation of GP zones and strengthening precipitates. 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. PM in combination with SPD can lead 

to homogenization of structure and further improvement in mechanical properties. 

6.1.2 Biomaterials 

6.1.2.1 Ti-based biomaterials 

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 [28]. The 

mostly in practice applied alloy is Ti6Al4V, belonging to the α/β-Ti group. It is however not 

the most suitable alloy for application within a human body, primarily due to the cytotoxicity 

and carcinogenity of vanadium [29]. The harmful influence of Al and V can advantageously 
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be eliminated by replacing them with other promising alloying elements, such as niobium, 

zirconium and tantalum. Due to its favourable properties and excellent biocompatibility, Ti-

Ta system was chosen for the below described experiment. The last section of the dissertation 

work deals with severe deformation of Ti materials alloyed with β-stabilizing Nb and Zr. 

7. ALUMINUM 

 Consolidation of Al powder via intensive plastic deformation 7.1

After having evaluated the basic general conditions for preparation of samples, processing 

with intensive plastic deformation was performed. The previous experimental step already 

proved the presence of oxygen/oxides in the structure of pre-sintered Al powder particles. 

Therefore, this material can be considered as a composite of aluminum strengthened with 

alumina particles. The oxides are in the initial material present on the surfaces of the original 

particles. Therefore, the influence of the processing technologies on redistribution of oxides 

was evaluated as well. Only selected results are mentioned below. 

7.1.1 Preparation of samples 

The powder size range smaller than 45 μm was selected for double-step CIP at 200 + 300 

MPa. For preparation of the samples, we designed and fabricated our own CIP mould with 

desired dimensions. Using the designed mould, initial samples for both the subsequent 

deformation procedures were compacted into the forms of small rods with the diameters 

slightly above 20 mm (additional shrinkage could occur during subsequent sintering). The 

compressed small rods samples, an example of which is shown in Figure 1a, were 

subsequently sintered at 500°C for 60 minutes in vacuum. One sample was sliced using water 

jet cutter into 7 mm thick samples for HPT, while another sample was kept as a whole for 

swaging. 

The selected conditions for HPT were 0.5 RPM, 5 GPa and 1 and 10 revolutions (two 

different samples). The two samples after HPT processing are shown in Figures 1b and 1c, 

respectively. As can be seen from the Figures, both the samples exhibited solid state bulk 

materials behaviour. Overflowing material created a flash which protected the sliding dies 

from wear and a possible development of cracks. Another pre-sintered sample was subjected 

to intensive deformation via swaging. 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 taken 

from the swaged rod with the diameter of 10 mm is shown in Figure 1d. 
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a)    b)  

c)   d)  

Figure 1: 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). 

7.1.2 Results 

7.1.2.1 Mechanical properties of original pre-sintered material 

The results of the measurements performed at the IMCE n.v. company in Belgium are 

summarized in Table 1. Both the moduli are lower than the theoretical values for Al (70 GPa). 

Considering the elastic modulus, this value is approximately 77% of the theoretical one. This 

is caused by residual porosity, since porosity has the ability to decrease the modulus [30]. The 

measured Poisson’s ratio indicates homogenous isotropic behaviour during loading [31]. 

Table 1: 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 

7.1.2.2 Imposed strain 

Calculations of the imposed strains were performed for swaging according to Eq. (1), as 

well as for HPT according to Eq. (2) [2,13,26]. 
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𝜑 = 𝑙𝑛
𝑆0

𝑆𝑛
 (1) 

𝜑 =
2𝜋𝑟𝑁

𝑡
 (2) 

where S0 and Sn are 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 HPT revolutions and t is thickness of the sample [mm]. 

The average strain imposed into the material during swaging was 1.39 after the fourth pass. 

For the HPT processed samples, the imposed strain was significantly different at the observed 

mid-radius locations 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. 

7.1.2.3 Microhardness 

Microhardnesses for all the deformed samples were measured in individual points along 

lines passing through the axes of the samples on their transverse cross-sectional cuts. The 

measurements started at the distances of 0.5 mm from the edges of the samples and had 1 mm 

spacings. For the samples deformed with HPT the analyses were performed along a bottom, 

top and central horizontal lines.  

Results of all the HPT measurements are depicted in Figure 2. The measurements exhibited 

trends typical for this type of processing [23] and will more in detail be discussed in the entire 

dissertation. Due to the inhomogeneity of imposed strain throughout a sample processed by 

HPT, the distribution of microhardness along the horizontal direction is more uniform in the 

sample after 10 revolutions, than in the one after 1 revolution for all the measured horizontal 

traces. A significant factor influencing mechanical properties and therefore hardness is also 

the structural nature of the measured locations. Notable is the occurrence of several local 

deviations from typical trends. The deviations in the values of microhardness are caused by 

remaining porosity. The influence of deformation processing on consolidation of the samples 

is proven by the local deviations occurring mostly in the sample deformed with 1 revolution. 

A comparison of the average microhardness values for all the states is in accordance with 

the calculations of average 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 

imparts deformation strengthening, as well as due to a better final consolidation. 
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Figure 2: Microhardness values for HPT processed samples. 

7.1.2.4 Structural observations and Porosity 

After pre-compaction using the double-step CIP technology, the structure of a sample was 

subjected to a basic optical microscopy (OM) observation. An image of the structure of the 

pre-compacted sample is shown in Figure 3. As can be seen in the microscopic image, the 

structure consisted of initial powder particles and many pores of various sizes. 

 

Figure 3: Microstructure of sample after double-step CIP. 

The average porosity for the compressed sample before sintering was 20.76%. After 

sintering, the porosity decreased to the average value of 7.74%. The swaged sample exhibited 

the largest residual porosity among the deformed samples, namely 5.67%.  The pores in this 

sample were homogenously distributed. The microstructures of the samples deformed by 

swaging, 1 HPT revolution and 10 HPT revolutions are shown in Figures 4a to 4d, 

respectively. As can be seen in the Figures, the best influence on consolidation of the pre-

sintered powder material had 10 HPT revolutions (Figure 4d). The microstructure of this 

sample did not exhibit any residual porosity. Nevertheless, sporadic isolated pores were still 
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evident in the sample deformed with 1 revolution (Figure 4c). The amount of pores remaining 

in the structure of this sample was 0.78%. These results proved the influence of the imposed 

strain on consolidation of these fine Al particles, a similar conclusion was also achieved e.g. 

by Senkov et al. [32] with an Al-based fine powder compound, and are also in accordance 

with the above mentioned microhardness measurements. 

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 [33]. When 

comparing the HPT process to the swaging process from the point of view of the amount of 

the imposed shear strain, this is more significant for HPT. 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. 

a)  b)  

c)  d)  

Figure 4. Microstructures of samples; swaged (a) (b), 1 HPT rev. (c), 10 HPT rev. (d). 

All the conditions of the individual processes also influence the final grain shape and size. 

Orientation imaging maps (OIMs) and Inverse pole figure (IPF) analyses were performed to 

evaluate the differences between the influences of the two processes on orientations of grains. 

The grain orientations for the samples processed with HPT were more or less random, while 

the situation for the swaged sample was entirely different. The structural units were mostly 
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oriented in the <111> direction with occasional approximately 45° inclination to the <001> 

direction. This fibre structure was imparted by the geometrical conditions during swaging. 

The analyses will in detail be described in the entire thesis. 

8. AL-CU SYSTEM 

Samples of this powder mixture were subjected to swaging, HPT and a combination of 

both the methods. This summary only presents selected results for the samples deformed by 

the combination of swaging and HPT. The samples deformed with the single methods will be 

described in the entire dissertation work. 

 Preparation of samples 8.1

Powder particles smaller than 45 μm were selected for both the elements, mixed in the 

ratio of 75 wt.% Al and 25 wt.% Cu and pre-compacted using the mentioned double-step CIP 

procedure. A photograph of the pre-compacted sample (30 mm diameter) is shown in Figure 

5. The sample was sintered in a furnace under Ar atmosphere at 500°C for 60 minutes.  

Subsequently, the sample was subjected to deformation by two swaging passes to the 

diameter of 20 mm. Swaging was performed at the elevated temperature of 150°C, on which 

the sample was held for 5 minutes directly before each pass. This temperature was then 

applied also for HPT processing, which was performed on samples cut from the little swaged 

rod. The samples subjected to HPT were inserted to a heated die, kept on 150°C for 3 minutes 

and then deformed at 3 GPa. The selected numbers of revolutions were 0.5 and 1.5. 

 

 

Figure 5: Pre-compacted Al-Cu sample to be subjected to sintering, swaging and HPT. 

 Results 8.2

8.2.1 Structural observations and phases 

Figure 6 shows an image of structure taken during the SEM analysis of the pre-sintered 

sample. On the Figure can clearly be seen another substance filling the pores between the 
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aluminum and copper particles. This substance most probably generated in the sample during 

sintering and was determined to be the θ CuAl2 brittle intermetallic phase. 

 

Figure 6: Pre-sintered structure of Al-25Cu sample. 

8.2.2 Microhardness 

Microhardness of the Al-25Cu sample pre-sintered under Ar2 was measured in 12 matrix-

pattern locations. The average microhardness value for the sample was 91.4 HV01 with the 

standard deviation of 17.8. Comparing to the first Al(+Al2O3) sample this value is 

significantly higher. This is caused by the formation of hard CuAl2 intermetallic phase. The 

influence of various deformation conditions on the structure and consequent microhardness 

values will be dealt with in the entire dissertation work.  

8.2.3 Structural observations of deformed structures 

The SEM analyses of the pre-sintered and swaged samples subjected to 0.5 and 1.5 HPT 

revolutions again proved a favourable influence of the imposed strain. Structure of the sample 

deformed with 0.5 revolutions exhibited more pores than the sample deformed with 1.5 

revolutions. Although both the samples were deformed by swaging and also HPT, moreover 

at elevated temperatures, porosity was not completely eliminated in any of the structures. The 

reason for that was most probably the influence of the brittle intermetallic particles acting as 

stress concentrators. The structure of the 1.5 revolutions sample was nevertheless more 

homogenized and the differences between individual locations within the sample were smaller 

than for the 0.5 sample, in which shear bands and significantly elongated original grains in the 

edge regions were observed. Typical microstructures of the samples deformed with 0.5 and 

1.5 revolutions from their peripheral areas are depicted in Figures 7a and 7b, respectively. 

ImageJ analyses showed the portion of the bright intermetallic phase to be approximately 

40% in average for both the samples. The difference is however in the distribution of the 
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phase, which is imparted by the different imposed strains. The microstructures and their 

changes during deformation will more in detail be described in the entire work. 

a)  b)  

Figure 7: Images of samples swaged and deformed with 0.5 (a) and 1.5 (b) HPT revolutions. 

9. AL-CU-MG SYSTEM 

For this system, the two compositions of Al-4wt%Cu-1wt%Mg and Al-9wt%Cu-1wt%Mg 

were selected. Swaging and HPT were applied again for both these samples. Due to a 

presupposed presence of strengthening phases, the samples were again processed at elevated 

temperatures (150°C). Swaging was performed in 4 passes, while 1.5 revolutions were 

selected for HPT processing.  

 Preparation of samples 9.1

Magnesium powder with the predefined fraction of 325 mesh was mixed with the other 

powders with fractions < 45 μm. The powders were subsequently mixed together in the two 

selected mixtures and pre-compacted using the same double-step CIP procedure as for the 

previous experiments into the form of little rods with diameters slightly larger than 20 mm. 

Both the compressed samples were subsequently subjected to sintering at 550°C for 60 

minutes in a furnace under a protective Ar2 atmosphere and sliced using water jet cutter. 

From the sliced samples, one sample from each of the designed compositions was 

maintained in the original state, one sample was subjected to swaging performed in four steps 

down to the final diameter of 10 mm at 150°C and one sample was subjected to 1.5 HPT 

revolutions at 3 GPa, 0.5 RPM and 150°C. Figure 8 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, the second sample 

is such a sample processed by HPT and the third sample is an example of the pre-sintered 

sample swaged down to the diameter of 10 mm. 



19 

 

 

Figure 8: Al4Cu1Mg samples; from left to right pre-sintered, after HPT, after swaging. 

 Results 9.2

9.2.1 Structural observations and phases 

Residual porosity and original powder particles were still apparent in both the pre-sintered 

samples. Both the structures also exhibited formation of phases on the boundaries of the 

original powder particles and (to be) transformed new grains. The newly formed phases 

consisted of various mixtures of Al, Cu, Mg and sometimes 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 [34–36], although other more complex 

phases can generate as well. The chemical compositions of the individual phases for both the 

samples were examined using SEM-EDX point and map scanning analyses and will be more 

in detail described in the entire work. Nevertheless, an example of a map scan of chemical 

composition for the Al-4Cu-1Mg sample is depicted in Figure 9. 

 

Figure 9: Map scan of chemical composition for Al-4Cu-1Mg. 

9.2.2 Structural observations of deformed samples and porosity 

Similarly to the foregoing experiments, analyses of porosity were performed using the 

ImageJ software randomly five times for each of the samples and the resulting values were 

calculated into the final average value for each sample. The results will be described in the 
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entire thesis together with a complex description of the deformed structures and the 

differences between the Al-4Cu-1Mg and Al-9Cu-1Mg samples structures after deformation. 

9.2.3 Microhardness 

The microhardness tests were again performed with the load of 100kg and dwell time of 

15s. For the Al-4Cu-1Mg sample the average value was 61.7 HV01 with the standard 

deviation of 9.2, while for the Al-9Cu1Mg sample it was 63.1 HV01 with the deviation of 

10.6. The results are in accordance with the SEM observations, which showed very similar 

structures for both the samples. Microhardness of the Cu and Mg alloyed mixtures are more 

than double comparing to the first Al pre-sintered samples. The Al-25Cu sample sintered 

under the same condition however exhibited higher microhardness than samples of the ternary 

mixture, which did not have significant tendencies to form brittle intermetallics. On the other 

hand, swaging and deformation processing in general were easier for these samples. Their 

influence on microhardness will be described in the entire thesis. 

10. TI-TA SYSTEM 

This experiment deals with swaging and HPT of the Ti-25Ta powder mixture. Samples 

were processed with swaging to the final diameters of 4 mm. This dimension was chosen 

based on the practice, in which the mostly used diameters of wires used for implants into 

human bodies are 2-4 mm. Such samples were subsequently also suitable to be subjected to 

evaluation of Young modulus. For HPT, 2 revolutions were performed. All the deformation 

processing was carried out at the elevated temperature of 150°C. The subsequent analyses 

were focused on examination of structure changes and redistribution of the original structural 

features during processing. 

10.1  Preparation of samples 

The initial powders with the predefined fractions of 325 mesh for both were mixed 

together in the ratio of 75 wt% Ti and 25 wt% Ta, pre-compacted into two different samples 

using the same double-step CIP procedure as for the previous experiments into the form of 

little rods with diameters of approximately 20 mm and sintered in vacuum by two different 

sintering procedures. Both the samples were at first heated to 800°C for the dwell of 1 hour. 

After this dwell, the temperature for the first sample was increased to 1300°C for 20 hours. 

This procedure was chosen according to previous experience by Málek et al. [37]. The second 
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sample was sintered at 1400°C for 10 hours. This different procedure was implemented in 

order to find out possible differences between the structures of the two pre-sintered samples. 

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. Another sliced sample was intended to be subjected to swaging and one sample was left 

for 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 experience with similar materials 

[37]. 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 deformed by 5 revolutions at 3 GPa, 0.5 RPM and 150°C. 

 Results 10.2

10.2.1 Structural observations of pre-sintered structures 

An image of the structure pre-sintered at 1300°C/20h is shown in Figure 10. This figure 

shows a bimodal grain structure with quite uniform lamellas and a small amount of residual 

pores. According to ImageJ analysis performed on 5 randomly picked microstructural images, 

the average porosity of the 1300°C pre-sintered sample was 0.26%. This value is significantly 

lower comparing to the so far described Al-based pre-sintered structures. A significant 

contribution to such a low porosity had most probably the high sintering temperature and long 

time. ImageJ analyses showed the average content of the white Ta-rich α-phase to be 38.6%. 

 

Figure 10: Microstructure of the 1300°C/20h sample. 

Although the structure of the second sample sintered at 1400°C for 10 hours also exhibited 

tendencies to form lamellas, it was apparently different than the structure of the first sample. 

However, due to the limited range of this summary, only the microstructure of the first 

sintered sample is introduced here. 
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10.2.2 Microhardness  

Both the samples pre-sintered under different conditions, as well as all the deformed 

samples, were subjected to microhardness measurements. The measurements were carried out 

with the load of 100 kg and the dwell time of 15 s. Microhardness of pre-sintered samples was 

measured in 20 different randomly picked locations throughout each of the samples similarly 

to the samples deformed by swaging, while 20 individual points (starting 0.5 mm from the 

edge) along the horizontal axis on their transverse cross-sectional cuts were examined for the 

HPT processed samples. The average microhardness value for the first Ti-25Ta sample 

sintered at 1300°C was 382.3 HV01 with the standard deviation of 19.1. No extreme values 

were recorded throughout the sample. The other microhardness results will be summarized in 

the entire dissertation work. 

10.2.3 Structural observations of deformed structures 

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 structure. 

Figures 11a and 11b show typical microstructures of the swaged sample on its longitudinal 

and transversal cuts, respectively. Characterization of the structure of the sample deformed by 

HPT is left to be dealt with in the entire thesis.  

a)  b)  

Figure 11: Ti-25Ta sample swaged to 4 mm; longitudinal (a) and transverse (b) cuts. 

11. TI-NB-ZR SYSTEM 

The Ti-Nb-Zr system is also very advantageous material featuring excellent corrosion 

resistance and biocompatibility. This composition in combination with tantalum has already 

been investigated in as-cast and heat treated states, e.g. [28], and also powder pre-sintered 

states [38]. Studies reporting on the influence of deformation technologies, namely HPT, have 

been published as well ([39,40]), although usually for cast materials. Nevertheless, there are 
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not so many studies dealing only with the Ti-Nb-Zr composition, without additions of Ta. For 

example, the recently published ones deal with cytocompatibility of a Ti-Nb-Zr alloy [41] and 

with fabrication of a nano-grained material using spark plasma sintering [42]. A study dealing 

with ECAP processing can be found as well [43]. A thorough investigation of the influence of 

severe plastic deformation could not however be found. Reports on preparation of the alloys 

using powder metallurgy are sporadic as well. 

11.1  Preparation of samples 

Within this experiment, two different mixtures were investigated. 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 mixtures of 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 heated to 800°C 

and held on this temperature for 1 hour. This time dwell was followed by an increase in 

temperature to 1300°C and a dwell of 20 hours at this temperature. After sintering, the 

samples were sliced using water jet cutter and subjected to porosity observations. Subsequent 

deformation processing was selected based on the microstructural analyses. 

 Results 11.2

11.2.1 Structural observations and porosity 

Figures 12a and 12b show microstructures of the Ti-35Nb-3Zr and Ti-35Nb-2Zr samples, 

respectively. The samples did not exhibit so distinctive structural features comparing to the 

martensitic needles in the Ti-25Ta samples. Nevertheless, both the samples exhibited 

tendencies to form grains, the boundaries of which can be slightly seen in the Figures.  

a)  b)  

Figure 12: Microstructures of samples; Ti-35Nb-3Zr (a); Ti-35Nb-2Zr (b). 
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The grains were evidently larger within the Ti-35Nb-2Zr sample, which is most probably 

caused by the influence of Zr on inhibiting grain coarsening during heat treatment. ImageJ 

porosity analyses showed the average porosity of 3.9% for the Ti-35Nb-3Zr pre-sintered 

sample and 2.0% for the Ti-35Nb-2Zr pre-sintered sample. The low porosities were again 

most probably caused by high sintering temperatures and times. 

11.2.2 Microhardness 

Microhardness measurements for the pre-sintered samples were performed similarly to the 

Ti-25Ta samples. The average microhardness value for the Ti-35Nb-3Zr sample was 288.4 

HV01 with the 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 second sample, with the Ti-35Nb-2Zr composition, 

exhibited comparable microhardness, the average value of which was 298.6 HV01 with the 

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. 

Based on the microstructural and porosity analyses and the comparable microhardness 

results, each one of the compositions was selected for a different deformation processing. 

While the Ti-35Nb-3Zr sample was selected to be deformed by swaging down to the 

diameters of 10 mm and 4 mm, the Ti-35Nb-2Zr sample was processed via 2 HPT revolutions 

at 150°C and 3 GPa. Microstructural and microhardness characteristics of the deformed 

samples will be described in the entire dissertation thesis. 
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12. CONCLUSION 

The first part of the thesis provides basic information about powder metallurgy, as well as 

describes the principles of methods of intensive plastic deformation including their 

possibilities of application on powder-based materials. The experimental part deals with 

several materials representing constructional and biomedical fields: Al(-Al2O3), Al-25Cu, Al-

4Cu-1Mg, Al-9Cu-1Mg, Ti-25Ta and Ti-35Nb-xZr. The original powders were sieved, cold-

isostatically compressed and pre-sintered before the deformation processing. The applied 

methods of intensive plastic deformation were swaging, HPT and a combination of both. 

The first experiment dealt with Al samples processed by four 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 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. Similarly to the Al-Cu samples, the Al-Cu-Mg group samples contained many 

strengthening brittle structural phases and their mixtures. The Al-Cu-Mg samples possessed 

the highest initial microhardness among all the examined pre-sintered Al-based materials. 

Especially HPT deformation processing initiated the tendency of the phases to fragment and 

homogenously distribute throughout the structures of both the Al-Cu and Al-Cu-Mg mixtures. 

The samples also exhibited significant consolidation and reduction of porosity. The structure 

of pre-sintered Ti-Ta samples already contained grains with developed lamellas. Swaging 

down to 4 mm caused the lamellas to align in the direction of the largest deformation. 

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. HPT is a method developed 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, 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. 
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