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Introduction 

Porosity-free bulk ultrafine grained (UFG) and nanocrystalline (NC) materials for different 

practical applications can be produced by severe plastic deformation (SPD) techniques. Generally, these 

UFG and NC materials produced by SPD methods exhibit superior mechanical properties. Additionally, 

as the SPD-processed materials are usually free of contamination, they can be used for biomedical 

applications. The main features of UFG materials produced through SPD are the high density of lattice 

defects (dislocations, stacking faults and vacancies) and the large fraction of high-angle grain boundaries, 

which yield unusual physical and mechanical properties. 

Titanium and 316L stainless steel do not contain harmful elements, therefore they exhibit 

biocompatibility with the human body. Thus, they are widely used as a fundamental material in medical 

applications such as orthopedic implants. Additionally, 316L stainless steel is also commonly used as a 

standard structural material in industrial and engineering applications as well as in nuclear power plants 

owing to its superior mechanical properties such as high strength, good ductility, high fracture toughness, 

excellent corrosion resistance and a low rate of absorption for neutron radiation. The titanium is 

extensively used as a lightweight, extremely strong, high-temperature creep resistance and high corrosion 

resistant material in aircraft, missiles, seawater desalination plants and heat exchangers. Accordingly, 

316L stainless steel and titanium are key materials in the modern industry. SPD processing of these 

materials may result in further improvements in the mechanical properties, thereby broadening the palette 

of the possible applications of 316L stainless steel and titanium. 

In this thesis, I investigated the evolution of the microstructure and the mechanical properties in 

Grade 2 titanium semi-products processed by a combination of multiple forging and subsequent plane 

rolling. In addition, I studied the evolution of the microstructure, phase composition and hardness in 

316L stainless steel processed by high pressure torsion (HPT) which is the most effective SPD method 

in grain refinement. This study on 316L stainless steel was continued with the investigation of the thermal 

stability of the microstructure and the phase composition of the HPT-processed samples using differential 

scanning calorimetry (DSC). Addtionally, I examined the tensile performance of NC 316L steel 

processed by HPT and annealed at the characteristic temperatures of the DSC themogram. 
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Layout of the Thesis 

This thesis is divided into five chapters as follows:  

Chapter 1 deals with the general features and basics of SPD techniques, which were used in the present 

studies for the production of UFG and/or NC samples. In addition, a brief summary is given for the 

correlation between the microstructure and the mechanical properties of HPT-processed metals and 

alloys.  

In chapter 2, I show the experimental techniques applied in my studies. A special emphasis is placed on 

the method of X-ray line profile analysis (XLPA) which was used for the determination of the defect 

structure in my SPD-processed materials. 

In chapters 3-6, I present my research results. First, in chapter 3 the evolution of the microstructure and 

the mechanical properties of Grade 2 titanium semi-products processed by a combination of multiple 

forging and subsequent plane rolling is shown. The results shown in this chapter have been published 

in Materials Science & Engineering A [O3]. 

In chapter 4, I present the experimental results obtained on the evolution of the microstructure, phase 

composition and hardness in 316L stainless steel processed high-pressure torsion (HPT) at room 

temperature. The results of this work have been published in journal and conference papers [O1, O2]. 

In chapter 5, the thermal stability of the microstructure and the phase composition of NC 316L stainless 

steel processed by HPT is studied. In addition, the stored energy in NC 316L stainless steel is calculated 

and compared with the experimentally determined heat released. The results shown in this chapter have 

been published in Materials Science & Engineering A and Journal of Materials Research &Technology 

[O4, O5]. 

In chapter 6, the effect of annealing at different temperatures on the tensile properties of HPT-processed 

NC 316L stainless steel is determined and compared with the data available in the literature. The results 

presented in this chapter have been published in Materials Letters [O6].  
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New Scientific Results 

The new scientific results of my PhD work can be summarized as follows: 

1. The combination of MF and plane rolling resulted in a decrease of the grain size in Grade 2 titanium 

from ~20 μm to ~560 nm while the dislocation density increased to ~18 × 1014 m−2. Accordingly, 

the yield strength significantly increased from 332 to 689 MPa and the ultimate tensile strength rose 

from 445 to 816 MPa. Concomitantly, only a marginal reduction of the elongation to failure was 

observed (from 22% to 18%). The very good ductility can be attributed to the coarse grains 

embedded in the UFG matrix which were formed most probably due to a dynamic recovery and/or 

recrystallization during deformation. Therefore, the combined method of multiple forging and plane 

rolling might be a candidate technology in mass-production of UFG Grade 2 titanium with high 

strength and good ductility [O3]. 

2. Coarse-grained 316L stainless steel with an fcc structure (γ-austenite) and a grain size of ∼42 μm 

was processed by HPT up to 20 turns. During HPT deformation, the fcc structure was gradually 

transformed into hcp and bcc phases (ε- and α’-martensites, respectively) with the transformation 

sequence γ-austenite → ε-martensite → α’-martensite. The ε-martensite formed initially as lamellae 

in the γ-austenite coarse grains and then α′-martensite grains were nucleated in the ε-martensite 

phase. At very high strains in the peripheral region of the HPT disks, the main phase was α′-

martensite. The saturation in grain refinement with a minimum grain size of ∼45 nm was achieved 

at the disk periphery after 10 turns. A further increment in the number of turns to 20 did not yield 

additional reduction in grain size at the peripheral region of the disk. In addition, 20 turns of HPT 

yielded a very high dislocation density in the main α’-martensite phase with the value of ~143 × 1014 

m-2 [O1, O2].  

3. Both the microstructure and the hardness of 316L steel show a high degree of heterogeneity along 

the radius of HPT disk for low numbers of turns. The degree of homogeneity increased with 

increasing numbers of turns and after 20 revolutions the hardness value was almost homogeneous in  
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the whole disk. A very high saturation value of the hardness (~6140 MPa) was achieved at the 

periphery of the disk processed by 20 turns which can be attributed to the very small grain size. The 

grain size versus hardness data for HPT-processed 316L steel followed the Hall–Petch relationship 

but the slopes were different in the coarse-grained and ultrafine-grained regimes. The results show 

that the hardness is more sensitive to the grain size than the phase composition [O1, O2]. 

4. The thermal stability of the nanocrystalline microstructure in 316L stainless steel processed by HPT 

for ¼ and 10 turns was investigated by DSC up to 1000 K. Two peaks were observed in the DSC 

thermograms for both materials. The first, an exothermic peak, was detected between ~590 and ~740 

K and related to the annihilation of dislocations. During this recovery, the phase composition and 

the average grain size remained practically unchanged. The second, an endothermic peak between 

~740 and ~950 K, was caused by a reverse phase transformation of α’-martensite to γ-austenite. 

Although the endothermic peak finished at ∼950 K, the reverse phase transformation continued up 

to ∼1000 K. In this temperature range, the energy required for α’-martensite reversion was 

compensated by the heat released due to recovery and grain growth, therefore a DSC signal was not 

detected [O4, O5]. 

5. There was no influence of the number of HPT turns on the temperature range of the DSC peaks 

despite the different grain sizes, phase compositions and dislocation densities in 316L steel samples 

processed for ¼ and 10 turns. The activation energies of recovery were different at ~163 and ~106 

kJ/mol for ¼ and 10 turns, respectively, and these values suggest that recovery is controlled by 

diffusion along the grain boundaries and dislocations. From the comparison of the heat released in 

the exothermic peak and the change of energies stored in dislocations and HAGBs, the concentration 

of annihilated vacancies was determined as ∼5 × 10−4. The energy of the reverse phase 

transformation from α’-martensite to γ-austenite was calculated as −12 J/g by subtracting the heat 

released due to the annihilation of dislocations and grain growth from the heat absorbed in the 

endothermic peak [O4, O5]. 
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6. The HPT-processed nanocrystalline 316L steel samples exhibited very good thermal stability such 

that, even after heat treatments performed up to 1000 K, high dislocation densities of ~6–10 × 1014 

m−2 and small grain sizes of ~200 nm remained in the materials. Despite the significant decrease in 

the dislocation density and the extensive phase transformation, the hardness changed only slightly 

up to the end of the endothermic peak. Above ~950 K the hardness decreased rapidly due to grain 

growth. Therefore, the hardness of annealed nanocrystalline 316L steel is determined primarily by 

the grain size and the hardness values of the annealed samples follow the Hall–Petch relationship 

determined for the HPT-processed specimens [O4, O5]. 

7. HPT processing for 20 turns dramatically increased the yield strength of 316L steel from ~209 MPa 

to ~1538 MPa while the elongation to failure significantly decreased from ~131% to ~ 2.5%. The 

high strength and limited ductility of the HPT-processed sample were attributed to the high fraction 

of α’-martensite, the small grain size and the high dislocation density. However, the DSC annealing 

of the HPT-processed sample to a moderate temperature of 740 K led to a pronounced embrittlement 

and strength reduction. The reduction of ductility was most probably caused by the decrease of the 

mobile dislocation density during DSC annealing. Annealing up to 1000 K yielded an almost 

complete reverse transformation to γ-austenite while the grain size remained as small as ~200 nm. 

Such fine γ-austenite structure of 316L steel yielded a high yield strength of ~1326 MPa with a 

reasonable elongation to failure (~43%). It was concluded that a combination of HPT at RT and 

annealing up to 1000 K is a powerful method for achieving a fully austenitic UFG microstructure 

with exceptionally high strength and a concomitant good elongation to failure [O6]. 
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Research Achievements 

My research results were published in nine papers and these articles were cited more than 20 times. 

Addtionally, these results were presented in five international conferences and seminars. 
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Pressure Torsion, Materials Science Forum, 879 (2017) 502-507. 
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O4. M. El-Tahawy, Y. Huang, H. Choi, H. Choe, J.L. Lábár, T.G. Langdon J. Gubicza, High 

temperature thermal stability of nanocrystalline 316L stainless steel processed by high pressure 

torsion, Materials Science & Engineering A, 682, 13 (2017) 323–331.  

O5. M. El-Tahawy, Y. Huang, T. Um, H. Choe, J.L. Lábár, T. G. Langdonc, J. Gubicza, Stored energy 

in ultrafine-grained 316L stainless steel processed by high-pressure torsion, Journal of Materials 

Research and Technology, 6; 4 (2017) 339–347. 

O6. M. El-Tahawy, P. H.R. Pereira, Y. Huang, H. Park, H. Choe, T.G. Langdon, J. Gubicza, 

Exceptionally high strength and good ductility in an ultrafine-grained 316L steel processed by 

severe plastic deformation and subsequent annealing, Materials Letters, 214 (2018) 240–242. 

 

 

 

 



PhD Thesis Booklet 

8 

 

Publications not related to the thesis: 

O7. K.  Máthis, M. El-Tahawy, G. Garcés, J. Gubicza, Evolution of the Dislocation Structure During 

Compression in a Mg–Zn–Y Alloy with Long Period Stacking Ordered Structure, Magnesium 

Technology, (2018) 385-389. 

O8. S. Deo Yadav, M. El-Tahawy, S. Kalácska, M. Dománková, D.C. Yubero, C. Poletti, 

Characterizing dislocation configurations and their evolution during creep of a new 12% Cr steel, 

Materials Characterization, 134 (2017) 387–397. 

O9. M. El-Tahawy, J. Gubicza, Y. Huang, H. Choi, H. Choe, J.L. Lábár, T.G. Langdon, The Influence 

of Plastic Deformation on Lattice Defect Structure and Mechanical Properties of 316L austenitic 

stainless, Materials Science Forum, 885 (2017) 13-18. 
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